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Abstract

The COVID-19 pandemic caused by the previously unknown SARS-CoV-2 presented the
scientific community with the challenging task of understanding the basic properties of the virus
under rapidly evolving and changing circumstances, in order to pave the way for effective
therapies and vaccines.

To assess the humoral immune response to SARS-CoV-2, we developed and validated a multiplex
serological immunoassay, MULTICOV-AB, for the reliable detection of antibodies against SARS-
CoV-2 key antigens including the receptor binding domain (RBD) and nucleocapsid,
demonstrating high sensitivity and specificity for the classification of infection. As the
seroprevalence of SARS-CoV-2 in the population continuously increased and vaccination
campaigns progressed, the quality of the antibody response, including longevity and immune
protection, became the focus of research. This has been reinforced by the continuous emergence
of new SARS-CoV-2 variants that differ in their ability to evade existing immune responses and
thus make reinfection more likely.

Therefore, we have developed RBDCoV-ACE2, a multiplex surrogate neutralisation assay that
investigates the presence of neutralising antibodies (NAbs) that interfere with the binding of the
SARS-CoV-2 RBD to the host cellular receptor angiotensin-converting enzyme 2 (ACE2), which
is equivalent to preventing infection 7 vivo.

Using both assays, we were able to show that variants with the E484K mutation, for example
Beta, Gamma and Theta, are more likely to evade existing humoral immune responses, as
antibodies formed against the RBD of the wild-type virus exhibited up to 14-fold lower ACE2
binding inhibition against these variants. Furthermore, we were able to compare vaccination
regimens and show that mRNA-based vaccination led to a superior humoral immune response
compared to homologous vector-based vaccine regimens. We were able to show that the long-
term humoral immune response to SARS-CoV-2 infection lasts longer in children than in adults,
even after asymptomatic infection. With the emergence of the highly mutated Omicron variants,
we were able to show that both antigen binding and ACE2 binding inhibition of antibodies
induced by vaccination or/and infection were greatly reduced, with booster doses and
breakthrough infections causing a significant increase in both levels. This reduction in neutralising
capacity was particularly noticeable in serum from immunocompromised individuals, such as
hemodialysis or inflammatory bowel disease (IBD) patients, where we were able to contribute
indications for future vaccination strategies. Both MULTICOV-AB and RBDCoV-ACE2
continue to provide valuable knowledge about the humoral immune response to novel emerging

SARS-CoV-2 variants.






Zusammenfassung

Die COVID-19-Pandemie, die durch das bis dahin unbekannte SARS-CoV-2 verursacht wurde,
stellte die Wissenschaft vor die schwierige Aufgabe, die grundlegenden Eigenschaften des Virus
unter sich rasch entwickelnden und verindernden Bedingungen zu verstehen, um den Weg fir
wirksame Therapien und Impfstoffe zu ebnen.

Zur Bewertung der humoralen Immunantwort auf SARS-CoV-2 haben wir einen serologischen,
multiplexen Immunassay, MULTICOV-AB, fir den zuverldssigen Nachweis von Antikérpern
gegen SARS-CoV-2-Schliisselantigene, einschlieBlich der Rezeptorbindungsdomine (RBD) und
Nukleokapsid, entwickelt und validiert, der eine hohe Sensitivitit und Spezifitit fir die
Klassifizierung einer Infektion aufweist. Mit dem kontinuierlichen Anstieg der Seroprivalenz von
SARS-CoV-2 in der Bevolkerung und dem Fortschreiten der weltweiten Imptkampagne riickte
die Qualitit der Antikdrperreaktion, einschlieBlich Langlebigkeit und Immunschutz, in den
Mittelpunkt der Forschung. Dies wurde durch das kontinuierliche Auftauchen neuer SARS-
CoV- 2-Varianten verstirkt, die sich in ihrer Fihigkeit unterscheiden, bestehenden
Immunantworten zu entgehen und somit eine Reinfektion wahrscheinlicher machen.

Daher haben wir RBDCoV-ACE2 entwickelt, einen multiplexen Surrogat-Neutralisationstest, der
das Vorhandensein neutralisierender Antikérper (NAbs) untersucht, die die Bindung der SARS-
CoV-2 RBD an den zelluliren Wirtsrezeptor Angiotensin-konvertierendes Enzym 2 (ACE2)
beeintrichtigen, was einer Verhinderung der Infektion 7z vivo gleichkommt.

Mit Hilfe beider Assays konnten wir zeigen, dass Varianten mit der E484K-Mutation, z. B. Beta,
Gamma und Theta, cher in der Lage sind, bestehende humorale Immunantworten zu umgehen,
da Antikorper, die gegen die RBD des Wildtyp-Virus gebildet werden, eine bis zu 14-fach
geringere ACE2-Bindungshemmung gegen diese Varianten aufwiesen. Aullerdem konnten wir
Impfschemata vergleichen und zeigen, dass die mRNA-basierte Impfung zu einer stirkeren
humoralen Immunantwort fihrte als homologe vektorbasierte Impfstoffschemata. Wir konnten
zeigen, dass die langfristice humorale Immunantwort auf eine SARS-CoV-2-Infektion bei
Kindern auch nach einer asymptomatischen Infektion linger anhalt als bei Erwachsenen. Mit dem
Auftreten der stark mutierten Omikron-Varianten konnten wir zeigen, dass sowohl die
Antigenbindung als auch die ACE2-Bindungshemmung von Antikérpern, die durch eine Impfung
odet/und eine Infektion induziert wurden, stark reduziert watren, wobei Auffrischungsdosen und
Durchbruchsinfektionen zu einem deutlichen Anstieg beider Werte fithrten. Diese Verringerung
der Neutralisierungskapazitit war besonders auffillig im Serum von immungeschwichten
Personen, wie z. B. Himodialyse-Patienten oder Personen mit chronisch-entziindlichen
Darmerkrankungen, wo wir Hinweise fiir kiinftige Impfstrategien liefern konnten. Sowohl
MULTICOV-AB als auch RBDCoV-ACE2 liefern weiterhin wertvolle Erkenntnisse tiber die

humorale Immunantwort auf neu auftretende SARS-CoV-2-Varianten.
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1 Introduction

1.1

1.1.1

SARS-CoV-2 and the COVID-19 pandemic

Emergence and early phase of the pandemic

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the responsible pathogen
for Coronavirus disease 2019 (COVID-19) that rapidly spread across the globe, triggering a
pandemic that caused over 7,000,000 confirmed deaths as of February 2024'. Following its
emergence in Wuhan, China in December 2019, SARS-CoV-2 initially caused a cluster of severe,
often fatal, pneumonia®3. Exacerbating factors such as the ease of transmission through
respiratory droplets, high infectivity, travel and global connectivity led to an unprecedented global
outbreak with over 150,000 cases by March 2020*. Consequently, the COVID-19 outbreak, which
was already classified as public health emergency of international concern (PHEIC) by the World
Health Organization (WHO) in January 20205, was declared a pandemic on 11 March 20209, In
response, many countries undertook drastic non-pharmaceutical interventions (e.g. lockdowns),
to slow the spread of the virus and prevent healthcare systems from being overburdened. By April
2020, already a third of the global population was under some form of lockdown’. Figure 1

summarises the key events in the first ten months of the pandemic.

8 December 2019
Onset of the first recorded case in
Wuhan

28 February 2020

WHO risk assessment increased to
very high on the global level

[ [

11 February 2020

ICTV named virus SARS-CoV-2 and
WHO named disease COVID-19

31 December 2019
First report of 27 cases of pneumonia
with unknown cause in Wuhan, China

2 October 2020
>34,000,000 cases and
>1,000,000 deaths

December February October

9 January 2020
China announced the identification of
a novel coronavirus as the causative

11 March 2020
WHO defined COVID-19
as a pandemic
agent of the pneumonia outbreak

J 29 January 2020
13 January 2020 20 January 2020 The coronavirus

Case of a traveler from
Wuhan was confirmed
in Thailand

Human-to-human
transmission was
confirmed

23 January 2020
Wuhan city was
locked down

spread to all 34

provinces across

China

30 January 2020
WHO declared a
PHEIC alert

Figure 1: Key events in the early phase of the COVID-19 pandemic

Timeline showing developments of the COVID-19 pandemic from December 2019 to October 2020.
Reprinted with permission by Springer Nature: Ben Hu et al., Characteristics of SARS-CoV-2 and COVID-
19, Nature Reviews Microbiology, © 2020, Springer Nature Limited®

SARS-CoV-2 belongs to the genus Betacoronavirus of the Coronaviridae family and is closely related
to the zoonotic Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and Middle East
Respiratory Syndrome Coronavirus (MERS-CoV) that were responsible for outbreaks of severe
respiratory disease in 2002 and 2012%10, Genomically, it shares 79 % and 50 % genome sequence
identity with both pathogens, respectively!!. Other members of the Coronaviridae family include
four frequently circulating human coronaviruses 229E, OC43, NL63 and HKU1, which usually
cause mild respiratory illnesses like the common cold and are therefore considered endemic!2.
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A high proportion of early SARS-CoV-2 infections in Wuhan could be traced back to the Huanan
Seafood Market, where the spillover event was first suspected to have occurred??. Since the closest
relative of SARS-CoV-2 is a horseshoe bat coronavirus that shares over 96 % genomic sequence
identity'3, it is thought the spillover to humans occurred from bats, either directly or via an
intermediate animal host'%. Such zoonotic spillovers from one species to another are common
events and the origin of 60 - 75 % of all human infectious diseases'>. As of February 2024, the

zoonotic origin of SARS-CoV-2 is still to be determined and subject of ongoing research.

1.1.2 Virus structure and life cycle

SARS-CoV-2 virions are enveloped and have a spherical shape with an average diameter of
108 nm!¢. Like most other coronaviruses, SARS-CoV-2 virions comprise four structural proteins,
spike (S), nucleocapsid (N), envelope (E) and membrane (M), as illustrated in Figure 217,

The surface of the virion contains heavily glycosylated S proteins that form trimers, which are
crucial for viral infection. The S protein is responsible for binding to cellular entry receptor
angiotensin-converting enzyme 2 (ACE2) on the host cell membrane and initiates membrane
fusion. Located within the viral envelope, the N protein is an abundant, mostly disordered RNA-
binding protein and is critical for genome packaging and unwinding. Embedded into the viral
membrane, the E protein is a small protein consisting of 75 amino acids which is a structural
protein in the viral capsid and is also thought to be involved in virus assembly and alteration of
the membrane permeability of the host cell's. Another transmembrane protein, the M protein is
the most abundant viral structural protein and is the driver of virus assembly!.

The genome of SARS-CoV-2 has a size of approximately 30 kb and is one of the largest of all
known RNA viruses. It contains 14 open reading frames (ORFs) that encode 29 viral proteins.
Two thirds of the genomic RNA are occupied by two large ORFs (ORF1a and ORF1b) encoding
for two overlapping polyproteins that are digested by viral proteases into 16 non-structural
proteins (NSPs). These proteins together form the transcription and replication machinery. Nine

accessory proteins encoded at the 3’-end are involved in host antiviral immune modulation20-2.
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Figure 2: Schematic structure of SARS-CoV-2 virus particle and genome organisation

Schematic structure of SARS-CoV-2 virus particle and genome. Adapted from Massimo Pizzato et al.,
SARS-CoV-2 and the Host Cell: A Tale of Interactions, Frontiers in Virology, 202217. Licensed for use
under Creative Commons 4.0: https://creativecommons.org/licenses/by/4.0/

SARS-CoV-2 is mainly transmitted by inhalation of virus-laden respiratory droplets and aerosols
(airborne transmission) or infected droplets coming into direct contact with eyes, nose or mouth
(droplet transmission)?223,

Figure 3 illustrates the life cycle of SARS-CoV-2. Binding of SARS-CoV-2 is mediated by the
trimeric S protein protruding from the virus membrane. The S protein binds to the ACE2 receptor
on the target cell, which leads to a conformational change of the S1 subunit that exposes the S2

cleavage site in the S2 subunit. Cleavage of the S2 subunit by the serine protease TMPRSS2
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exposes the fusion peptide which initiates fusion of the viral membrane with the host cellular
membrane?*. Besides ACE2, other potential receptors were found that might facilitate viral cell
entry, such as CD147 or neuropilin-1 (NRP1), however, ACE2 is known as the primary receptor
site?>?7. After membrane fusion, the viral RNA is released into the cytoplasm and ORFl1a and
ORF1ab are translated by host ribosomes. Afterwards, the polyproteins are cleaved into 16 NSPs
by virus-encoded proteases which form the transcription and replication complexes. After
transcription, messenger RNAs (mRNA) encoding for structural proteins are translated by
ribosomes and SARS-CoV-2 virions are assembled in the endoplasmic reticulum and Golgi body.

Finally, the assembled viruses are released by exocytosis to complete the life cycle?s.

TMPRSS2 _s L N

CD147 N
,,»*’

‘ y translation
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\
0&9 \\

Polyprotems é/b) Golgi body \
4 Vlralentry
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Figure 3: SARS-CoV-2 life cycle

The life cycle of SARS-CoV-2 including viral entry, replication and transcription, virus assembly and release.
Reprinted with permission by Springer Nature: Haitao Yang & Zihe Rao, Structural biology of SARS-CoV-
2 and implications for therapeutic development, Nature Reviews Microbiology, © 2021, Springer Nature
Limited?®
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1.1.3 SARS-CoV-2 vaccines

Early measures available to tackle the COVID-19 pandemic mainly consisted of socioeconomical
measures such as lockdowns and self-isolation in an effort to “flatten the curve”? and were not
feasible as a long-term strategy to sustainably combat SARS-CoV-2. However, they fulfilled their
purpose to mitigate the deathly impact of the virus on the global health infrastructure until
therapeutics and vaccines were developed to broadly immunise the population. Effective vaccines
against SARS-CoV-2 would prevent severe illness, therefore lifting its toll on public health
systems. Thus, in June 2020 already 157 vaccine candidates utilising different platforms were in
development by companies and institutions®. After the SARS-CoV epidemic from 2002 to 2004,
several vaccines were developed and two candidates were tested in phase I clinical trials312, This
provided valuable structural and functional knowledge that could be transferred to SARS-CoV-2,
accelerating the research and development of SARS-CoV-2 vaccine candidates®. Following an
unprecedented scientific effort, BNT162b2, developed in partnership by the pharmaceutical
companies BioNTech and Pfizer, was the first vaccine to be given conditional marketing
authorisation (CMA) by the European Medicines Agency (EMA) on 21 December 202034, only
one year after the first global COVID-19 hospital admissions in Wuhan®. A second vaccine,
mRNA-1273 by Moderna, was granted a CMA two weeks later’ followed by the viral vector-
based ChAdOx1-S by AstraZeneca AB in cooperation with Oxford University that received CMA
on 29 January 2021%7. Another viral vector-based vaccine named Ad26.COV2.S developed by
Janssen-Cilag International NV in the Netherlands was approved on 11 March 20213, Those four
vaccines accounted for more than 96% of all administered doses in Germany until 8 April 2023%

and are therefore the focus of this thesis (see Table 2).

Table 2: Overview of SARS-CoV-2 vaccines approved by the EMA with the most administered
doses in Germany

Date of Vaccine % of doses
Name . Dosage efficacy administered
. Developer/ Vaccine EMA . .

(Commertcial (Number of against in Germany

Manufacturer Type .. Approval . .
name) vaccinations)40 34.36.38 infection as of

’ - 08.04.23%

BioNTech
BNTI62b2 -y ufacturing mRNA 30 ug RNA (2x)  21.12.2020 95 % 73.5 %
(Comirnaty)

GmbH

Moderna
mRNA~1273 Biotech Spain, mRNA 100 pyg RNA 2x)  06.01.2021 94 % 16.8 %
(Spikevax) SI

5x1010 adenovitus
ChADOXLS = AstraZeneca  Vector o articles 29.01.2021 70 % 6.4 %
(Vaxzeriva) AB based
(2%)

Janssen-Cilag 5x1010 adenovirus
AdZ()C‘]COVZ’S International t\)/ect((j)l% vector particles 11.03.2021 66 % 2.4 %
(Jeovden) NV ase (1x)
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The urgency of the pandemic spurred the advance of new vaccine technologies besides the
traditional vaccine development approaches. Thus, BNT162b2 and mRNA-1273 became the first
mRNA-based vaccines ever licensed by the EMA and FDA. Both vaccines contain mRNA
encoding the S protein of SARS-CoV-2 which is enclosed in lipid nanoparticles to enhance
mRNA stability and cell absorption*>47. After intramuscular injection, the nanoparticles fuse with
cellular membranes and release the mRINA into the cytoplasm, where it is translated into SARS-
CoV-2 S proteins. The S proteins are then presented on the cell membrane and elicit an immune
reaction®. The vaccinated mRNA is structurally analogue to the mRNA produced by RNA
polymerases of eukaryotic cells 7z vivo — it contains a 5’-cap, an ORF, a 3’ polyadenylation tail and
two untranslated regions (5’ and 3°). To stimulate the production of neutralising antibodies, the
spike protein was stabilised in its pre-fused state by the introduction of two proline substitutions
(K986P and V987P)%. Furthermore, the base uridine was exchanged by 1-methyl-3™-
pseudouridylyl to reduce activation of an innate immune response*-3. One dose of BNT162b2

contains 30 pug of mRNA whereas one dose of mRNA-1273 contains 100 ug*.

ChAdOx1-S and Ad26.COV2.S are both viral vector vaccines using a replication-deficient
adenovirus containing the full-length DNA sequence of the SARS-CoV-2 S protein. After
intramuscular injection, the adenovirus vector enters the cell and releases its DNA into the
cytoplasm. The DNA is then transported into the nucleus where it is transcribed into mRNA.
Afterwards, the mRNA coding for the spike protein is channelled to the cytoplasm and translated
into S proteins that subsequently elicit the desired immune response. The adenoviral vector in
ChAdOx1-S is derived from the chimpanzee adenovirus serotype Y25, whereas the viral vector
in Ad26.COV2S is derived from a human recombinant adenovirus type 26 (Ad26)5.
Adenoviruses are particularly suitable as a viral vector due to their well-defined biology, low
pathogenicity, lack of integration into the host genome and ease of large scale production’?.
AstraZeneca’s ChAdOx1-S is administered in two doses of 5x10'0 adenovirus vector particles
cach®, while Janssen’s Ad26.COV2.S is administered in a single dose of 5x10'? adenovirus vector

particles®.

BNT162b2 accounted for most of the doses administered in Germany with over 73 %, followed
by mRNA-1273, which accounted for 16 % of all doses. Vector-based ChAdOx1-S and
Ad26.COV2S represented 6.4 % and 2.4 % of all doses respectively (Table 2).

Recommendations for the use of vaccines in Germany are given on the basis of research and
epidemiological data by the Standing Committee on Vaccination (STIKO) since its foundation in
197254, Shortly after the above-mentioned vaccines were approved in Europe in early 2021, the
STIKO published a phased plan for the distribution of limited vaccine doses based on the priority
of population groups to be vaccinated, in order to limit further damage from SARS-CoV-2 as

effectively as possible>>. Highly prioritised were eldetly adults over the age of 70 years, healthcare
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workers with a high risk of virus exposition and individuals with pre-existing medical conditions.
For all vaccines in Table 2 except Ad26.COV2.S, which was administered as a single dose, two
doses 4-12 weeks apart were recommended for all persons aged 12 years and older to acquire
basic immunity against SARS-CoV-2%. Later in 2021, the use in children younger than 12 years
was authorised.

Recommendations have been updated throughout the pandemic in reaction to changing
circumstances, such as the emergence of new variants or research results on the effectiveness and
side effects of vaccines. For instance, administration of Ad26.COV2S in Germany was
temporarily halted in March 2021 due to rare occurrences of cerebral venous sinus thrombosis
after vaccination, predominantly in people under 60 years of age®. Following a risk assessment
by the EMA with the result of a positive benefit-risk balance for the vaccine, Ad26.COV2.S was
re-authorised for use in Germany on March 18 2021 and shortly afterwards recommended by the
STIKO exclusively for the vaccination of people over 65 years of age®>. With the highly
transmissible Delta variant becoming dominant in the second half of 2021, breakthrough
infections of vaccinated individuals became more frequent, with individuals who had been
vaccinated with Ad26.COV2.S being most affected. Accordingly, researchers found that the
protection against infection with COVID-19 waned to the greatest extent for the Janssen vaccine,
with 13 % protection remaining seven months after vaccination®. In comparison, the protection
by vaccines of BioNTech/Pfizer and Moderna declined to 43 % and 58 % respectively®. As a
result, the STIKO considered the effectiveness of a single dose of Ad26.COV2.S to be insufficient
and recommended additional vaccination with a mRNA vaccineS!.

In November 2021, the STIKO recommended a booster dose (third dose) of exclusively mRNA
vaccines to further boost and maintain immunity against SARS-CoV-2%. In response to waning
neutralising antibody levels over time and the continuous emergence of immune evasive variants
such as Omicron, several vaccine companies have adapted their vaccines to Omicron subvariants.
The first Omicron BA.1 and BA.4/5 adapted mRNA vaccines were administered bivalently in
combination with the original vaccine. The first adapted monovalent vaccine receiving CMA by

the EMA was Comirnaty Omicron XBB.1.5 by BioNTech/Pfizer on 31 August 2023,

Immunocompromised patients were designated a priority group for vaccination, due to previous
studies indicating reduced seroconversion following vaccination, as well as impracticalities in self-
isolating while also requiring frequent medical attention®*¢’. Hemodialysis patients with
insufficient kidney function are immunocompromised, as decreased renal function leads to
increased oxidative stress and the release of inflammatory cytokines that disturb the function of
innate and adaptive immunity%. Their underlying medical conditions mean that they often are
transplant recipients and require immunosuppressive treatment®. Inflammatory bowel disease
(IBD) caused mainly by Crohn’s disease and ulcerative colitis, is characterised by a chronic

inflammation of the gastrointestinal tract™. It is commonly treated with immunomodulators such
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as TNF-alpha antagonists and corticosteroids that suppress the immune system’. The STIKO
continues to recommend annual booster vaccinations for immunocompromised individuals after
basic immunity has been built up through three encounters of the immune system with parts of
the virus, with at least one occurring through vaccination’?. Monitoring humoral immunity
through serological assays can help assess antibodies generated through vaccination and provide
valuable information to take into consideration when formulating further vaccination
recommendations.

Beyond mRNA and viral-vector-based vaccines, various other technologies are utilised in the
development of COVID-19 vaccines. Traditional protein subunit vaccines use antigenic parts of
the virus such as the spike protein to elicit an immune response. Nuvaxovid by Novavax CZ, a.s.
and Bimervax by HIPRA Human Health S. L. U are currently the only licensed protein subunit
vaccine against COVID-1993,

SARS-CoV-2 vaccines played an important role in reducing the severity and death related to
COVID-19. A study from June 2022 estimated, an additional 14.4. to 19.8 million deaths in 185
countries could be prevented by COVID-19 vaccines from 8 December 2020 to 8 December
20217. As of January 2024, 71 % of the world population received at least one vaccine dose and

over 13.5 billion doses have been administered’+.

1.1.4 SARS-CoV-2 variants

The development of a virus is mainly determined by the stability of its genome, which in turn
depends on the fidelity of the replication machinery. The RNA-dependent RNA polymerase of
SARS-CoV-2 produces around 1x10-¢ — 2x10-¢ mutations per nucleotide per replication cycle,
lower than in other RNA viruses such as Hepatitis C Virus but still significantly higher than DNA-
dependent polymerases that usually have mutation rates of 1x10¢ to 1x10® per nucleotide7.
Although most of the mutations occurring during viral replication are neutral or have minimal
effects, selective mutations lead to significant differences in viral properties such as transmission,
disease severity or immune evasion and can provide a selective advantage to the virus”. For
example, the D614G mutation of the SARS-CoV-2 spike protein was found to enhance viral
replication in human lung epithelial cells and increase the infectivity of the virus, therefore
elevating transmissibility”™. Additional to the genetic error susceptibility, the high number of
infections and global distribution of SARS-CoV-2 provides a lot of opportunity for the
introduction of mutations and diverging evolutionary paths. The selective pressure based on
factors such as antiviral treatments, vaccination regimes and socioeconomic restrictions can also
influence the emergence and persistence of variants”0. Furthermore, a spill-over from a natural
host to humans and vice versa (spill-back) can provide the virus with opportunities to adapt to
the new host environment and acquire mutations, leading to variants with altered characteristics.
One such example is the SARS-CoV-2 variant “Cluster 57 which was associated with farmed
minks and was detected in COVID-19 patients in November 2020 in Denmark. It harboured
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several mutations within the S protein, but had no significant consequences on the pandemic8!.
However, it has raised awareness of the importance of genomic surveillance of SARS-CoV-2 by
sequencing the viral genomes of infected individuals and highlighted its crucial role in detecting
changes in the viral genome and tracking viral variants that have emerged during the pandemic.
Since late 2020, the Technical Advisory Group on SARS-CoV-2 Virus Evolution by the WHO
characterises emerging variants based on their potential impact on public health. Emerging
variants that have certain changes known to affect viral behaviour or impact human health, such
as increased transmission, immune evasion or COVID-19 disease severity, are classified as
variants of interest (VOIs) or variants under investigation (VUISs) if their impact on public health
is not fully understood and they require further monitoring. Variants of concern (VOCs)
additionally have the potential to cause a detrimental change in disease severity, serious impact on
public health systems and impaired effectiveness of available vaccines to prevent the disease. With
the continuous evolution of the Omicron variant into divergent sublineages, the WHO updated
their variant classification system to better represent the variant landscape. Whereas all Omicron
sublineages were previously classified as part of the Omicron VOC, Omicron sublineages were
classified independently as either variants under monitoring (VUMs), VOIs or VOCs from 15
March 2023 onwards®2,

Table 3 is listing all variants that were classified as VUMs, VOIs and VOCs by the WHO during
the pandemic and that were studied in the context of our publications. Therefore, XBB.1.5 is the

most recent variant discussed in this thesis.
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Table 3: Overview of SARS-CoV-2 variants classified as VOCs, VOIs and VUMs by the WHO

WHO First Date of
Variant Lineage®  desig- 3 . . o3 Basis for designationt
.2 s occurence designation
nation

1 Transmission8*
Alpha B.1.1.7 VOC 09.2020 18.12.2020 . e

1 Disease severity$>
Beta B.1.351 VOC 05.2020 18.12.2020 1 Immune escape86.s7
Gamma P.1 VOC 11.2020 11.01.2021 T Immune escapess
Epsilon B.1.427 VOI 03.2020 05.03.2021 T Immune escape®?
Zeta P2 VOI 04.2020 17.03.2021 T Immune escape8o
Eta B.1.525 VOI 12.2020 17.03.2021 1 Immune escape86.90
Theta P.3 VOI 01.2021 24.03.2021 1 Immune escape®
Tota B.1.526 VOI 11.2020 24.03.2021 T Immune escape86-91

1 Transmission??
Kappa B.1.617.1 VOI 10.2020 04.04.2021 0

1 Immune escape?-

1 Transmission?*
Delta B.1.617.2 VOC 10.2020 11.05.2021 . s

1 Disease severity?>
Lambda C37 VOI 12.2020 14.06.2021 T Immune escape?
Mu B.1.621 VOI 01.2021 30.08.2021 T Immune escape?’
Omictron 1 Transmission?
BA B.1.1.529 VOC 11.2021 26.11.2021 1 Immune escape®”

; T ission100
Omicron B11529  VOC 112021 26.11.2021 { Transmiscion
BA.2 1 Immune escape?’
Omicron

+ 1 102
BA4/BAS B.1.1.529 vVOC 01.2022 12.05.2022; 1 Immune escape
g g“lcm“ B.1.1529 VUM 10.2022 21.09.2022 1 Immune escape!03

; T ission104
Omicron B1.152 VUM 08.2022 12.10.2022 1 Transmission
XBB 1 Immune escape!®>
Omicron 1 Transmission!04
XBBAS B.1.1.529 VOI 10.2022 11.01.2023 1 Immune escapelt4106

SARS-CoV-2 variants have different numbers of mutations in different structural proteins (e.g.
N, M or S) and non-structural proteins (e.g. NSP3). Mutations in the S protein are the most
interesting for assessing the epidemiological impact of a variant, as it plays a crucial role in viral
entry and is therefore the main target of neutralising antibodies. In addition, most of the approved
SARS-CoV-2 vaccines are based on S proteins. Mutations in the S proteins of the SARS-CoV-2

variants summarised in Table 2 are illustrated in Figure 4.

" This designation was subject to change as the pandemic progressed. Here, the most relevant WHO
designation is listed for each variant.
" Based on either variant-specific evidence or, if not available, mutation-specific findings. “1” represents
an increase in the following parameter.
*The WHO has summarised Omicron variants BA.1, BA.2. BA.4 and BA.5 as VOC "Omicron" until
March 15, 2023. This date corresponds to the classification of the ECDC!1,
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Figure 4: Overview of spike mutations of SARS-CoV-2 variants

Overview of mutations in the S proteins of SARS-CoV-2 variants classified as VOCs, VOIs and VUMs by the WHO. Included are mutations with a minimal prevalence of 40 %. Sequence
data for lineage comparison was obtained from GISAID based on Karthik Gangavarapu et al., Outbreak.info genomic reports: scalable and dynamic surveillance of SARS-CoV-2 variants
and mutations, Nature Methods, 2023107,
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The proportion of sequences assigned to defined vatiants over time in Germany is illustrated in
Figure 5. The SARS-CoV-2 Alpha variant (lineage B.1.1.7) was first detected in the United
Kingdom in early December 2020 and rapidly displaced the ancestral strain Wuhan_Hu-1
(hereinafter referred to as wild-type or WT) becoming the first variant to dominate global
infection events. It contains a single N501Y mutation in the RBD, which was found to increase
binding affinity towards ACE21%8, Furthermore, a deletion of six nucleotides in the S gene, which
results in the loss of amino acids at position 69 and 70, is present in the N-terminal domain of the
S protein. Both mutations are leading to an increase in transmissibility estimated up to 80 %
compared to the ancestral strain®19, The more transmissible Alpha variant, which encountered a
largely unvaccinated population in winter 2020/2021, caused a large and rapid increase in
infections and hospitalisations in the UK, followed by most European countries''?. Studies
showed that the newly approved vaccines would provide sufficient protection against the Alpha
variant!!1.112, The increasing number of vaccinations as well as public health measures (e.g. physical
distancing) could mitigate the burden on healthcare systems. In January 2021, two further variants,
Beta and Gamma, were classified as variants of concerns,

The Beta variant was first detected in South Africa, where it was responsible for the majority of
infections until June 2021, while Gamma was mainly circulating in Brazil where it remained the
dominant variant until August 20213, In addition to the N501Y mutation, both variants carry
the E484K mutation within the RBD. Furthermore, the lysine at position 417 is exchanged with
asparagine in Beta (K417N) and with threonine in Gamma (K417T). E484K, located in the ACE2
binding site of the RBD, was identified as immune escape mutation. High reinfection rates and
significantly reduced neutralisation by monoclonal antibodies and antibodies induced by infection
or vaccination with the wild-type strain supported this assessment®87. Consequently, both Beta
and Gamma variants were believed to considerably reduce vaccine efficacy!!4. Germany and major
parts of western Europe did not report substantial numbers of infections with Beta or Gamma,
with Alpha instead accounting for almost all infections until April 202115, Alpha, Beta and
Gamma variants were reclassified as previously circulating variants in March 2022 due to a lack
of confirmed cases detected in the weeks and months prior!te,

The dominance of the Alpha variant was broken by the Delta variant which caused a high wave
of infection in India during April and May 2021, after which it spread globally!!s. Numerous
studies attributed a higher transmissibility compared to the Alpha variant and significantly
increased risk for hospitalisation, resulting in its classification as a VOC in June 202194%. By
August 2021, Delta was responsible for 99 % of all recorded infections in Germany!'>. It contains
eight point mutations and two deletions in the S protein of which two are located within the RBD.
The L452R mutation was shown to impair neutralisation by antibodies induced by infection and
vaccination!!’, while the substitution of the threonine at position 478 with lysine (T478K) was

shown to increase RBD-ACE2 binding by increasing the electrostatic potential!l8.
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Figure 5: SARS-CoV-2 variant frequency during the COVID-19 pandemic in Germany

Variant frequency in percent from the emergence of the first VOC (Alpha) in Germany until July 2023.
Variant frequency was determined by dividing the number of sequenced genomes of a variant by the total
number of sequenced genomes in an interval of 14 days. Data was obtained through GISAID'? and was
provided by Hodcroft et al.!>.

Delta maintained its dominant status until the end of 2021, when the Omicron variant emerged
and quickly became dominant, with 90 % of all sequenced infections confirmed as Omicron
within six weeks of the first detected case'?. Omicron was classified as a VOC immediately after
its discovery in November 2021, as it had an unprecedented number of mutations. It contained
over 30 mutations in the S protein, 15 of which located within the RBD, compared to two
mutations in Delta’s RBD.

The Omicron parent lineage B.1.1.529 branched out into two sublineages in December 2021, of
which BA.1 was the first sublineage to dominate global infection events, before being replaced by
BA.2 in March 2022. Originating from BA.2, variants BA.4 and BA.5, which have identical S
proteins and only differ in other genomic regions such as M and N, became dominant from May
to December 2022. Descending from the BA.5 variant, sublineage BQ.1.1 became the dominant
variant in January 2023 due to further mutations within the RBD (N460K and K444T) and its
enhanced ability to escape existing immunity'2!. At the same time as BQ.1.1, XBB was discovered
in Germany, which resulted from a recombination of the sublines BA.2.10.1 and BA.2.75, but
accounted for only 1 % of all sequences analysed in December 2022.120, However, the XBB.1.5
sublineage, which in turn emerged from XBB, was able to establish itself as the dominant variant
in Germany from February 202315, It carries an additional F486P mutation within the RBD which
is associated with higher ACE2 affinity!?2.

In general, Omicron variants were attributed a higher transmissibility compared to Delta%.
Between January and May 2022, when BA.1 and BA.2 were the predominant variants in Germany,

the highest daily case numbers during the pandemic were recorded with over 290,000 new cases
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per day, resulting in 18 million registered infections during this period, which corresponded to
approximately 21% of the entire German population!?3124, The fact that 70 % of the German
population had received two vaccine doses by January 1st 2022125, and many individuals previously
infected with earlier circulating variants were reinfected, suggested that Omicron variants
effectively escape immunity induced by vaccination based on the ancestral Wuhan_Hu-1 strain
and infection with pre-Omicron variants. However, the severity of COVID-19 caused by
Omicron was greatly reduced compared to the Delta variant, with the risk of hospitalisation
decreased by 56 %0126,

As of February 2024, new variants are still continuously emerging, and the rapid evolution of
SARS-CoV-2 is ongoing. It is therefore crucial to continue monitoring the development of the

virus and to recognise changes that may have a negative impact on public health at an early stage.
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1.2 Serology and immune response

1.21 Immune response to SARS-CoV-2

The first line of defence against pathogens such as SARS-CoV-2 is the epidermis of the skin and
the epithelium of mucosa, whose task is to limit the penetration of the virus into the body. When
the virus breaks through this barrier, pattern recognition receptors (PRRs), which are located on
the cell surface, in the cytosol and in the endosomes of epithelial and immune cells, are activated
by pathogen-associated molecular patterns (PAMPs). Those receptors are the starting-switch of
inflammatory cascades that lead to the expression and secretion of cytokines, such as interleukins
and antiviral interferons like TNF-o and type I interferons'?’. The secretion of cytokines
communicates the viral threat to neighbouring cells and immune cells and leads to the activation
of cellular anti-viral defences such as impairment of protein synthesis and up-regulation of
important immunological proteins, including major histocompatibility complex (MHC)
molecules'?8, Attracted by cytokines, innate myeloid immune cells, such as antigen presenting
macrophages and dendritic cells, internalise pathogens and process their antigens, e.g. the SARS-
CoV-2 structural and non-structural proteins, into peptide fragments to display them on MHC
class II molecules to lymphoid B- and T-cells of the adaptive immune system in secondary lymph
organs such as the lymph nodes!?.

The B-cell recognises the antigen either presented by a professional APC or in free form via its
specific B-cell receptor (BCR) and is internalising the antigen-BCR complex. The antigen is
processed into peptide fragments and bound to MHC class II molecules. This MHC-II-antigen
complex is returned to the B-cell surface and can be recognised by a T follicular helper (Trw) cell
activated by the same antigen in a process called linked recognition. Co-stimulation by surface
receptors and cytokines of Trp-cells (e.g. IL-4) promote activation, differentiation and
proliferation of B-cells'.

Activated B-cells differentiate into either antibody producing plasma cells or memory B-cells.
Memory B-cells are long-lived and circulate the blood stream in a quiescent state. They are
memorising the specific antigen their parent B-cell was activated with and trigger an accelerated
and strong secondary immune response upon re-encountering the same antigen!3.

Within germinal centers in secondary lymphoid tissue, activated B-cells accumulate mutations in
the variable regions of immunoglobulin genes by a process called somatic hypermutation. These
diversified B-cell clones subsequently undergo affinity maturation which involves the positive
selection of clones with BCRs of higher affinity through repeated exposure to the target antigen.
The antibody-mediated immune response is carried out by multiple classes of antibodies (IgM,
IgA, IgD) that are all characterised by their functions, tissue distribution and half-lifes. The first
expressed antibodies in a naive B-cell after activation and before class switching are IgM and IgD
antibodies. Class switching through the recombination of the constant region in the

immunoglobulin heavy chain gene locus allows the production of different isotypes with different
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effector functions, while retaining antigen specificity. IgM antibodies have a low antigen affinity
compared to IgG due to limited affinity maturation, but a high avidity because of their pentameric
structure with which they form multimeric interactions with the antigen'32.

IgA antibodies are present in higher concentrations in human serum compared to IgM and are
mainly found in mucosal surfaces and secretions. In their secreted form, they occur as dimers and
therefore have increased avidity. In the respiratory tract, they can neutralise a pathogen through
aggregation and prevent infection!.

IgG antibodies only occur in monomeric form and make up 75 % of all antibodies in serum!34.
They occur later during the immune response because they undergo affinity maturation through
somatic mutations that increases their affinity and capacity to neutralise pathogens'?>. They have
a longer half-life and are produced by memory B-cells and are therefore associated with long-term
immunity'32. Besides neutralisation, IgG fulfils important other functions through the Fc-region,
such as activation of other immune cells with Fc-receptors and antibody-dependent cellular
cytotoxicity (ADCC)136.

The second arm of adaptive immunity against pathogens is cellular immunity mediated by T-cells.
Like B-cells, T-cells circulate between blood and peripheral lymphoid tissue until they encounter
their specific antigen'®. After encountering an APC such as dendritic cells, carrying the specific
antigen on its MHC-II molecule, the naive T-cell is activated and proliferates into effector cells in
a process called clonal expansion. The most common types of T-cells are the CD4+ (helper) T-
cells and CD8+ (cytotoxic) T-cells. CD4+ T-cells recognise MHC-1I-bound antigens on APCs
and are modulating the immune response by producing cytokines (i.e. IFN-y) that communicate
with other immune cells. They are also activating B-cells resulting in antibody production. CD8+
T-cells bind exclusively to antigens presented on MHC-I with their T-cell receptor (TCR) and
utilise their killing function by releasing cytotoxins such as perforin and granzymes and thus
induce apoptosis. In this way, infected or malignantly altered host cells are eliminated!'?. In

Figure 6, the immune response against SARS-CoV-2 is illustrated schematically.
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Figure 6: Immune response to SARS-CoV-2

(a) Pattern associated molecular patterns (PAMPs) of SARS-CoV-2 are recognised by pattern recognition
receptors (PRRs) on innate immune cells and epithelial cells which leads to their activation. Antigen
presenting cells (APCs) migrate to lymphoid organs and activate T-cells, which then activate B-cells,
therefore launching the adaptive immune response. (b) Schematic timeline of the adaptive immune response
to SARS-CoV-2. Memory B- and T-cells remain after the pathogen is cleared, able to quickly proliferate in
the case of reinfection. Reprinted with permission by Springer Nature: Rebecca J. Cox et al., Not just
antibodies: B-cells and T cells mediate immunity to COVID-19, Nature Reviews Microbiology, © 2020,
Springer Nature Limited

1.2.2 Neutralising antibodies

The three main functions of antibodies in pathogen defence are neutralisation, opsonisation and
complement activation!?. Antibodies that inhibit the infectivity of viruses, bacteria or toxins are
called neutralising antibodies (NAbs) and are a main focus of this dissertation. NAbs are part of
the humoral immune response of the adaptive immune system and bind to structures on infectious
particles needed for cell entry, therefore preventing host cell infection!38. Pathogens including
SARS-CoV-2 use protein or carbohydrate structures on their surface to interact with host cell
surface receptors in order to enter the cell and start the replication cycle. NAbs most commonly
bind to epitopes within those viral surface proteins and inhibit the interaction between the viral
protein and the cell surface receptor. In the case of SARS-CoV-2, the virus binds to the cell surface
receptor ACE2 via the RBD of the glycosylated trimeric S protein to achieve cell entry. Especially
at the beginning of the pandemic, treatment of severe and/or immunocompromised COVID-19
patients with convalescent plasma containing NAbs proved to be an effective therapy to decrease
mortality!®. In 2021, nine anti-SARS-CoV-2 prophylactic and/or therapeutic antibody-based
drugs were granted Emergency Use Authorisation by the EMA!40. The treatment with monoclonal
antibodies was however mostly discontinued since January 2022, due to their ineffectiveness to
neutralise circulating Omicron variants'#-143. In addition to blocking the interaction of viruses
with their entry receptors, NAbs also act in other ways such as preventing conformational changes
of viral proteins that are necessary for infection (e.g. membrane fusion). While non-neutralising
antibodies also bind to specific epitopes of antigens, they do not interfere with the infectivity of
the pathogen. However, they also play a crucial rule in the humoral immune response as their
main principle is opsonisation, where pathogens are tagged for elimination by other immune

cells!44,
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1.2.3 Bead-based multiplex immunoassays

Multiplexing is the simultaneous analysis of multiple analytes in a single reaction mixture. In
contrast to standard ELISAs that can only measure a single analyte at once, multiplexing provides
a material- and cost-saving alternative that generates complex datasets. The serological analysis of
pathogen-specific antibodies using multiplex immunoassays can therefore give a more accurate
picture of the humoral immune response against the whole pathogen.

xMAP® technology (x = analyte, MAP = Multi-Analyte Profiling) by Luminex (Austin, USA)
allows the simultaneous analysis of up to 500 analytes in one reaction mixture. This is enabled by
500 spectrally distinct polystyrene bead populations (hereinafter simply referred to as beads) that
are labelled with three fluorescent dyes (infrared, red and orange) at different ratios located inside
of the microspheres (Figure 7a). xMAP® technology provides many applications in numerous
bioanalytical fields, and assays using the technology differ in their components depending on the
specific application. For serological assays, immobilised antigens on the beads are used to capture
antibodies from a sample such as human blood serum or saliva. The captured antibodies are then
detected by a reporter system, usually comprised of secondary antibodies conjugated with a
fluorophore. However, the detection is not limited to bound antibodies, as all analytes bound to
the immobilised antigen can be recognised (e.g. receptor molecules).

The beads are analysed using a FLEXMAP 3D instrument that works similar to a dual-detection
flow cytometer. The beads are aligned in a single file through a flow cell where they are individually
excited by two lasers. The red classification laser (\ = 638 nm) excites the internal colour code of
cach bead population allowing its identification. The green laser (A = 532 nm) excites the
fluorophore-tag of the reporter molecule (e.g. R-phycoerythrin) for signal quantification
(Figure 7b). For each bead population, the instrument calculates the median fluorescence

intensity (MFI) of all beads measured per population!#>.
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Figure 7: xMAP© technology for multiplex immunoassays

(a) 500 distinct bead populations are obtained by combining three fluorescent dyes (infrared, red and
orange) at different ratios inside of the microspheres. (b) Two sequential lasers identify the bead population
(red, A=633 nm) and signal intensity (green, A=532 nm). Figure modified and used with permission from
Luminex, a Diasorin company.
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1.2.3.1 Analysing antibody binding with MULTICOV-AB

Utilising xMAP® technology, we developed MULTICOV-AB, a serological multiplex antibody
binding assay to accurately characterise the antigen-specific antibody response against SARS-CoV-
2 and endemic human coronaviruses OC43, N1.63, HKU1 and 229E.

We selected antigens from every virus and immobilised them on MagPlex® microspheres. The
beads were incubated with diluted serum or saliva and the bound antigen-specific antibodies were
detected with secondary antibodies specific for the isotype to be analysed (IgG or IgA). The
antigen panel of SARS-CoV-2 consisted of the full-length S protein as well as the spike-derived
domains RBD, S1 and S2 and the N protein. For endemic coronaviruses, antigen-specific
antibodies against the S1 domain and N protein were analysed. Figure 8 gives an overview of

SARS-CoV-2 antigens included in MULTICOV-AB.
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Figure 8: SARS-CoV-2 antigen panel of MULTICOV-AB
The SARS-CoV-2 antigen panel of the bead-based multiplex immunoassay MULTICOV-AB consists of
the full-length S protein, the S domains S1, RBD and S2 as well as the N protein.
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1.2.3.2 Analysing ACE2 binding inhibition with RBDCoV-ACE2

Virus neutralisation tests (VINTs) present the gold standard for assessing the ability of antibodies
to neutralise viruses. Typically, a cell line is exposed to live viruses in the presence of antibodies
(e.g. patient blood serum). Here, the neutralising capacity of the serum is directly correlated with
the survival rate of the cultured cell line.

While the VNT is testing the functionality of NAbs to prevent infection events, it is very labour-
intensive, time-consuming and is not suitable for high-throughput screenings. Additionally, it
requires live viruses that demand handling in biosafety level 3 (BSL3) laboratories, as well as access
to variant strains especially in the case of SARS-CoV-2.

To combine the valuable information of neutralising activity with a material-, time- and cost-
saving method that is also scalable for high-throughput applications, we developed a surrogate
virus neutralisation assay based on xMAP technology called RBDCoV-ACE2.

This protein-based assay is founded upon the antibody-mediated inhibition of ACE2-RBD
binding, the first and crucial step of the SARS-CoV-2 infection cycle. In Figure 9, the assay

principle is illustrated, mimicking the way NAbs function 7 vivo.
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Figure 9: Assay principle of RBDCoV-ACE2

Neutralising antibodies (NAbs) 7z vivo bind to epitopes within the RBD crucial for the binding of ACE2
(left panel). RBDCoV-ACE2 mimics the way of function of NAbs 7 vitro by co-incubating RBD-coated
beads with diluted serum and biotinylated ACE2. ACE2 bound to RBD is detected with phycoerythrin
(PE)-labeled streptavidin (right panel). Figure adapted and extended from Wagner et al.146 (© NMI Natural
and Medical Sciences Institute at the University of Tibingen).
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In Figure 10, the assay procedure of RBDCoV-ACE2 is illustrated. RBDs of SARS-CoV-2
variants are immobilised on MagPlex® microspheres and incubated with diluted serum in the
presence of biotinylated ACE2 proteins, resulting in a competition for binding of the RBD
between the ACE2 proteins and the NAbs (if present) in the sample. The detection of bound
ACE2 by streptavidin labelled with phycoerythrin (PE), and the normalisation to a control without
added serum yields the remaining portion of bound ACE2-RBD complexes. By subtracting this

value from 1 and multiplying with 100, ACE2 binding inhibition in percent is obtained.
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Figure 10: Assay procedure of RBDCoV-ACE2

Assay procedure of the multiplex surrogate neutralisation assay RBDCoV-ACE2. Beads coated with RBDs
of different SARS-CoV-2 variants are incubated with diluted serum in a buffer containing biotinylated
ACE2. After incubation, bound ACE2 is detected with streptavidin-PE and the beads are analysed with a
FLEXMAP 3D instrument. The MFI of each measurement is normalised to the mean MFI of control
measurements containing only biotinylated ACE2. Subtracting this value from 1 and multiplying with 100
results in the ACE2 binding inhibition (%0). Figure concept adapted from Matthias Becker, Serological
Analysis to Accompany Clinical Research, Vaccination and Evolution of the COVID-19 Pandemic,
Doctoral Dissertation, 2023, University of Tibingen!#7.
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2 Objective of the Thesis

With the emergence of SARS-CoV-2 in late 2019, the world was confronted with a highly
infectious and contagious virus that causes severe respiratory disease. As the initial outbreak
turned into a pandemic in early 2020 and public health infrastructure was overwhelmed, an
unprecedented collaborative effort by the scientific community was required to expand the limited
knowledge of the virus and develop therapeutics and vaccines.

In order to close these knowledge gaps, we set ourselves the goal of developing serological
multiplex tests that can be used for research into the humoral immune response to SARS-CoV-2
as well as in clinical practice and in the development of therapeutics and vaccines.

Therefore, I co-developed MULTICOV-AB, a bead-based multiplex assay to analyse antibody
binding towards antigens of SARS-CoV-2 and the endemic coronaviruses 229E, OC43, NL63
and HKU1. After validating the assay to FDA and EMA guidelines, we could utilise it to assess
the seroprevalence of SARS-CoV-2 in the German population and differentiate between antibody
responses induced by infection and vaccination with superior sensitivity and specificity compared
to commercially available ELISAs.

As the pandemic progressed and seroprevalence in the population steadily increased, the
functional characterisation of the immune response to SARS-CoV-2 became increasingly the
focus of research. Especially with regard to newly emerging SARS-CoV-2 variants with altered
characteristics such as transmissibility and disease severity, it is crucial to determine whether the
antibody responses induced by previous infections or vaccinations are still able to effectively
neutralise the virus.

To address this, I developed RBDCoV-ACE2, a multiplex surrogate neutralisation assay based on
the inhibition of the interaction between the RBD of SARS-CoV-2 and the host receptor ACE2
by NAbs in the probe serum. RBDCoV-ACE2 is capable of analysing the neutralising capacity of
blood serum against all circulating SARS-CoV-2 variants simultaneously in one reaction mixture,
requiring minimal amounts of material (5 ul. of sample) in a time-efficient manner (total assay
time < 4 hours). It correlates well with the gold standard VNT and is suitable to be processed
under biosafety level 2 conditions as it does not require infectious live virus. RBDCoV-ACE2 was
utilised in over ten publications since 2021 and beyond application in clinical practice, was also

used in pre-clinical tests of a SARS-CoV-2 vaccine candidate adapted to Omicron variants.
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3 Results and Discussion

Parts of this dissertation have been previously published. Publications discussed in this
dissertation are listed below in the order in which they are covered in this chapter. The

publications and supplementary material (if available) are reprinted in the Appendix.
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3 Results and Discussion

3.1 Multiplex serological immunoassay development

In my master thesis, which I submitted on the 7% of September 2020, I wrote about the early
development of the antibody binding assay MULTICOV-AB and a bead-based ACE2-RBD
competition assay, which would later be named RBDCoV-ACE2148. The focus of this work laid
on antigen testing and the selection of immunogenic antigens (self-produced or commercially
available) for both tests as well as the determination of cut-off values to reliably differentiate
between SARS-CoV-2 positive and healthy negative individuals. In addition, I established the test
principle of RBDCoV-ACE2 and tested convalescent sera and anti-RBD nanobodies for their
neutralising capabilities. In September 2020, neither SARS-CoV-2 vaccines nor variants were
available or relevant and both MULTICOV-AB and RBDCoV-ACE2 assay developments had
not yet been completed. This dissertation is the follow-up of this work and includes the finalised

assay development and validation as well as all major publications in which both assays were used.

3.11 MULTICOV-AB

In February 2020, one month before the SARS-CoV-2 outbreak was classified a pandemic, I began
working as part of a group on the development of a serological bead-based multiplex
immunoassay, later named MULTICOV-AB, to analyse the humoral antibody immune response
against SARS-CoV-2.

Initially, we evaluated SARS-CoV-2 proteins for their antigenic properties. Following this, we
immobilised all structural SARS-CoV-2 proteins on carboxylated MagPlex® beads and tested a set
of sera from SARS-CoV-2 infected and healthy individuals for antibody binding of antibody
isotypes IgG and IgA. We found that antigens derived from S and N proteins showed a specific
antibody binding response in the samples of infected individuals and no binding response in the
samples of healthy individuals. Antigens based on E and M proteins, on the other hand, showed
unspecific antibody binding and were therefore excluded from the antigen panel. The final panel
consisted of the full-length S protein, the S1, S2 and RBD of the S protein as well as the full-
length N protein (see Figure 8). Furthermore, we included the S1 domains and N proteins of the
endemic coronaviruses 229E, OC43, NL63 and HKUT to assess potential cross-reactivity and
cross-protection between endemic human coronaviruses and SARS-CoV-2.

Following the definition of the MULTICOV-AB antigen panel, we screened a set of serum and
plasma samples from 310 infected and 866 healthy, uninfected individuals (described in Appendix
I). Overall, we found that the full-length S protein and RBD achieved the best distinction between
positive and negative samples for both IgG and IgA (see Figure 11a). We could maximise assay
sensitivity and specificity to 90 % and 100 % respectively by integrating the results of both
antigens into a combined cut-off for both IgG and IgA detection (see Appendix I: Figure 2a,
b; Table 3). Since the aim of serological assays is to avoid false positive test results which would

falsely attribute an existing immune response, the classification cut-off of MULTICOV-AB was
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refined to maximise assay specificity to 100 %. In contrast, diagnostic tests such as PCR analysis
aim for high sensitivity to avoid false negative test results, which would lead to further spread of
the virus and put other people at risk. Furthermore, we measured a subset of 205 infected and 72
non-infected samples with commercially available serological tests from Roche, Siemens and
Euroimmun and compared their performance to MULTICOV-AB (see Figure 11b). Here, we
could show that MULTICOV-AB has superior sensitivity (90 %) over all tested commercial assays
(Appendix I: Table 1, Supplementary Figure 3).
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Figure 11: Analysing SARS-CoV-2 antibody responses with MULTICOV-AB

(a) Control sera (blue, n = 72) and sera from individuals with PCR-confirmed SARS-CoV-2 infection (red,
n = 205) were screened in a multiplex bead-based assay using Luminex technology (MULTICOV-AB) to
quantify IgG or IgA responses to various antigens. Reactivity towards trimeric SARS-CoV-2 spike protein
(Spike Trimer) or SARS-CoV-2 receptor binding domain of spike (RBD) was found to be the best predictor
of SARS-CoV-2 infection. Data are presented as Box-Whisker plots of a sample’s median fluorescence
intensity (MFI) on a logarithmic scale. Box represents the median and the 25th and 75th percentiles,
whiskers show the largest and smallest values. Outliers determined by 1.5 times IQR of log-transformed
data are depicted as circles. Cut-off values for classification for single antigens are displayed as horizontal
lines (Spike Trimer IgG: 3,000 MFI, IgA: 400 MFI; RBD IgG: 450 MFI, IgA: 250 MFI). (b) Sample set
from a, was used to compare assay performance of the MultiCoV-Ab using Spike Trimer and RBD antigens
with commercially available single analyte SARS-CoV-2 IVD assays which detect total Ig (Elecsys Anti-
SARS-CoV-2 (Roche); ADVIA Centaur SARS-CoV-2 Total (COV2T) (Siemens Healthineers)) or IgG
(Anti-SARS-CoV-2-ELISA - IgG (Euroimmun)) or IgA (Anti-SARS-CoV-2-ELISA - IgA (Euroimmun)).
SARS-CoV-2 infection status of samples based on PCR diagnostic is indicated as SARS-CoV-2 positive or
negative. Antibody test results were classified as negative (blue), positive (red), or borderline (grey) as per
the manufacturer’s definition. Only samples with divergent antibody test results are shown. Figure and
caption reproduced from Appendix I: Figure 1.

To ensure technical stability of MULTICOV-AB, we validated the assay based on EMA and FDA
guidelines by analysing intra-assay variance, inter-assay variance, limit of detection, parallelism and
matrix effects from serum or plasma samples. Stable assay performance was confirmed with
coefficients of variation (%CV) values not exceeding 8.5 % for the intra-and inter-assay variance
of all SARS-CoV-2 antigens (see Appendix I: Supplementary Table 1).

The multiplex analysis of antibody binding to SARS-CoV-2 antigens including domains of the S
and N proteins provided valuable insight into the humoral immune response of infected and
vaccinated individuals. Important basic research questions such as the potential cross-reactivity
of antibodies generated by infection with seasonal coronaviruses (Appendix I: Figures 4 and 5)

and the analysis of antibodies induced by vaccination could be explored with MULTICOV-AB.
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3.1.2 RBDCoV-ACE2

As the pandemic unfolded and the seroprevalence in the global population progressively
increased, research on SARS-CoV-2 humoral immunity increasingly focused on the ability of the
antibodies to prevent (serious) infection, especially in the light of newly available vaccines and the
emergence of new virus variants.

The most valuable antibodies to have for protection against SARS-CoV-2 infection are NAbs that
mainly function by binding to epitopes within the RBD that overlap with binding sites of the host
cell receptor ACE2, therefore blocking the RBD-ACE2 interaction and preventing infection
before the virus can attach to the cell. Nevertheless, non-neutralising antibodies also have
important immune functions in opsonisation, complement activation and ADCC. Since only a
fraction of all spike-binding antibodies are NAbs, the antibody binding signal provides insufficient
information about the neutralising functionality of the bound antibodies.

To analyse the effect of NAbs in blood serum, I developed RBDCoV-ACE2, a multiplex
surrogate neutralisation assay based on the inhibition of RBD-ACE2 binding by NAbs. RBDCoV-
ACE2 is a material-, time- and cost-saving alternative to VNTSs that require infectious live virus
particles and therefore can only be performed in BSL3 laboratories. In contrast, RBDCoV-ACE2
enables significant higher throughput and reproducibility and was also automated to run on
pipetting robots. The multiplex format of RBDCoV-ACE2 is optimal for assessing the
neutralising capacity against all circulating SARS-CoV-2 variants simultaneously, generating a high
amount of data in a short time (total assay time < 4 hours) using minimal amount of serum (5 pL.
per measurement).

I tested and optimised the concentration of biotinylated ACE2 and serum dilution by performing
titration experiments and choosing values that were within linear range. For the final ACE2
concentration I decided on 150 ng/mL and human serum was used at a 1:400 dilution.

To validate RBDCoV-ACE2, I compared its performance to a VNT, representing the gold
standard in analysing virus neutralisation, and a commercially available surrogate neutralisation
test (NeutralLISA, Euroimmun). Both VNT and NeutralLISA are not capable of measuring
multiple analytes simultaneously and therefore only inhibitory effects towards the wild-type RBD
could be compared with those assays (Appendix II).

I analysed a sample set of 266 sera from SARS-CoV-2 infected and healthy individuals with
RBDCoV-ACE2. The sample set for comparison with the VNT consisted of 16 serum samples,
12 of which were from convalescent COVID-19 donors and 4 from healthy pre-pandemic donors.
Initially, I compared the performance of RBDCoV-ACE2 to the VNT. The serum virus
neutralisation titre in the VNT was defined as the reciprocal sample dilution at which 50 % of cell
infection is inhibited, compared to a control without added serum. As illustrated in Figure 12, the
ACE2 binding inhibition values of RBDCoV-ACE2 showed a strong correlation with the VNT50
values of the VNT (Spearman’s r 0.95), confirming that the inhibition of ACE2-RBD binding can

be linked to NAbs specifically and is not caused by other factors such as sample matrix effects.
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I also confirmed that the binding of ACE2 was specific to the RBD by including SARS-CoV-2
S2 and N proteins, which showed no ACE2 binding.
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Figure 12: Comparison between RBDCoV-ACE2 and a virus neutralisation test (VINT)

Serum samples (n = 16) of pre-pandemic (n = 4) and COVID-19 convalescent (n = 12) individuals were
measured using both assays and analysed by linear regression. The equation of the dashed regression line is
shown next to the graph. VNT results are depicted as half-maximal inhibiting serum dilutions (VNT50),
RBDCoV-ACE2 results are shown in percentage inhibition of ACE2 binding. Correlation analysis was
performed after Spearman and the correlation coefficient r is shown. Figure and caption reproduced from
Appendix II: Figure 1.

I further compared RBDCoV-ACE2 to the commercially available NeutralLISA by Euroimmun.
This ELISA utilises a similar assay principle as RBDCoV-ACE2 by co-incubating diluted serum
with biotinylated ACE2, however in a planar format using 96-well plates coated with wild-type
SARS-CoV-2 RBD proteins. Thus, NeutralLISA is also a surrogate neutralisation assay analysing
percentage inhibition of RBD-ACE2 binding and is therefore well suited for a comparison with
RBDCoV-ACE2.

In Figure 13, the performance of NeutralLISA is compared to the VNT (Figure 13a) and to
RBDCoV-ACE2 (Figure 13b, c). The results of NeutralLISA and the VNT show a strong
correlation (Spearman’s r 0.94), however, the inhibition percentage values of NeutraLISA appear
to saturate at 100 % at the equivalent of VNT50 values of around 300 to 400 (Figure 13a). In
contrast, RBDCoV-ACE2 is not reaching saturation for the whole dilution range tested (1:40 to
1:650, Figure 12).

This plateau effect can also be seen in the comparison of RBDCoV-ACE2 with NeutraLISA
(Figure 13b, c). The data of both assays is strongly correlated (Spearman’s r 0.84), however
RBDCoV-ACE2 can distinguish all measured data points of strongly neutralising samples with
high resolution, whereas the inhibitory percentage of NeutralLISA is already mostly saturated at

the equivalent of 40 % in RBDCoV-ACE2.
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When defining the cut-off percentage value below which a sample is classified as non-neutralising,
we employed the same cut-off at 20 % as NeutraLISA, since both assays are based on ACE2
binding inhibition and ACE2 binding inhibition values below 20 % are more likely to fluctuate.
RBDCoV-ACE2 assay performance was independently proven by other groups and the assay was
also utilised in pre-clinical tests of an Omicron-adapted vaccine candidate in addition to VNT's!#,
If this cut-off is employed on the measurements of both assays, 30.4 % of all samples were
considered negative (< 20 % ACE2 binding inhibition) and 55.4 % were classified positive (= 20
% ACE2 binding inhibition) in both assays. Of the 24 samples (14.3 %) that were classified
differently between both assays, 4 samples (2.4 %) were only positive in RBDCoV-ACE2 while
20 samples (11.9 %) were only positive in NeutralLISA. In summary, RBDCoV-ACE2 is generally
estimating a lower ACE2 binding inhibition compared to NeutraLISA but shows a stronger

correlation to the gold-standard VNT results and has a broader dynamic range.
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Figure 13: Comparison of RBDCoV-ACE2 to NeutralLISA (Euroimmun)

Correlation between SARS-CoV-2 NeutraLISA and VNT and comparison to RBDCoV-ACE2. (a)
Correlation and linear regression between NeutraLISA and VNT results for pre-pandemic (n=4) and
COVID-19 infected (n = 12) samples. Correlation analyses were performed after Spearman and correlation
coefficients r are shown. (b) Descriptive statistics of the (c) correlation between Neutral.ISA and RBDCoV-
ACE2. One sample from each individual (n = 168) was measured using both assays. Correlation was
calculated after Spearman. Samples were classified as being negative (non-neutralising) if they had a value
below 20% (red lines). Figure and caption reproduced from Appendix II: Figure 2.
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To ensure that RBDCoV-ACE2 produces reproducible and reliable results and is stable under
various working conditions, I performed technical validation based on EMA and FDA
bioanalytical guidelines'>%1>!. RBDCoV-ACE2 was tested for intra- and inter-assay stability,
freeze-thaw stability, short-term stability and parallelism (see Figure 14). 1 also verified that
multiplex measurements with RBDCoV-ACE2 produced the same results as singleplex
measurements only using the respective analyte (Appendix II: Supplementary Figure S2).
The sample set for the technical validation consisted of six serum samples, four of which came
from BNT162b2-vaccinated donors (n = 4), one sample from a COVID-19 infected individual
(n = 1) and one sample from a pre-pandemic healthy donor (n = 1).

RBDCoV-ACE2 is highly reproducible as shown by the high intra- and inter-assay precision with
percent coefficients of variation (%CV) of all samples below 5 % and 7 % respectively (Figure
14a, b). To prove that RBDCoV-ACE2 can be processed under various working conditions, 1
tested the stability of biotinylated ACE2 in assay buffer (ACE2 buffer) when stored for either 2h,
4h or 24h at either 4 °C or 21 °C (RT) before performing sample measurement. Again, the values
remained stable for all tested conditions with the %CV of only one sample for WT RBD being
higher than 10 % (11.6 %) and a mean %CV of all samples lower than 5 % (Figure 14c). Similarly,
the frozen biotinylated ACE2 stock could be thawed and re-frozen 5 times and still produce highly
stable results (mean %CV of all samples < 5 %, Figure 14d).

With the parallelism experiment, I optimised the concentration of biotinylated ACE2 and ensured
that the chosen concentration was within linear range. Here, RBDCoV-ACE2 demonstrates a
high flexibility towards potentially fluctuating ACE2 concentrations (e.g. due to pipetting errors),
as the error is eliminated by normalisation with the ACE2 control.

The %CV values of the technical validation for all samples and all variant RBD are summarised

in Supplementary Table S3 of Appendix II.
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Figure 14: Stable assay performance of RBDCoV-ACE2

Results of intra-assay precision (a), inter-assay precision (b), short-term stability (c), freeze-thaw stability (d)
and parallelism (e) experiments analysing ACE2 binding inhibition (displayed as %) using wild-type (WT)
RBD. Four samples from donors vaccinated with Pfizer BNT-162b2 (n=4, black), one COVID-19 infected
(n=1) and one pre-pandemic sample (n=1, grey) were analysed. Data points of each sample are illustrated
by different symbols according to the figure key. Percent coefficients of vatiation (%0CV) for all included
RBD mutants are summarised in Supplementary Table S3 of Appendix II. Figure and caption
reproduced from Appendix II: Figure S1.

40



3 Results and Discussion

RBDCoV-ACE2 was also employed in pre-clinical testing of a mRNA-based vaccine against
SARS-CoV-21%. For this purpose, the assay had to be expanded to enable analysis of rat and
mouse sera. To validate the assay for use with those species, I repeated the technical validation by
testing different serum dilutions and performing intra- and inter assay precision expetiments
(Figure 15).

I analysed both rat and mouse serum in a dilution row ranging from 1:50 to 1:6400 and confirmed
that the serum of both species can be analysed at a dilution of 1:400 (Figure 15a, c). No unspecific
binding or matrix effects were observed with either rat or mouse serum, so that RBDCoV-ACE2
could be processed analogously to measurements with human serum.

Measurements of both rat and mouse serum were highly stable and showed minimal variance

(Figure 15b, d).
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Figure 15: RBDCoV-ACE2 for measurements of rat and mouse serum

ACE2 binding inhibition was measured towards wild-type RBD with serially diluted rat (a) and mouse sera
(c) from SARS-CoV-2 immunised (Rat: n=16, Mouse: n=14) and naive (Rat: n=4, Mouse: n=5) animals.
Assay performance of RBDCoV-ACE2 is stable illustrated by the results of intra-assay stability experiments
for rat (b) and mouse (d) sera (n=4)
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As the pandemic progressed, I continued to add numerous variants to RBDCoV-ACE2 and
MULTICOV-AB shortly after their emergence. This also meant that the effects of the variants
on infection events were often not yet known at the time of variant inclusion. Table 4 summarises
all RBD antigens that were included in RBDCoV-ACE2 and MULTICOV-AB and their use in

publications.

Table 4: Overview of SARS-CoV-2 RBDs included in RBDCoV-ACE2 and MULTICOV-AB and
their use in publications

Publications (Appendix No.)

Variant Lineage

Wild-type B.1
Alpha B.1.1.7
Beta B.1.351
Gamma P.1
A23.1 A23.1
Cluster 5 B.1.1.298
Epsilon B.1.427
Zeta P.2

Eta B.1.525
Theta P3

Tota B.1.526
Kappa B.1.617.1
Lambda C.37
Delta B.1.617.2
Mu B.1.621
Omicron BA.1 B.1.1.529
Omicron BA.2 B.1.1.529
Omicron BA.4/BA.5 B.1.1.529
Omicron BA.2.12.1 B.1.1.529
Omicron BA.2.75 B.1.1.529
Omicron BE.7 B.1.1.529
Omicron BA.2.75.2 B.1.1.529
Omicron XBB B.1.1.529
Omicron BA.2.3.20 B.1.1.529
Omicron BM.1.1.1 B.1.1.529
Omicron BQ.1.1 B.1.1.529
Omicron XBB.1.5 B.1.1.529
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3.2 Application of MULTICOV-AB and RBDCoV-ACE2

3.21 Vaccination schemes induce heterologous immune responses
SARS-CoV-2 vaccination campaigns started with the approval of four vaccines of different types
in the EU between December 2020 and March 2021 (see Table 2). All four vaccines were based
on inducing an immune response against the SARS-CoV-2 § protein. Until then, the presence of
antibodies against SARS-CoV-2 could only imply a previous infection with the virus or recent
treatment with COVID-19 convalescent plasma. The approval of multiple vaccines within a
matter of weeks, combined with varying recommendations and availability and the subsequent
withdrawal of vector-based vaccines ChAdOx1-S and Ad26.COV2.S due to safety concerns, led
to an extremely heterogenous vaccination landscape.

To investigate this landscape and compare the humoral responses elicited by different SARS-
CoV-2 vaccine regimens on a population basis, we analysed 1821 samples from 1731 participants
in the MuSPAD (Multilocal and Serial Prevalence Study of Antibodies against (Respiratory)
Infectious Diseases in Germany)!52 seroprevalence study who had received either a homologous
vaccination regimen (consisting of two doses of mRNA- or vector-based vaccines) or
heterologous vaccination regimens (consisting of one mRNA- and one vector-based dose)
(Appendix III). In this study ChAdOx1-S by AstraZeneca is called AZID1222. While MuSPAD
was a population-based study, we designed our study cohort for this publication to be
representative of the proportion of each vaccine in the population at the time of the experiment
(June 2021).

The analysed vaccination regimens induced significantly different IgG levels towards wild-type
(WT) S-derived antigens. We observed a greater S, RBD and S1 IgG binding response for
homologous mRNA-based vaccinations compared to vector-based ones (see Figure 16a and
Appendix III: Figure 1a - c¢). Comparable results were achieved by heterologous vaccination
schemes, consisting of one vector-based dose and one mRNA-based dose, with significantly
higher titres than homologous vector-based vaccination.

We analysed the same sample set with RBDCoV-ACE2 (Figure 16b). ACE2 binding inhibition
towards WT RBD behaved analogous to the induced IgG response with homologous mRNA
vaccination and heterologous vaccination eliciting higher neutralisation responses than

homologous vector-based vaccination.
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Figure 16: Analysis of the antibody response to various vaccination schemes

Different SARS-CoV-2 vaccination schemes result in distinct humoral responses. IgG antibody titre (a) and
ACE2 binding inhibition (b), against the receptor-binding domain (RBD) were measured with
MULTICOV-AB and RBDCoV-ACE2. Individuals received either homologous mRNA-1273 (M/M, blue,
n = 272), BNT162b2 (P/P, orange, n = 738) or AZD1222 (A/A, green, n = 228), heterologous AZD1222-
mRNA-1273 (A/M, light blue, n = 24), AZD1222-BNT162b2 (A /P, light green, n = 114), ot a single dose
of Ad26.CoV2.S (], grey, n = 24). Raw MFI values were normalised against QC samples to generate signal
ratios for each antigen (a). The threshold for non-responsive samples (ACE2 binding inhibition less than
20%) is shown as dotted line. All samples below this threshold can be considered non-responsive (b). Data
is shown as box and whisker plots overlaid with strip charts. Boxes represent medians, 25th and 75th
percentiles and whiskers show the largest and smallest non-outlier values based on 1.5 IQR calculation.
Time between sampling and full vaccination is displayed as mean and SD for each group. Number of
samples per vaccination scheme are stated below. Figure and caption adapted from Appendix III: Figures
1and 3.
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Our findings were consistent with other studies that observed reduced humoral and cellular
immune responses of vector-based vaccination compared to mRNA-based vaccination!>31%4,
Slomka et al. observed significantly higher IgG titres and neutralising activities in individuals
vaccinated with two doses of BNT162b2 compared to a cohort that received ChAdOx1-S at any
timepoint over the course of six months, with a 13.3-fold higher peak IgG titre in the first
group'?.

Samples from individuals vaccinated with Ad26.COV2.S by Janssen showed only low antibody
titres against all S-derived antigens, and most samples did not show a neutralising response, with
91 % of all samples analysed failing to respond (ACE2 binding inhibition < 20 %). In addition to
the observed reduced humoral immune response induced by the single-dose vector-based Janssen
vaccine, a comparative study of participants vaccinated with either BNT162b2 or Ad26.COV2.S
found a 5.2-fold higher risk of hospitalisation for the group that received Ad26.COV2.5"%. In
consideration of those findings, the STIKO later recommended all people receiving vector-based

vaccines to receive a booster vaccination with a mRNA vaccine!57.

3.2.2 Reduced antibody binding and ACE2 binding inhibition towards
VOCs Alpha and Beta

The first SARS-CoV-2 VOCs dominated global infection events from eatly 2021, with Alpha
accounting for the majority of infections in Europe and North America and Beta found
predominantly in South Africa. The efficacy of SARS-CoV-2 vaccines against the newly emerged
variants was therefore of great interest, as they harboured several mutations in crucial epitopes of
the S protein.

Thus, we analysed antibody binding in the serum of infected and vaccinated individuals, before
and after the second dose towards WT, Alpha (UK) and Beta (SA) RBDs using MULTICOV-AB
(Appendix IV). While antibody binding to Alpha was nearly identical to WT in all groups (Figure
17a), we observed a significant decrease in IgG binding to Beta in both infected and vaccinated
individuals compared to WT, regardless of the number of doses (Figure 17b). Regardless of the
variant observed, the data points were clearly divided into two clusters depending on the number
of doses received, with IgG binding signals being significantly higher after second vaccination. In
contrast, samples from infected individuals showed highly individualised IgG binding responses
covering the entire observed signal range, highlighting the individualised nature of the humoral

immune response to natural infections compared to vaccinations of the same type and dose.
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Figure 17: Antibody binding towards variants Alpha and Beta

UK (a) and South Aftrican (SA) RBD mutants (b) have differing effects upon antibody binding. RBD mutant
antigens were generated and added to MULTICOV-AB to measure the immune response towards them in
sera from vaccinated pre-second dose (light blue, n = 25), post second dose (dark blue, n = 20), and infected
(red, n = 35) individuals, compared to the wild-type (wt) RBD. A linear curve (y = x) is shown as a dashed
grey line to indicate an identical response between wild-type and mutant. Kendall’s tau was calculated to
measure the ordinal association between the mutant and wild-type. Figure and caption reproduced from
Appendix IV: Figure 3.

Having established that antibody binding towards Beta was generally reduced, we investigated the
effect of the second BNT162b2 dose on antibody binding against RBDs of WT and Beta in
longitudinal samples before and after the second dose and analysed the neutralising antibody
response with RBDCoV-ACE2 (see Figure 18).
Here, a positive correlation between time after the first dose and IgG and IgA antibody response
could be observed, with a significant boost of antibody levels after the second dose (Figure 18a,
b). ACE2 binding inhibition to WT RBD remained below 20 % in samples collected after the first
dose and was greatly increased after the second dose, with all samples exceeding 20 % ACE2
binding inhibition (Figure 18c).
ACE2 binding inhibition of the same samples towards Beta RBD was significantly reduced
compared to WT and only half of the samples taken after the second dose exceeded the 20 % cut-
off (Figure 18d). Our observed reduction of neutralisation towards the Beta variant by antibodies
induced by infection or vaccination was confirmed in a VNT experiment using a patient-derived
Beta strain of SARS-CoV-2 (Appendix IV: Figure 4a). The negative impact of SARS-CoV-2
Beta on antibody binding and neutralising activity after infection and vaccination was reported by
numerous other studies, confirming our findings!8-160,
The steep increase in antibody response after the second dose and the fact that the antibodies
induced after the first dose are unable to exert a neutralising effect, reinforce the two-dose regimen
of BNT162b2 and have also been reported in numerous other studies'é-163. It further
demonstrates the importance of analysing the neutralising capacity of serum instead of measuring
antibody binding alone.
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Figure 18: IgG and IgA responses before and after second vaccination

IgG (a) and IgA (b) binding response in sera from individuals pre second vaccination (light blue, n=25) and
post second vaccination (dark blue, n=20)) shown as normalised MFI values for WT RBD. The same
samples were analysed for ACE2 binding inhibition towards WT RBD (c) and beta (d) using RBDCoV-
ACE2. Lines between data points indicate paired samples from the same donor. Figure and caption adapted
from Appendix IV: Figures 1 and 4.

3.2.3 Children generate strong antibody responses after SARS-CoV-2
infection
Children play a significant role in the transmission of SARS-CoV-2 within communities, as they
have a high number of social contacts and were found to be more likely to have asymptomatic
cases of COVID-19164 It is therefore important to characterise SARS-CoV-2 infections in
children in terms of symptoms, transmission and protective immunity including the humoral
immune response to SARS-CoV-2.
Thus, we investigated 328 households each with at least one SARS-CoV-2 infected member within
a multi-centre longitudinal study, which were followed for up to 12 months after the first infection
in each household (Appendix V).
Analysing the antibody response following SARS-CoV-2 household exposure, we found that
children produce significantly higher antibody titres against S, RBD, S1 and N antigens than adults
at a median time of 96 days after positive PCR (Appendix V: Figure 1). This could be confirmed
by other groups such as Jacobsen et al. who found higher antibody titres against S1 and N in
children four months after infection compared to adults'®. Consistent with our findings, Tomasi
et al. measured higher antibody levels in children under 12 years old against S, S1 and RBD but
not against the S2 domain!¢,
Similar to other authors, we found no significant difference in antibody levels between

symptomatic and asymptomatic COVID-19 cases in both adults and children (Appendix V:
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Figure 2). Dufloo et al. showed that asymptomatic SARS-CoV-2 infections elicit a robust
neutralising antibody response that activates the complement system and kills infected cells by
ADCC’,

We further investigated if the higher antibody titres against S-derived antigens in children also led
to a stronger neutralisation capacity using a commercial surrogate neutralisation test by GenScript
that also analyses ACE2 binding inhibition (Figure 19a). Analogously to antibody binding, we
found a significantly increased ACE2 binding inhibition in children compared to adults at both
tested timepoints (T'1: p < 0.001 and T2: p = 0.02), that was strongly correlating with the elevated
anti-S1 IgG levels in children (Figure 19b). No differences in antibody binding to Alpha and Beta
RBDs between adults and children were found, with almost identical binding for Alpha compared
to wild-type (Figure 19c). In contrast, antibody binding was significantly reduced for the Beta
variant in both adults and children (Figure 19d).

In summary, both the increased antibody titres as well as the strong neutralising capacity of
convalescent children indicate that children with mild or asymptomatic COVID-19 can elicit a

durable and robust immune response.
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Figure 19: SARS-CoV-2 antibody responses in infected adults and children

(a) Box and whisker plot showing that antibodies produced by children (orange, n = 118) have a significantly
higher inhibition of ACE2 binding than those produced by adults (blue, n =267, p =4.37 x 10—13) at T'1
and T2 (p =0.02, child n =59, adult n =1006) as determined by the sVNT assay. Boxes represent the
median, 25th and 75th percentiles, while whiskers show the largest and smallest non-outlier values. Outliers
wete identified using upper/lower quartile 1.5 times IQR. Statistical significance was calculated using
Mann—Whitney-U (two-sided) with *** indicating a p value < 0.001, * indicating a p value < 0.05, and ns
indicating a non-significant p value > 0.05. To determine whether this was due to the higher titres in
children, SARS-CoV-2 S1 humoral response was determined using MULTICOV-AB for T1 and plotted
against the results of the sVNT assay (b). Spearman’s rank was calculated to measure the ordinal association
between them, confirming that the increase in neutralisation is due to higher titres. Protection against the
Alpha (c) and Beta (d) VOCs was determined by MULTICOV-AB and plotted as a linear regression against
the antibody binding response to the wild-type (wt) receptor binding domain (RBD), with Spearman’s rank
calculated to measure the ordinal association. There was no difference in antibody response between
children (n =166, T1 samples only) and adults (n = 381, Tl samples only) for either variant. Figure and
caption adapted from Appendix V: Figure 3.
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3.2.4 Impaired ACE2 binding inhibition towards SARS-CoV-2 VOCs and
VOIs

With the emergence of SARS-CoV-2 variants, the effectiveness of antibodies generated against
the WT strain through infection or/and vaccination became a major point of interest. Especially
amino acid substitutions in the RBD of the spike protein can have significant impact on virus
characteristics such as transmission, infectivity and immune evasion. Therefore, I analysed the
ACE2 binding inhibition of sera from COVID-19 patients with varying disease severity using
RBDCoV-ACE2. The multiplex assay platform enabled the inclusion and simultaneous analysis
of RBDs including WT and every circulating SARS-CoV-2 variant up to the time of publication
(Delta was the dominant variant at the time). I analysed 266 serum samples from 168 COVID-19
patients, of which 35 individuals donated at multiple timepoints after positive PCR (Appendix
IT). In general, we found a strong positive correlation between anti-RBD IgG responses and
ACE2 binding inhibition, suggesting a proportional NAb response as part of the total antibody
response (Appendix II: Figure 4). Figure 20 shows the ACE2 binding inhibition against all
twelve variant RBDs of serum from individual donors collected 7 to 49 days after positive PCR,
including a mutation profile for each variant. I could show that the median ACE2 binding
inhibition of all variants except A.23.1 is reduced in relation to WT RBD with Eta (5.7-fold),
Gamma (6.4-fold), Theta (9.0-fold) and Beta (14.1-fold) showing the greatest reduction.
Examining the mutation profile of these variants revealed that they all contain the E484K
mutation, from which we concluded that it plays an important role in the evasion of the antibody
response. The E484K mutation, identified by several studies as escape mutation8®114160 has been
shown to result in enhanced binding affinity of the RBD to ACE2 by altering electrostatic
interactions and the conformation of the loop in the RBD-ACE2 binding interface while
simultaneously weaken the binding interaction to NAbs, and also provides resistance to
neutralisation by monoclonal antibodies such as bamlanivimab!8.

The additional N501Y mutation in the RBD of variants Gamma, Theta and Beta appears to
amplify this effect further, whereas the presence of the mutation alone in the Alpha variant results
in a weaker, 1.2-fold reduction. The N501Y mutation was shown to enhance affinity of the RBD
to ACE2 (5-10 times higher than WT), which in turn makes it harder for NAbs to inhibit the
RBD-ACE?2 interaction and contributes to the higher transmission rate of the Alpha variant
(estimated up to 80 % higher than WT strain) that dominated the global infection events from

late 2020 until June 202184108,109,169,
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Figure 20: ACE2 binding inhibition towards SARS-CoV-2 variants

ACE2 binding inhibition varies between RBD mutants. Violin plots showing ACE2 binding inhibition (%0)
of individual serum samples from 7 to 49 days post PCR (n = 50, depicted as dots) against RBD mutants.
Black horizontal lines represent medians. Fold-reduction of ACE2 binding inhibition in comparison to
wild-type corresponds to the ratio between the medians of wild-type and the respective RBD mutant. VOC-
RBDs are shown in blue. Mutations of each RBD mutant are shown in the box above the violin plot. Figure
and caption reproduced from Appendix II: Figure 3

After Alpha, the Delta variant was the second dominant strain that dominated global infection
events in the second half of 2021, carrying the mutations T478K and L452R in the RBD. Both
mutations resulted in a 1.5-fold reduced ACE2 binding inhibition compared to WT RBD, placing
it in the mid-range of all tested RBDs. The T478K mutation was also shown to increase the
electrostatic potential of the RBD, therefore increasing the binding affinity to ACE2 while L452R
was linked to increased fusogenicity and infectivity of SARS-CoV-2170-172,

In summary, we could utilise RBDCoV-ACE2 to assess the impact of emerging SARS-CoV-2
variants on the humoral immune response induced by infection with wild-type SARS-CoV-2. In
agreement with the results of other groups, our results suggest that protection against reinfection
with the then dominant Alpha variant was still sufficient.!”; while variants carrying the E484K

variant strongly evaded neutralisation by NAbs!74175,
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3.2.5 COVID-19 disease severity correlates with antibody titre and
neutralising capacity
I further investigated whether there is a correlation between the severity of COVID-19 and the
neutralising capacity of serum by ACE2 binding inhibition (Appendix II). For this, I divided our
sample set of COVID-19 infected individuals admitted to the intensive care unit (ICU) into two
timeframes, 7 — 49 post initial positive PCR and = 50 days post initial positive PCR and plotted
both ACE2 binding inhibition and IgG binding to the RBDs of WT and Delta against disease
severity indicated by WHO grades (see Figure 21).
Again, we observed the general reduction of ACE2 binding inhibition for Delta in comparison to
WT as seen previously (Figure 21a—d). Antibody binding to Delta RBD was reduced as well
(Figure 21e-h). Due to waning antibody levels, the samples taken at a later timepoint post positive
PCR (= 50 days) showed lower ACE2 binding inhibition (Figure 21c, d) and antibody binding
(Figure 21g, h) compared to samples taken within the first 49 days post positive PCR. We
observed a positive correlation of COVID-19 disease severity from WHO grade 1 to WHO grade
7 for both ACE2 binding inhibition and IgG binding for both WT and Delta RBDs. Although
most of the differences in ACE2 binding inhibition between WHO severity grades were not
significant, this finding is in line with previous reports, that SARS-CoV-2 anti-S IgG and NAb-
titres are higher in patients with severe COVID-19169,176-178,
Interestingly however, this progressively increasing trend is interrupted in patients with fatal
disease course (WHO grade 8). Other groups also found that individuals with fatal COVID-19
had lower antibody responses to the SARS-CoV-2 spike protein than non-fatal disease
outcomes!'®L17, Tucas, Klein et al. reported that the neutralising antibody response in patients
with fatal COVID-19 was delayed, initially being lower than in discharged patients within the first
3 weceks after symptom onset but reaching higher maximum antibody levels afterwards!7. Since
our sample set only contained samples of fatal COVID-19 patients taken at maximum 26 days
after positive PCR result and lacked samples at later timepoints, this could explain the decreased
antibody response in our samples from patients with fatal COVID-19. Together with the positive
correlation found between disease severity and T-cell responses in COVID-19 patients, our
findings suggests that both the humoral and cellular immune responses are amplified in more

severe forms of the disease!80-182,
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Figure 21: Correlation between antibody response and COVID-19 disease severity

Correlation of anti-RBD IgG levels and ACE2 binding inhibition with SARS-CoV-2 disease severity. Bar
charts showing mean ACE2 binding inhibitions (%) against wild-type and delta RBD are correlated with
WHO grades for disease severity for samples 7—49 days post PCR (a,b) and = 50 days post PCR (c,d). Mean
anti-WT RBD IgG and anti-RBD delta IgG levels are shown for samples 7—49 days post PCR (e,f) and = 50
days post PCR (g,h). Individual samples are displayed as coloured dots, bars indicate the mean of the dataset
with error bars representing standard deviation. Number of samples is given below the columns (n). If no
samples for a group were available, the column is labelled with “n/a”. WHO grade 1—ambulatory/no
limitations of activities, 2—ambulatory/limitation of activities, 3—hospitalised, mild disease/no oxygen
therapy, 4—hospitalised, mild disease/mask or nasal prongs, G6—hospitalised, severe
disease/intubation + mechanical ventilation, 7—hospitalised, severe disease/ventilation + additional organ
support (pressors, RRT, ECMO), 8—Death. The study did not contain samples of WHO grade 5. Figure
and caption reproduced from Appendix II: Figure 6.
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3.2.6 Impaired humoral immune response to Omicron VOCs induced by
infection and vaccination
When Omicron variants emerged and became globally dominant by December 2021, public health
authorities feared a substantial decrease in immune protection by vaccination or infection with
previous SARS-CoV-2 variants, since Omicron BA.1 and BA.2 carried an unprecedented high
number of mutations in the RBD (15 and 16 mutations respectively, see Figure 4). To investigate
the impact of Omicron subvariants in addition to other relevant VOCs and VOls, we analysed
IgG binding and ACE2 binding inhibition in sera of pre-pandemic negative, COVID-19 infected
and vaccinated individuals (Appendix VI). For both vaccinated and convalescent samples, IeG
binding and ACE2 binding inhibition was significantly reduced for BA.1 and BA.2 compared to
WT, to a similar extent as the statistically significant reduction in binding towards Beta and Mu
variants (see Figure 22a, b). We found that IgG binding towards BA.1 was significantly more
reduced compared to BA.2. Analysing ACE2 binding inhibition, we again observed the reduction
of both ACE2 binding inhibition for all tested variants compared to WT as illustrated in
Figure 20. BA.2 had the lowest rate of responsive samples (ACE2 binding inhibition > 20 %) of
all tested variants in both the infected and vaccinated sample groups, while BA.1 had a higher
responsive rate than Beta, Gamma and Mu.
We further included full-length S proteins of BA.1 and BA.2 as well as WT in our RBDCoV-
ACE2 measurements, to analyse the effect of spike mutations outside the RBD (Appendix VI:
Figure 2a). ACE2 binding inhibition towards Omicron S proteins was significantly reduced
compared to WT. The RBDCoV-ACE2 response rate towards S compared to RBD was reduced
for both WT and BA.2 by 30 %. Interestingly, we observed no difference in the IgG binding
towards the nucleocapsid of BA.2 compared to WT (Appendix VI: Figure 2f).
Since both MULTICOV-AB and RBDCoV-ACE2 are endpoint assays, we used biolayer
interferometry (BLI) analysis to assess the binding kinetics of RBD-specific antibodies induced
by vaccination (two doses BN'T162b2) and infection (WT) in serum samples to RBDs of WT and
VOCs Delta, BA.1 and BA.2 (see Figure 22c, d). The antibody binding response towards BA.1
and BA.2 was reduced compared to WT and Delta for all samples and the dissociation constant,
despite variation between samples, was increased for most samples.
Using BLI analysis, we also confirmed that both BA.1 an BA.2 RBDs bound to ACE2 with high
affinity (Appendix VI: Supplementary Figure 2).

54



3 Results and Discussion

Q

60

¥

40 50
| 1
~
w -+
ced ne e

20
L
L Rl

10
|

13G binding (normalized MFI)
30
1
o sharefac Bapust 04

W e

-
YT p .
&

¢ ¥

TUNDE
§ i b
- %% ' ‘ %

T T T T T T T T T T T T T
Vac Inf Neg Vac Inf Neg Vac Inf Neg Vac fNeg Vac Inf Neg Vac Inf Neg Vac Inf Neg Vac Inf Neg Va:: Inf Nag

T

RED Wt o B v 5 o BA.1 0BA2 i u

o

100
|

an .
* -+ °
H » 0 k3 13
8 . - ! 3 .
. + H
- ! ’ e
s | o 31 . i
@ ¢ ® H
=
-b; .

ACE2 binding inhibition (%)
40

[,

20
I
T
]

%

T T T 1 T T T 1T 1 L LI T
Vac Inf Neg Vac Inf Neg Vac \nf Neg Vac Inf Neg Vac Inf Neg Vac Inf Neg Vac Inf Neg Vac Inf Neg Vac Inf Neg

il ﬂ*’b“"' s
el
fie

RBD  wt o B M 5 0 BAA1 aBA2 i u

d

0.0004-

'z & Vac

N

< 0.0003

[—

<

3

=

S 0.00021

[

S

2 0.0001-

(=]

(7]

8

o — pZ

T T 0.0000 = . &

RBD,, RBD; RBD,g RBDga RBD,, RBD; RBD,js RBDyga

Figure 22: Significantly reduced antibody responses towards Omicron BA.1 and BA.2

Antibody binding response is significantly reduced for both BA.1 and BA.2. Binding response by preexisting
antibodies generated through either infection or vaccination was measured with MULTICOV-AB (a) and
RBDCoV-ACE2 (b) assays and Biolayer interferometry (c and d). (a) Boxplot showing that immunoglobulin
G binding is significantly reduced for both BA.1 and BA.2 as compared to other variants of concern
(VOCs)/variants of intetest (VOIs) for convalescent (n = 86) and vaccinated (n = 226) samples. Negative
samples are included as controls (n = 15). (b) Boxplot showing that ACE2 binding inhibition is significantly
reduced for both BA.1 and BA.2 as compated to other VOCs/VOlIs for both convalescent and vaccinated
samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest
nonoutlier values. Outliers were determined by 1.5 interquartile range. (¢ and d) Binding kinetics of
receptor-binding domain (RBD)—specific antibodies from serum samples of convalescent and vaccinated
individuals (both n = 5). Binding response (c) and dissociation constant (d) were determined by 1:1 fitting
model of the individual serum samples between the different RBD variants. Figure and caption reproduced
from Appendix VI: Figure 1.

To get a more detailed insight into the immune protection against Omicron BA.2 induced by
vaccination, we analysed IgG binding and ACE2 binding inhibition in sera from individuals
receiving different vaccine combinations in Figure 23 (analogous to Figure 16). Similar to the
response to WT' RBD, we could confirm that homologous mRNA-based vaccination was
resulting in a higher and longer lasting median IgG titre compared to vector-based vaccination
and was only surpassed by the antibody response of infected and vaccinated individuals (Figure

23a). In contrast to the IgG binding response, which was still present, albeit reduced, we observed
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a drastic reduction of ACE2 binding inhibition towards Omicron BA.2 regardless of the received
vaccine type or infection status, with the median ACE2 binding inhibition of all examined groups
classified as non-responsive (< 20%) by RBDCoV-ACE2 (Figure 23b). This drastically impaired

neutralising activity towards Omicron BA.2 was also reported by other studies!43.183.184,
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Figure 23: Binding and inhibitory response of vaccine-induced antibodies towards Omicron BA.2
Differences in Omicron binding response among different populations of vaccinated samples. Binding
response toward Omicron BA.2 was analysed by either MULTICOV-AB (a) or RBDCoV-ACE2 (b) assays
for samples from different vaccine schemes (n = 30 for all samples, except for mRNA-1273 at 5-6 months
(n = 106), heterologous vaccine schemes (both n = 20), and infected and vaccinated (n = 25). To determine
the effect of time postvaccination, samples from both 1-2 months and 5-6 months postvaccination were
included. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest
nonoutlier values. Outliers were determined by 1.5 interquartile range. The 20% cutoff for non-responders
is indicated by the dashed line on (b). The equivalent data for BA.1 are provided as Supplementary Figure
3. Abbreviations: A/A, AZD1222; A/M, first dose AZD1222, second dose mRNA-1273; A/P, first dose
AZD1222, second dose BN'T162b2; Inf, infected; M/M, mRNA-1273; P/P, BNT162b2; Vac, vaccinated.
Figure and caption reproduced from Appendix VI: Figure 3.
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After we established, that the antibodies elicited by two vaccine doses were still able to bind to
Omicron RBDs but showed a strongly reduced neutralising capacity, we investigated the effect of
a booster (third) vaccine dose on both antibody binding and ACE2 binding inhibition towards
Omicron BA.1 and BA.2 and all current and previously circulating VOCs (Figure 24).
Administration of a third dose increased ACE2 binding inhibition towards all VOCs significantly,
including BA.1 and BA.2 (Figure 24a). Whereas 27 % and 0 % of samples post second dose
showed neutralisation activity toward BA.1 and BA.2 respectively 1 - 2 months post second dose
(Figure 24b), it increased to 55 % and 25 % after receiving the booster dose in a similar timeframe
post vaccination. Median ACE2 binding inhibition of samples 5 - 6 months after second dose was
significantly lower for all VOCs compared to 1 — 2 months after second vaccination (Figure 24c).
This strong boost of neutralisation activity indicates that a booster dose with mRNA-based
vaccines provides increased protection against Omicron BA.1 and BA.2185-188,

In summary, we found that antibodies induced by vaccination or infection with WT or previously
circulating variants did not completely lose their ability to bind to the extensively mutated
Omicron RBDs, however IgG binding responses were significantly reduced. As numerous other
studies have reported, neutralisation of BA.1 and BA.2 by sera from infected and vaccinated
individuals was severely impaired, which could explain the large wave of infections in Germany
during the dominance of BA.1 and BA.2 including frequent breakthrough infections!?>124,

Our study provided additional evidence that the recommendation of a third vaccine dose by the
STIKO in Germany was justified and necessary to retain partial neutralising responses against
Omicron®. In response to those findings, vaccine manufacturers started the development of
vaccines adapted to Omicron sublineages BA.1 and BA.2 and did further adapt their vaccines to

following subvariants®3.
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Figure 24: ACE2 binding inhibition responses after second vaccine dose wane within 5 - 6 months
and are significantly boosted after third dose

Angiotensin-converting enzyme 2 (ACE2) binding inhibition toward Omicron is boosted by a third vaccine
dose. (a) Changes in ACE2 binding inhibition response following the third dose of BNT162b2 for all
variants within the study. Samples come from either boosted (n = 20), 1-2 months post—second dose of
BNT162b2 (n = 20, b), or 5-6 months post—second dose of BNT162b2 (n = 20, c). Individual samples are
highlighted by connected lines with bars representing medians. The 20% cutoff for non-responders is
indicated by the dashed line. Figure and caption reproduced from Appendix VI: Figure 4.
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3.2.7 The effect of breakthrough infections on antibody responses

The limited vaccine availability especially in the eatly pandemic, regularly changing vaccine
recommendations due to safety concerns and new insights on vaccine effectiveness against
emerging VOCs and breakthrough infections resulted in a highly heterogenous immune response
to SARS-CoV-2 in the German population. We examined a cohort of vaccinated healthcare
workers and medical researchers as part of the TiSeRe:exact study in Southwest Germany, to
assess potential differences in their humoral immune responses and have summarised the results

in an unpublished manuscript (Appendix X).
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Figure 25: Breakthrough Infections lead to increased breadth and longevity of the antibody
response

Antibody titre (a), ACE2 binding inhibition towards WT (b) and BA.5 (c), neutralising breadth index (d)
were compared in samples from individuals with or without a breakthrough infection following 3 vaccine
doses. Samples were compared at two timepoints: 14 to 42 days post most recent immunising event to
capture the peak response and 150 to 200 days to capture the long term “lag” response (see Supplementary
Figure 4 for further details on sample selection). box and whisker plots where boxes represent the 1st to
3rd quartiles, whiskers represent 1.5 IQR and the line represents the median. Outliers are shown. MWU
was used to identify statistically significant differences between the two groups with *** indicating p<0.001
and n.s. indicating a non-significant p value >0.05. N’s and medians for each group are included within the
figure panels. Figure and caption adapted from Appendix X: Figure 2.
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While vaccinated-only individuals initially had a higher median IgG titre to WT RBD shortly after
their last dose compared to individuals with an additional SARS-CoV-2 infection, it already waned
significantly 150 — 200 days after the third dose. In contrast, IgG titres induced by three vaccine
doses and breakthrough infection sustained and even increased during the same time (Figure
25a). Similarly, ACE2 binding inhibition to Omicron BA.5 and WT RBD was also showing
significant slower waning over time in individuals with both vaccination and infection (Figure
25b, c). To assess the breadth of the antibody response towards SARS-CoV-2 variants, we
specified the neutralising breadth index (NBI) as the WT ACE2 binding inhibition divided by the
median ACE2 binding inhibition of Beta, Delta and Omicron BA.21%.

As shown in Figure 25d, NBI for individuals with previous infection and vaccination was
significantly lower compared to vaccinated only individuals, indicating a broader neutralising
antibody response to current and previously circulating VOCs established by breakthrough
infection.

Furthermore, we examined the antibody response of individuals who were not recommended a
booster dose due to a previous SARS-CoV-2 infection, therefore having received two doses and
an infection with SARS-CoV-2 (hereinafter referred to as “hybrid immunity”). We also compared
this group to the vaccinated-only individuals who received three vaccine doses (Appendix X:
Figure 3). We again observed a significantly slower waning rate of IgG titre and ACE2 binding
inhibition induced by hybrid immunity compared to the vaccinated-only group towards RBD WT.
Interestingly, hybrid immunity also led to a broader neutralisation response even though most of
the infections in this group occurred during eatlier infection waves when either the Alpha or Delta
variant were dominating infection events.

In summary, we found that SARS-CoV-2 vaccination and infection with either two or three
vaccine doses resulted in a significantly more sustainable IgG titre and ACE2 binding inhibition
response than vaccination alone, although the median IgG titre initially is higher in the vaccinated-
only group. Moreover, both vaccinated and previously infected individuals have a broader
inhibitory response to SARS-CoV-2 VOCs, which is in accordance with numerous other
studies!90-193,

These findings are backed by a study in Great Britain which found that individuals with two
vaccine doses and a breakthrough infection with Delta or Omicron had better protection against
infection with omicron BA.4/BA.5 compared to SARS-CoV-2 naive individuals who received
three doses!?. Infection rates have been found to be significantly lower for individuals with both
previous SARS-CoV-2 infection and vaccination in several studies!9>-19,

Taken together, our results emphasise the high individuality of the humoral immune response to
SARS-CoV-2 dependent on the previous infection and vaccination history, which should be taken

into consideration for the formulation of new vaccine recommendations.
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3.2.8 Weakened humoral immune response in immunocompromised
individuals
Immunocompromised individuals were among the highly prioritised groups to receive SARS-
CoV-2 vaccines since they often have reduced immune responses to common vaccinations (e.g.
Influenza) and had significantly higher mortality rates for COVID-19 during the early stages of
the pandemic!®-201, With their immune system either weakened by medical conditions or drugs,
immunocompromised individuals are highly reliant on effective vaccination programs that
provide them with protective immunity.
The compromised immune system of hemodialysis patients is often the result of decreased renal
function that leads to chronic inflammation, or it is induced by medications in transplant
recipients®®®. After approval of the first generation of SARS-CoV-2 vaccines in 2021,
hemodialysis patients received standard immunisation with two vaccine doses, however it was
unclear whether this was sufficient to elicit a protective immune response, especially regarding the
reduced effectiveness of the first-generation vaccines against new SARS-CoV-2 variants. We
tested this by comparing B- and T-cell responses from 76 hemodialysis patients to the immune
response of 23 healthcare workers from the dialysis centre with no underlying medical conditions
3 weeks (T1) and 16 weeks (T2) after basic immunisation with two doses of BNT162b2
(Appendix VII).
We could show that both mucosal and systemic wild-type RBD-specific IgG responses at T2 were
significantly reduced compared to T1 for both groups (Figure 26). Furthermore, titres in plasma
and saliva were significantly reduced in the hemodialysis group compared to the control group at
both T1 and T2 after second vaccination (Figure 26a, b). This reduction effect could also be
observed with ACE2 binding inhibition in the serum of hemodialysis patients especially at T1. At
T2, ACE2 binding inhibition for both groups was significantly reduced compared to T1 and most
samples were classified non-neutralising by RBDCoV-ACE2 (Figure 26¢). In addition, ACE2
binding inhibitions of samples from both groups towards VOCs Alpha, Beta, Gamma and Delta
were reduced for all tested variants (Appendix VII: Figure 2) in accordance to our previous
findings (Figure 22 - 24) and to other studies on the neutralising antibody response of
hemodialysis patients towards VOCs202203,
To examine spike-specific T-cell responses, we analysed the release of IFN-y in whole-blood
induced by vaccination (Figure 26d). Here, we observed a reduced, albeit not significant, release
of IFN-y in hemodialysis patients at both timepoints. These findings are in line with reports of
significantly lower SARS-CoV-2 specific T-cell responses in dialysis patients and kidney transplant
recipients after two doses of mRNA-1273 or BNT162b2204.205,
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Figure 26: Impaired vaccine-induced immune responses in dialysis patients

Significant decrease in humoral and cellular responses induced by Pfizer-BioNTech vaccine BNT162b2
(https:/ /www.pfizer.com) against SARS-CoV-2 from 3 weeks to 16 weeks after second vaccination,
observed in a study of immune response against variants of concern in dialysis patients 4 months after
SARS-CoV-2 mRNA vaccination. a) IgG response in plasma; b) IgG response in saliva; c) neutralising
capacity toward SARS-CoV-2 wild-type B.1; d) T-cell response measured by IFN-y release assay. Blue circles
indicate dialysis patients (n = 76) and red circles controls (n = 23). Samples were taken 3 weeks (T'1) and
16 weeks (T2) after vaccination. Saliva (panel B) has reduced sample numbers in both groups because of
issues in sample collection (T1 control, n = 22; T1 dialysis, n = 69; T2 control, n = 23; T2 dialysis. n = 71).
T1 timepoint data has been published previously (13) and is reproduced here for clarity. Horizontal lines
within boxes indicate medians; box tops and bottoms indicate the 25th and 75th percentiles; whiskers show
the largest and smallest nonoutlier values. Outliers were determined by 1.5 times interquartile range.
Statistical significance was calculated by Wilcoxon matched-pairs signed rank test when comparing T1 and
T, and 2-sided Mann—Whitney—U test when comparing control and dialysis groups. Figure and caption
reproduced from Appendix VII: Figure 1.

Subsequently to our initial study, hemodialysis patients in our sample cohort received booster
vaccinations according to the recommendations by the STIKO, during the subsequent infection
waves caused by the Delta and Omicron variants. In a follow-up study, we analysed their humoral
immune response to the RBDs of B.1 (WT), Delta and Omicron BA.1 after a third dose of
BNT162b2 as well as before and after receiving a fourth dose of mRNA-1273 (Appendix VIII).
Consistent with our previous results, we found that both IgG binding and ACE2 binding
inhibition to RBD WT were significantly reduced in hemodialysis patients compared to the
healthy control group shortly after the second vaccination and declined to similarly low levels with
time after vaccination. After receiving a third BNT162b2 dose after six to eight months, the
median IgG binding and ACE2 binding inhibition reached a new peak in both groups, with the
values of the hemodialysis patients showing a higher variability (Appendix VIII: Figure 2).
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Again, both median IgG titre and ACE2 binding inhibition waned as time passed post third
vaccination, but with higher residual values compared to the timepoint three months after the
second dose. Administration of a fourth dose strongly elevated anti-RBD IgG and ACE2 binding
inhibition responses to a new maximum (Figure 27). Especially ACE2 binding inhibition towards
Omicron BA.1, which was largely absent prior to the fourth dose, was significantly elevated. This
further boost of humoral immunity after the fourth dose of either BNT162b2 or mRNA-1273
against WT and Omicron variants was also reported by other groups, with cross-immunisation
schemes of both vaccines inducing the highest responses?’6-2. However, in line with other
studies, humoral immunity against Omicron subvariants after four vaccine doses was still
significantly reduced compared to wild-type and Delta, which potentially affects the duration and
quality of vaccine-induced protection against Omicron VOCs206210, Additional doses with
updated vaccines directed against Omicron such as the bivalent BA.4/BA.5 or monovalent
XBB.1.5 mRNA-vaccines available since 202363, may help to achieve a higher immunity against
Omicron subvariants. Available studies on the effect of a fifth dose of adapted vaccines provided
promising results, finding increased antibody titres and neutralisation against both the wild-type

virus and Omicron subvariants BA.4, BA.5, BQ.1.1 and XBB.1.5 in hemodialysis patients?!1212,
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Figure 27: Effects of third and fourth vaccine doses on humoral immune response in hemodialysis

patients

Longitudinal humoral immune response in haemodialysis patients after a triple vaccination with BN'T162b2
and a fourth full-dose of mRNA-1273. IgG response (a) and ACE2 binding inhibition (b-d) towards the
SARS-CoV-2 RBD of B.1 (a, b), 8 (c) and O BA.1 (d) isolates were measured in plasma from haemodialysis
patients (n = 50) using MULTICOV-AB (a) or an ACE2-RBD competition assay (b-d) after immunisation
with a triple dose of BN'T162b2 (green syringe) and a fourth full-dose of mRNA-1273 (blue syringe). Data
is displayed as normalised median fluorescence intensity (MFI) signal for IgG binding (a) or as % ACE2
binding inhibition where 100% indicates maximum inhibition and 0% no inhibition (b-d). Samples with an
ACE2 binding inhibition of less than 20 % (dashed line) are classified as non-responders (b-d).
Interconnecting lines represent samples from the same individual. Sampling time points in days after the
standard complete two-dose BN'T162b2 vaccination is stated below the graph. Statistical significance was
calculated by two-sided paired Wilcoxon rank test. Significance was defined as p < 0.05. Figure and caption
reproduced from Appendix VIII: Figure 3.
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Altogether, we could follow a cohort of immunocompromised hemodialysis patients from basic
immunisation with two vaccine doses to booster vaccinations up to four doses and found a
significantly impaired humoral immune response compared to healthy individuals.

Using MULTICOV-AB and RBDCoV-ACE2, we could contribute evidence for the
recommendation of further vaccinations for immunocompromised individuals.

We further examined the vaccine efficacy in patients with inflammatory bowel disease (IBD) that
require immunomodulatory medication, 2 - 16 weeks and 22 - 40 weeks after receiving the third
mRNA vaccine dose (Appendix IX). Using RBDCoV-ACE2, we could show that ACE2 binding
inhibition was significantly reduced for BA.1, BA.5, BQ.1.1 and XBB.1.5 compared to wild-type.
Treatment with Anti-TNF biologics led to a significantly impaired neutralising capacity against
wild-type and all tested Omicron variants after vaccination, compared to non-anti-TNF treated
patients (Appendix IX: Figure 2), which was also reported in other studies?!3-215, This attenuated
immune response in anti-TNF treated IBD patients was associated with a higher risk of
breakthrough infection and a shorter time to reinfection with Omicron VOCs?16217,

We further compared the longitudinal antibody response post third dose in patients with and
without breakthrough infection (Figure 28). ACE2 binding inhibition of serum from patients
without previous breakthrough infection declined between visits 1 and 2, in accordance with our
previous findings. In contrast, patients with Omicron breakthrough infection between visit 1 and
2 counteracted this waning response and exhibited strongly increased ACE2 binding inhibition
against wild-type and all tested Omicron variants (Figure 28a). Consequently, in the group of
patients with breakthrough infections, the proportions of non-inhibitory samples towards wild-
type and all variants were strongly reduced at the second visit compared to the first (Figure 28b).
Similar to our findings in hemodialysis patients, the occurrence of breakthrough infections could
broaden and lengthen the neutralising immune response against omicron VOCs.

In summary, our findings underlined the importance of vaccine efficacy surveillance in IBD
patients in the context of emerging highly infectious SARS-CoV-2 variants such as BQ.1 and
XBB.1.5, especially in those treated with anti-TNF. Our results supported the administration of a

fourth vaccine dose optionally updated to novel variants.
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Figure 28: ACE2 binding inhibition towards Omicron VOCs in IBD patients

Vaccine-elicited ACE2 binding inhibition against BQ.1.1 and XBB.1.5 wanes over time but is increased by
omicron breakthrough infection. (A) Surrogate neutralisation against wild-type and omicron sublineages
BA.1, BA.5, BQ.1.1 and XBB.1.5 at visit 1 (2-16 weeks) and visit 2 (22-40 weeks) after SARS-CoV-2
vaccination, in SARS-CoV-2 naive study participants (light teal) and participants with SARS-CoV-2
breakthrough infection between visit 1 and 2 (dark teal). Individuals with fourth vaccination, SARS-CoV-2
infection before vaccination, or with breakthrough infection before visit 1 were excluded from this analysis.
Dotted line at 20 % indicates threshold for inhibitory ACE2 binding inhibition. Statistical analysis is based
on Wilcoxon signed rank test (B) Proportions of individuals with non-inhibitory ACE2 binding inhibition
against indicated SARS-CoV-2 variants at visit 2 in Individuals without (light teal) and with (dark teal)

breakthrough infection between visits 1 and 2. Figure and caption reproduced from Appendix IX: Figure
4
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With MULTICOV-AB and RBDCoV-ACE2, I have developed two multiplex serological
immunoassays during the COVID-19 pandemic that have numerous advantages over
commercially available or standard methods.

Using MULTICOV-AB, I was able to contribute to the exploration of the humoral immune
response to SARS-CoV-2 in the eatly phase of the pandemic, investigate seroprevalence in
nationwide cohorts and characterise and differentiate the immune response of vaccinated and
infected individuals. The application of a binary cut-off for IgG and IgA classification led to a
superior performance of MULTICOV-AB compared to commercially available test systems.
With the progression of the pandemic and the emergence of new SARS-CoV-2 variants with
partly altered properties such as infectivity, transmissibility and disease severity, I developed the
surrogate neutralisation assay RBDCoV-ACE2, which can simultaneously determine the NAb-
mediated neutralisation capacity of serum against all circulating SARS-CoV-2 VOCs, VOIs and
VUDMs. Hereby, in addition to antibody binding, I gained a functional insight into the neutralising
antibody response induced by infection or/and vaccination.

Using RBDCoV-ACE2, I was able to show that the neutralisation capacity is reduced in a variant-
specific manner and that mutations of certain amino acids in the RBD, especially E484, lead to a
strong reduction. Furthermore, I was able to analyse the vaccination regimens administered during
the pandemic and confirm that mRNA-based vaccines induce a stronger humoral immune
response than vector-based vaccines, but that this immune response is strongly reduced towards
Omicron variants. The administration of a third dose of mRNA vaccines (booster dose) resulted
in a significant increase in neutralising capacity against all analysed variants but remained largely
unreactive in RBDCoV-ACE2 against Omicron.

I also investigated the immunocompromised immune response of hemodialysis and IBD patients,
who represent a particularly vulnerable group for severe COVID-19 courses. Here, I found
significantly reduced IgG responses in serum and saliva and a greatly reduced neutralisation
capacity compared to individuals without underlying medical conditions, providing evidence for
the need for regular booster vaccination, preferably with variant-updated vaccines.

In summary, I have developed two assays, MULTICOV-AB and RBDCoV-ACE2, which have
been used in relevant research questions on the immune response to the previously unknown
SARS-CoV-2, as well as in clinical practice and in nationwide seroprevalence studies.
Furthermore, RBDCoV-ACE2 was used in pre-clinical studies for the development of an
Omicron-adapted vaccine candidate.

Although its status as a global health emergency was officially ended by the WHO in May 2023,
SARS-CoV-2 continues to cause thousands of infections every day as of February 2024 with new
variants constantly emerging that can suddenly impact the infection rate. It is therefore important
that new virus variants, and the immune response to them, continue to be monitored in order to
re-evaluate the impact on existing immunity, also with regard to the effectiveness of vaccination

regimens.
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Exploring beyond clinical routine SARS-CoV-2

M) Check for updates

serology using MultiCoV-Ab to evaluate endemic

coronavirus cross-reactivity

Matthias Becker® 24, Monika Strengertz-lz"’, Daniel Junker!, Philipp D. Kaiser', Tobias Kerrinnes
Bjoern Traenkle, Heiko Dinter>, Julia Héringw, Stéphane Ghozzi2, Anne Zeck!, Frank Weise!,

Andreas Peter®’8, Sebastian Hérber® ©78, Simon Fink® ', Felix Ruoff!, Alex Dulovic
Armin Baillot'®, Stefan Lohse® ", Markus Cornberg'?, Thomas Illig"®, Jens Gottlieb''®, Sigrun Smola",
André Karch'®, Klaus Berger'®, Hans-Georg Rammensee!” 1812 Katja Schenke-Layland
Annika Nelde 17']9'22, Melanie Marklin 19'2], Jonas S. Hew’tmamnw'm, Juliane S. Walz

Markus Templin', Thomas O. Joos', Ulrich Rothbauer524 Gérard Krause® 23 &
Nicole Schneiderhan-Marra@® 1™

The humoral immune response to SARS-CoV-2 is a benchmark for immunity and detailed
analysis is required to understand the manifestation and progression of COVID-19, monitor
seroconversion within the general population, and support vaccine development. The
majority of currently available commercial serological assays only quantify the SARS-CoV-2
antibody response against individual antigens, limiting our understanding of the immune
response. To overcome this, we have developed a multiplex immunoassay (MultiCoV-Ab)
including spike and nucleocapsid proteins of SARS-CoV-2 and the endemic human cor-
onaviruses. Compared to three broadly used commercial in vitro diagnostic tests, our
MultiCoV-Ab achieves a higher sensitivity and specificity when analyzing a well-
characterized sample set of SARS-CoV-2 infected and uninfected individuals. We find a
high response against endemic coronaviruses in our sample set, but no consistent cross-
reactive IgG response patterns against SARS-CoV-2. Here we show a robust, high-content-
enabled, antigen-saving multiplex assay suited to both monitering vaccination studies and
facilitating epidemiologic screenings for humoral immunity towards pandemic and endemic
coronaviruses.

A full list of author affiliations appears at the end of the paper.
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ARTICLE NA

seventh known coronavirus to infect humans, has devel-

oped into a worldwide pandemic with dramatic socio-
economic consequences! =3, While the majority of individuals
suffer only from mild symptoms, approximately 14% of infected
adults experience particularly severe disease outcomes (ie.,
pneumonia) of COVID-19%. Of these 14%, 5% will progress into a
critical condition characterized by hypoxaemic respiratory failure,
acute respiratory distress syndrome and multiorgan failure’. To
date, the large number of infected individuals and of those
requiring urgent intensive care has put a high burden on public
healthcare infrastructures.

In contrast to the recently emerged SARS-CoV-2, the four
endemic human coronaviruses (hCoVs) NL63 and 229E (a-
hCoVs) as well as OC43 and HKU1 (B-hCoVs), regularly circu-
late in the population® (one study reported a 91% prevalence for
0OC43 in the adult population®) and are thought to cause up to
20% of mild colds’. As humoral immune responses are in general
seen as protective by production of neutralizing antibodies to
viral surface proteins®, it would be tempting to speculate that a
previous infection with an endemic strain offers protection
against infection with the p-coronavirus SARS-CoV-2, as already
seen in in vitro studies®. However, it has also been reported that
for both SARS coronaviruses and MERS-CoV, disease severity
and fatal outcome correlates with early seroconversion and/or
increased antibody titers by a yet undefined mechanism!'%-13,
Consequentially, a detailed understanding of the humoral SARS-
CoV-2 immune response is of importance to provide insights into
COVID-19 disease biology!'!%,

Serological tests are essential tools in cohort-based epidemiolo-
gical studies to determine seroprevalence and precisely assess
mortality rates, the extent of asymptomatic or mild infections not
currently detectable by molecular testing, and ultimately determine
the effectiveness of population-based interventions and direct future
preventive strategies. Furthermore, serological testing is a compa-
nion diagnostic to monitor vaccination efficacy and mode of action
in vaccine trials!>!6. As a result, there is a need for robust ser-
ological tests to quantify antibody production against SARS-CoV-2
in detail. Currently, most commercially available serological assays
utilize single analyte technologies (i.e., ELISA) to measure anti-
bodies against SARS-CoV-2 spike (S) or nucleocapsid (N) anti-
gens'®1%, Few tests combine and correlate N- and S-antigen-based
detection®?-22 or attempt global profiling of antibody responses
against the entire SARS-CoV-2 genome?’. To this end, we devel-
oped a multiplexed SARS-CoV-2 immunoassay (MultiCoV-Ab)
which included not only S and N protein-based antigens of SARS-
CoV-2, but also from endemic hCoVs (NL63, 229E, OC43, HKU1)
based on findings of numerous SARS-CoV-1 serological studies,
which reported on cross-reactive antibodies to antigens from cir-
culating hCoVs?%, Such an expanded antigen panel allows to both
resolve the SARS-CoV-2 antibody response in detail and to assess
and correlate potential cross-protection mechanisms between cor-
onaviruses. We measured both IgA and IgG responses, as these
isotypes in contrast to IgM can persist for extended periods in the
serum and in nasal fluids?®, Further, SARS-CoV-2 is a mucosal-
targeted virus, and reports indicate that IgA, as the dominant
antibody isotype in the mucosal defense is a good indicator for early
immune defense mechanisms in this case?®.

In this study, to determine how well MultiCoV-Ab performs,
we compare our assay to broadly applied commercial in vitro
diagnostic (IVD) tests with well-characterized sample sets for
clinical validation and further analyze potential sources of cross-
reactivity with hCoVs. For the sample set examined, we were able
to reach a specificity of 100% with MultiCoV-Ab and achieved an
improved sensitivity compared to commercial tests, confirming
its value as a serological screening assay.

S ince its first characterization in late 2019, SARS-CoV-2, the

Results
MultiCoV-Ab: a highly sensitive test for SARS-CoV-2 ser-
oconversion. To investigate the antibody response of SARS-CoV-
2-infected individuals, we developed and established a high-
throughput and automatable bead-based multiplex assay, termed
MultiCoV-Ab. We expressed and immobilized six different
SARS-CoV-2-specific antigens on Luminex MAGPLEX beads
with distinct color codes, specifically the trimeric full-length spike
protein (Spike Trimer), receptor-binding domain (RBD), S1
domain (81), 2 domain (52), full-length nucleocapsid (N), and
the N-terminal domain of nucleocapsid (N-NTD) (Supplemen-
tary Fig. 1). Immunoglobulins from serum and plasma samples
were detected using phycoerythrin-labeled anti-human IgG or
IgA antibodies. To ensure assay stability and comparability,
quality control samples were processed in parallel within every
assay run. Quality control and assay performance data sets are
provided in Supplementary Fig. 2 and Supplementary Table 1.
To analyze SARS-CoV-2-induced seroconversion, we used the
Spike Trimer and RBD (previously described by Amanat et al.2”)
as key antigens for classification, and initially screened a sample
set of 205 reconvalescent SARS-CoV-2-infected and 72 unin-
fected individuals with the MultiCoV-Ab. To critically assess
assay performance, we compared our results with three
commercially available IVD tests widely used in clinical routine
SARS-CoV-2 antibody testing namely: Elecsys Anti-SARS-CoV-2
(antibodies including IgG; Roche?8), SARS-CoV-2 Total (total
antibodies IgM and IgG; Siemens Healthineers??) and Anti-
SARS-CoV-2 ELISA (IgG/IgA; Euroimmun?®). Using a combined
cut-off of both antigens, we identified all uninfected samples as
negative (Fig. 1a). In accordance with our MultiCoV-Ab, none of
the uninfected samples was classified as false positive by the
Roche and Siemens tests, while one sample was classified as false
positive and one as “borderline” by the Euroimmun IgG test. Of
the 205 infected samples, both MultiCoV-Ab and commercial
IVD tests for total Ig or IgG identified 24 (11.7%) as IgG
antibody-negative. However, the IVD tests missed an additional 8
(Roche), 11 (Siemens Healthineers), and 9 (Euroimmun IgG)
samples of SARS-CoV-2-infected individuals. Furthermore, the
Euroimmun IgG test classified 8 additional samples as “border-
line” (Fig. 1b, Supplementary Fig. 3a-c). When testing for IgA
antibodies in serum/plasma of SARS-CoV-2-infected individuals,
our MultiCoV-Ab classified 47 (22.9%) as IgA-negative, whereas
the Euroimmun test classified 32 (15.6%) as IgA-negative, and 16
(7.8%) as borderline (Fig. 1b and Supplementary Fig. 3d). For the
uninfected samples, the Euroimmun IgA test identified 7 (9.7%)
as false positives and 3 (4.2%) as “borderline”, whereas no
samples were classified as false positives by the MultiCoV-Ab.
Overall, the MultiCoV-Ab achieved a sensitivity of 88.3% and a
specificity of 100% in this initial set of samples using IgG
detection (Table 1). When comparing the results of the
commercial IVD tests to the respective manufacturers’ specifica-
tions, all tests were unable to reach their stated sensitivity of
100%. In contrast, for all commercial tests, the found specificities
were close to the manufacturers’ stated specificity in our sample
set (Table 1). This demonstrates that antigen selection and assay
setup are crucial in achieving optimal performance and must be
considered when screening for SARS-CoV-2, particularly in low
prevalence scenarios.

Multiplex serology improves assay specificity. Next, to perform
a more detailed clinical validation of our MultiCoV-Ab, we
expanded our sample set to a total of 310 SARS-CoV-2-infected
and 866 uninfected donors (a simplified overview of this set is
shown in Table 2; a complete breakdown is displayed in Sup-
plementary Table 2). We performed a ROC analysis*!32 per
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Fig. 1 MultiCoV-Ab, a sensitive and specific tool to monitor SARS-CoV-2 antibody respeonses. a Control sera (blue, n=72) and sera from individuals
with PCR-confirmed SARS-CoV-2 infection (red, n = 205) were screened in a multiplex bead-based assay using Luminex technology (MultiCoV-Ab) to
quantify 1gG or IgA responses to various antigens. Reactivity towards trimeric SARS-CoV-2 spike protein (Spike Trimer) or SARS-CoV-2 receptor binding
domain of spike (RBD) was found to be the best predictor of SARS-CoV-2 infection. Data are presented as Box-Whisker plots of a sample’s median
flucrescence intensity (MFI) on a logarithmic scale. Box represents the median and the 25th and 75th percentiles, whiskers show the largest and smallest
values. Outliers determined by 15 times IQR of log-transformed data are depicted as circles. Cut-off values for classification for single antigens are
displayed as horizontal lines (Spike Trimer IgG: 3,000 MFI, IgA: 400 MFI; RBD IgG: 450 MFI, IgA: 250 MFI). b Sample set from a, was used to compare
assay performance of the MultiCoV-Ab using Spike Trimer and RBD antigens with commercially available single analyte SARS-CoV-2 IVD assays which
detect total Ig (Elecsys Anti-SARS-CoV-2 (Roche); ADVIA Centaur SARS-CoV-2 Total (COV2T) (Siemens Healthineers)) or IgG (Anti-SARS-CoV-2-ELISA
- IgG (Euroimmun)) or IgA (Anti-SARS-CoV-2-ELISA - IgA (Euroimmun)). SARS-CoV-2 infection status of samples based on PCR diagnostic is indicated as
SARS-CoV-2 positive or negative. Antibody test results were classified as negative (blue), positive (red), or borderline (gray) as per the manufacturer's
definition. Only samples with divergent antibody test results are shown. ¢ Performance and specifications as stated in the manufacturer's IVD assay
manual. For the manufacturer sensitivity specification, information for samples >14 days post-infection are presented. Respective sensitivity and specificity
values calculated in this study are given with 95% Clopper-Pearson confidence intervalsS2, Positive and negative predictive values (PPV,/NPV) were
calculated based on a seropositivity of 3%. Source data are provided as a Source Data file.

SARS-CoV-2 antigen and detection system (Supplementary towards our 4 additional SARS-CoV-2 antigens in our Multiplex
Fig. 4), which confirmed that Spike Trimer and RBD were the panel, we assessed the IgG response towards the S1 and
best predictors of SARS-CoV-2 infection. We, therefore, decided ~ S2 subdomains of the spike, which both did not improve sample
to use a combination of both antigens (IgG or IgA overall cut-off)  classification (Fig. 2c). Interestingly, RBD, which is a part of SI,
to define overall SARS-CoV-2 reactivity for IgG or IgA, for which ~ showed fewer uninfected samples with increased IgG response
the two independent cut-offs for Spike Trimer and RBD had to be  compared to S1. For S2, even more, uninfected samples had
met (Table 3). Cut-offs were chosen with focus on maximum increased signals, suggesting the presence of potential cross-reactive
specificity for the overall classification (Spike Trimer™/RBD™) to  antibodies for this domain of the spike protein (Fig. 2c). These
prevent false positive results (Fig. 2a). With the overall IgG cut-  findings suggest that the RBD response is highly characteristic of
off, we reached a specificity of 100%, which would not have been  the overall SARS-CoV-2 immune response. To further complement
possible for either of the antigens individually, while still retaining  our assay, we included the N and N-NTD proteins. Although these
acceptable sensitivity (88.7%). IgG detection was shown to be antigens have been successfully used in single-analyte assays®>, we
more specific and sensitive than IgA for determination of SARS-  observed a high cross-reactivity in uninfected samples for both
CoV-2 infection within our sample set. Only 8 samples which  (Fig. 2d). Interestingly, across the entire data set, only one sample
were IgA-positive showed no IgG response (Fig. 2b, dashed lines),  showed a distinct immune response to N and N-NTD, but not to all
2 of which were uninfected and falsely classified as positive. Of  spike-derived antigens. This confirms that the performance of an
the 6 remaining samples, metadata (including the time between antigen is specific to the assay setup and cannot be easily general-
the onset of symptoms and sample collection) was available for 4  ized, as commercial IVD tests (i.e., Roche) are able to use the N
(2, 6, 7, and 15 days). As a result, we hypothesized that IgA in  protein to great effect in a different assay setup.
these samples can be used to measure an early onset of antibody
response as has been proposed by several groups2623:34 There-
fore, to give an overall measure of SARS-CoV-2 infection, we ~Dynamics of antibody response in COVID-19 patients. Long-
used the IgG classification as a basis and included samples with  itudinal samples from 5 hospitalized patients were used to per-
strong IgA positivity-signal to cut-off (S/CO) >2 for Spike Tri- form a small-scale time-course analysis of IgG and IgA immune
mer and RBD-as positive, irrespective of their detected IgG  responses (Fig. 3a). Levels of both Ig classes strongly increased
response (Fig. 2b, straight lines). With this combined IgG +IgA  within the first ten days after the onset of symptoms. While IgG
classification, we reached an optimal sensitivity of 90% while levels appeared constant over roughly two months, IgA levels
retaining a specificity of 100%. started to decline between day 10 and 20 after the onset of
symptoms. This reduction in IgA antibody levels was also
observed with increased time post-infection in samples without
Antigen selection affects SARS-CoV-2 serology test perfor- longitudinal follow-up (Supplementary Figure 5). These effects
mance. While further analyzing the immune response detected were consistent for the majority of SARS-CoV-2 antigens.
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Fig. 3 Multiplex-based seroprofiling allows in-depth characterization of SARS-CoV-2 antibody responses. a Kinetic of SARS-CoV-2 antigen-specific IgA
and IgG responses is shown for indicated days after symptom onset for six SARS-CoV-2-specific antigens for five different patients. Patients are indicated

by color. b, € Samples of SARS-CoV-2-infected individuals were analyzed to identify antigen- and isotype-specific antibody responses based on

hospitalization indicating disease severity (b) or age (¢). Data is presented as Box-Whisker plots of sample MFI on a logarithmic scale. Box represents the
median and the 25th and 75th percentiles, whiskers show the largest and smallest values. Qutliers determined by 1.5 times IQR of log-transformed data are
depicted as circles. p-value (Mann-Whitney U test, two-sided) is displayed at the top of the boxes, indicating differences between signal distribution for
respective groups. Cut-off values for MultiCoV-Ab classification are displayed as horizontal lines (Spike Trimer |2G: 3,000 MFI, IgA: 400 MFI; RBD IzG:
450 MFI, IgA: 250 MFI). Source data are provided as a Source Data file.
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antigens from human a- (NL63 and 229E) and p-hCoVs (OC43
and HKU1) in our MultiCoV-Ab panel (Supplementary Fig. 1).
The immune response towards all hCoV antigens was more
dependent on coronavirus clade than on antigen choice. How-
ever, within the clades of a-hCoVs and p-hCoVs, types of anti-
gens were more dominant than the virus subtype, as

MNATURE ¢
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demonstrated by rank correlation analysis and hierarchical clus-
tering (Fig. 4a, Supplementary Fig. 6a), suggesting there is
potential cross-reactivity within the hCoV clades. Interestingly,
IgG response against a-hCoVs clustered more closely to SARS-
CoV-2 than to B-hCoVs. This is unexpected, since SARS-CoV-2
has been assigned to the clade of p-CoVs and is also more similar
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Fig. 4 Correlation of seasonal hCoV and SARS CoV-2 antibody responses. a Correlation of IgG response for the entire sample set (n=1176) is visualized
as heatmap based on Spearman’s p coefficient; dendrogram on the right side displays antigens after hierarchical clustering was performed. b-c, Immune

responses (IgG and IgA) towards hCoV 51 (b) and N (¢) proteins are presented

as Box-Whisker plots of sample MFI on a logarithmic scale for SARS-CoV-

2-infected (red, n = 310) and uninfected (blue, n = 866) individuals. Box represents the median and the 25th and 75th percentiles, whiskers show the
largest and smallest values. Outliers determined by 1.5 times IQR of log-transformed data are depicted as circles. d-e, Relative levels of 1gG-specific
immune response towards hCoV 51 (d) and N (e) proteins are presented as Box-Whisker plots/strip chart overlays of log-transformed and per-antigen

scaled and centered MFI for the sample subsets of Spike Trimer false positive:
represents the median and the 25th and 75th percentiles, whiskers show the lar;
Source data are provided as a Source Data file.

s (blue, n=17) and combined 1gG + IgA false negatives (red, n=31). Box
gest and smallest values, excluding outliers as determined by 1.5 times IQR.
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Fig. 5 Analysis of seasonal hCoV high and low responders. a From the entire s

tudy population, groups of o- or f-hCoV high and low responders were built

as indicated. High responder were defined as samples with above average MFI values for S1 and N-specific IgGs of the respective hCoV clade. Low
responders were defined with below MFI values, correspondingly. Responder groups (i) a-hCoV 1, red, n = 233, (i) p-hCoV 1, green, n = 254, (iii) a-hCoV

1. blue, n =172 (iv) B-hCoV |, purple, n = 210 are shown as Box-Whisker plots

of log-transformed and per-antigen scaled and centered MF| values across

hCoV N and 51 antigens. Box represents the median and the 25th and 75th percentiles, whiskers show the largest and smallest values. Outliers determined

by 1.5 times IQR are depicted as circles. b The over- or under-representation

of SARS-CoV-2 responders (SARS-CoV-2 +, n= 279, as determined by

positive MultiCoV-Ab classification) within the four sample groups is visualized in Venn diagrams, stochastic significance was calculated using Fisher's

exact test (two-sided). Source data are provided as a Source Data file.

in sequence to the B-hCoVs (Supplementary Table 3). Overall, we
identified a considerable immune response to hCoV antigens
throughout the whole sample set with no notable differences
between samples from SARS-CoV-2-infected and uninfected
donors in IgG or IgA for S1 (Fig. 4b), N (Fig. 4c), or N-NTD
(Supplementary Fig. 6b). We, therefore, used the IgG signal
relative to the average response per antigen for further analyses,
which allowed comparison among all hCoV antigens on one
scale. For those uninfected samples which showed an IgG cross-
reactivity towards Spike Trimer (Spike Trimer false positives), we
partially observed increased responses towards hCoV antigens.
Those samples, which did not show an immune response after
SARS-CoV-2 infection (false negatives, as determined by Multi-
CoV-Ab, combined IgG +IgA) were closer to the baseline
(Fig. 4d, e, Supplementary Fig. 6¢). This indicates that cross-
reactivity with hCoVs causes some of the observed SARS-CoV-2
immune response in samples taken from individuals not exposed
to SARS-CoV-2. To investigate the correlation of hCoV and
SARS-CoV-2 immune response further, we grouped samples into
high and low responders for a-hCoVs and p-hCoVs, as the
8 T

E INS | (2021121152 | https://doi.org/10.10:

antigens were shown to correlate closely within a single hCoV
clade. High responders were defined as having relative IgG signals
> 0 for N and S1 antigens of both hCoV subtypes within the
clade, while low-responders had signals < 0, respectively (Fig, 5a).
Samples with SARS-CoV-2 immune response (as determined by
MultiCoV-Ab, combined IgG + IgA classification) were sig-
nificantly overrepresented within the group of a-hCoV high
responders (p = 3.78¢-03, Fisher’s exact test, two-sided), while
being significantly underrepresented within the group of a-hCoV
and P-hCoV low responders (p=1.14e-03 and p=1.56e-02,
respectively, Fisher’s exact test, two-sided) (Fig. 5b). These results
showed that while there were no discernible global effects for
single antigens, there is a correlation between the SARS-CoV-2
immune response with high hCoV responses, especially towards
a-hCoVs. This effect, and the clustering of a-hCoVs and SARS-
CoV-2 in Fig. 4a may be a result of similar host-pathogen
interaction (such as use of the same entry receptor as NL63, an a-
hCoV) or similarities in the mode of action of host suppressive
viral proteins. Interestingly, some longitudinal samples from
Fig. 3a, showed increased hCoV response post SARS-CoV-2
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exposure (Supplementary Fig. 7). However, to further explore
cross-reactivity and correlation between CoV-induced immune
responses, additional longitudinal samples from donors after
SARS-CoV-2 infection are needed to generate meaningful
conclusions.

Discussion

We demonstrated that our MultiCoV-Ab, a multiplex immu-
noassay, is highly suitable to classify seroconversion in SARS-
CoV-2-infected individuals. With a combined cut-off using
SARS-CoV-2 trimeric full-length spike protein and RBD, we were
able to eliminate false positive responses and achieved a sensi-
tivity of 90% with a specificity of 100% for 310 samples from
SARS-CoV-2-infected and for 866 samples from uninfected
individuals. We found that detection of IgG more accurately
reflected infection compared to IgA, although both were highly
specific. However, by simultaneously monitoring IgA, we addi-
tionally were able to detect an early immune response in some
patients. Interestingly, Yu, et al2® found that enhanced IgA
responses might confer damaging effects in severe COVID-19.
This is consistent with the observed significant increase in N
protein directed IgA in hospitalized COVID19-cases, and con-
firms that careful monitoring of serum IgA warrants further
attention.

The MultiCoV-Ab approach allows the easy addition of SARS-
CoV-2-specific antigens, here 6 in total, which provides an
additional level of confidence in patient classification. Thus, for
example, we noticed that the spike S1 domain showed fewer false-
positive responses compared to the S2 domain. Interestingly, Ng
et al.? reported reactivity towards SARS-CoV-2 S2 from sera of
patients with recent seasonal hCoV infection. These sera pre-
vented infection with SARS-CoV-2 pseudotypes in a neutraliza-
tion assay. Additionally, we found that spike non-responders also
did not show a response to nucleocapsid but not vice versa, where
nucleocapsid has been described as the strongest inducer of
antibody responses®>3%. Interestingly, nucleocapsid showed sig-
nificant unspecific Ig binding in our assay. It has been previously
reported, that the SARS-CoV-2 N protein is highly positively
charged which may facilitate binding of viral nucleic acid but also
result in unspecific binding of negatively charged molecules®”. In
addition, N protein oligomerization which is required to form the
capsid®® could further contribute to non-specific protein-protein
interactions Therefore, our results highlight that the performance
of an antigen is highly specific to the assay setup and cannot be
easily generalized.

Another study measuring comparable numbers of serum/
plasma samples using multiplex Luminex technology reports
similar sensitivities and specificities for SARS-CoV-2 classifica-
tion?’. In our comparison to commercially available IVD tests,
the MultiCoV-Ab classified fewer samples from SARS-CoV-2
infected donors as negative. However, for 10% of all infected
samples, we could not detect a SARS-CoV-2 specific immune
response, both in our measurement with MultiCoV-Ab and the
commercial IVD kits. Intriguingly, others have already reported
that up to 10% of SARS-CoV-2 patients do not develop detectable
Ig levels!220:39, Whether those non-responders are able to limit
viral replication by innate immune mechanisms*’, forms of pre-
existing immunity?!, or cellular immunity??-*! is dominant in
mediating viral clearance remains however to be determined.

One of the strengths of our study, compared to earlier stu-
dies!”?%%7, is the relatively large number of control and SARS-
CoV-2 infected sera. However, a limitation is the potential bias
introduced by an uneven age distribution across the study
population. The uninfected control cohort was heavily skewed
towards the age group of >60, whereas non-hospitalized COVID-

19 cases were over-represented in the age groups below 60.
Despite this, MultiCoV-Ab specificity will still be accurate as all
uninfected samples were identified correctly and all age groups
were well represented with >100 samples per group.

Expanding our MultiCoV-Ab to the endemic hCoVs NL63,
229E, OC43, and HKUI revealed a clear IgG immune response
for all tested samples. Furthermore, we did not observe a differ-
ence for the samples from PCR-confirmed hCoV-infected indi-
viduals, compared to all others, suggesting that there is a
significant degree of pre-exposure in the general population for all
endemic hCoVs. Due to the general lack of availability of samples
from hCoV-naive individuals, it was difficult to analyze hCoV-
mediated cross-reactivity, set a cut-off and subsequently calculate
specificities and sensitives for the hCoV $1, N-NTD, N antigens
used here. Nevertheless, our multiplexed readout indicates a
correlation between the SARS-CoV-2 immune response and high
hCoV responses. Currently, we are identifying population groups
which were highly exposed and showed different susceptibility to
SARS-CoV-2 infection, e.g., the “Ischgl-study group” (unpub-
lished data)*®, in order to elucidate potential cross-protection
derived from immune responses towards endemic hCoVs in more
detail. Alternatively, studies analyzing hCoV signatures in sam-
ples from individuals before and after SARS-CoV-2 infection
using the MultiCoV-Ab would help to gain insight into a
potential cross-protection.

A multiplex setup such as in MultiCoV-Ab is especially suited
to vaccination studies, since the flexibility and broad antigen
coverage allows to efficiently map vaccine immune responses to
an immunoglobulin isotype and subtype level for the target
pathogen and related species!”. Interestingly, previous SARS-
CoV-1 vaccine studies clearly indicated that a detailed char-
acterization of vaccine-induced antibody responses is mandatory
for efficient coronavirus vaccine development*®#”. For instance,
Yasui et al® reported that although vector vaccines encoding
SARS-CoV-1 S or N protein lead to comparable levels of anti-S
and anti-N IgG in the respective study groups, N protein-
immunized mice showed vaccine-induced pathology character-
ized by more severe lung damage, increased pulmonary neu-
trophil and eosinophil infiltration, and a significant upregulation
of pro-inflammatory cytokine secretion upon challenge*?.

In summary, we have established and clinically validated the
MultiCoV-Ab, a robust, high-content-enabled, and antigen-
saving multiplex assay. This assay is suitable for comprehensive
characterization of SARS-CoV-2 infection on the humoral
immune response and for epidemiological screenings to accu-
rately measure SARS-CoV-2 seroprevalence in large cohort stu-
dies. It could also provide the unique opportunity to assess and
correlate immunity for both endemic and pathogenic cor-
onaviruses. Finally, a broad and flexible antigen range through
the multiplex nature of the MultiCoV-Ab can deliver urgently
needed data to help guide decisions for SARS-CoV-2 vaccination
strategies.

Methods
ion of

for viral antigen production. The sequence
optimized cDNAs encoding the full-length nucleocapsid proteins of SARS-CoV-2,
hCoV-0C43, hCoV-NL63, hCoV-229E, and hCoV-HKU1 (GenBank accession
numbers “QHD43423.2" “YP_009555245.1" “YP_003771.1"% “NP_073556.1";
“YP_173242.1") were produced with an N-terminal hexahistidine (Fis,)-tag by
DNA hesis (Ther it Scientific). The cDNAs were cloned by standard
techniques into Ndel/HindlIII sites of the bacterial expression vector pRSET2b
(ThermoFisher Scientific). The N-terminal domains (NTDs) of all nucleocapsid
proteins were designed based upon previously published structural data*®. Through
this we were able to monitor the immune response against a rigid folded domain
and exclude potential unspecific interactions with the largely unstructured region
located between N-NTD and N-CTD of the nucleacapsid proteins. Furthermore,
by depleting the N-CTD which is responsible for oligomerization of the nucleo-
capsid, we aimed to monitor antibody binding of a menomeric version of the
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nucleocapsid. To generate NTDs of the respective nucleocapsid proteins (SARS-
CoV-2 NTD aa 1-189; hCoV-OC43 NTD aa 1-204; hCoV-NL63 NTD aa | - 154;
hCoV-229E NTD aa 1-156; hCoV-HKU1 NTD aa 1- 203), a stop codon located N-
terminally to the Serine-Arginine (SR)-rich linker site’ was introduced via PCR
mutagenesis of the nucleocapsid encoding plasmids using the forward primer
PRSET2b down-for and respective reverse primers: SARS-CoV2_NTD-rev,
OC43_NTD-rev, NL63_NTD-rev, 229E_NTD-rev, and HKU1_NTD-rev.

Primer sequences are shown in Supplementary Table 4.

The pCAGGS plasmids encoding the stabilized trimeric Spike protein and the
receptor binding domain (RBD) of SARS-CoV-2 were kindly provided by F.
Krammer?7.

The ¢cDNA encoding the S1 domain (aa 1-681) of the SARS-CoV-2 spike
protein was obtained by PCR amplification using the forward primer 51_CoV2-for
and reverse primer §1_CoV2-rev and the full length SARS-CoV-2 spike cDNA as
template and cloned into the Xbal/NotI-digested backbone of the pCAGGS vector,
thereby adding a C-terminal His,-Tag.

The cDNAs encoding the S1 domains of hCoV-OC43 (aa 1-760), hCoV-NL63
(aa 1-744), hCoV-229E (aa 1-561) and hCoV-HKUI (aa 1-755) (GenBank
accession numbers “AVR40344.17; “APF29071.17; “APT69883.17; “AGW27881.1")
were produced by DNA synthesis (ThermoFisher Scientific), digested using Xbal/
Notl and ligated into the pCAGGS vector. All expression constructs were verified
by sequence analysis. An overview of all expressed constructs can be found in
Supplementary Table 5.

Protein expression and purification. For the expression of the viral nucleocapsid
proteins (full-length nucleocapsid and N-NTDs), the respective expression con-
structs were used to transform E.coli BL21 (DE3) cells. Protein expression was
induced in 1 L TB medium at an optical density (ODgoo) of 2.5-3 by addition of
0.2 mM isopropyl-f-D-thiogalactopyranoside (IPTG) for 16 h at 20°C. Cells were
harvested by centrifugation (10 min at 6,000 x g) and the pellets were then sus-
pended in binding buffer (I1x PBS, ad 0.5 M NaCl, 50 mM imidazole, 2 mM phe-
nylmethylsulfonyl fluoride, 2 mM MgCl,, 150 pg/mL lysozyme (Merck) and
625 pug/mL DNasel (Applichem)). Cell suspensions were sonified for 15 min
(Bandelin Sonopuls HD70 - power MS72/D, cycle 50%) on ice, incubated for 1 h at
4°C in a rotary shaker followed by a second sonification step for 15 min. After
centrifugation (30 min at 20,000 x g), urea was added to a final concentration of 6
M to the soluble protein extract. The extract was filtered through a 0.45 um filter
and loaded on a pre-equilibrated 1-mL HisTrapFF column (GE Healthcare). The
bound His-tagged nucleocapsid proteins were eluted by a linear gradient (30 mL)
ranging from 50 to 500 mM imidazole in elution buffer (1x PBS, pH 7.4, 0.5 M
NaCl, 6 M urea). Elution fractions (0.5 mL) containing the His-tagged nucleocapsid
proteins were pooled and dialyzed (D-Tube Dialyzer Mega, Novagen) against PBS.
The viral S1-domains, SARS-CoV-2 RBD, and the stabilized trimeric SARS-
CaV-2 spike protein were expressed in Expi293 cells following the protocol as
described in Stadlbauer et al.'”. In brief, Expi293F-cells were cultivated (37 °C, 125
rpm, 8% (v/iv) CO,) to a density of 5.5 x 10° cells/mL. The cells were diluted with
Expi293F expression medium to a density of 3.0 x 10° cells/mL, followed by
transfection of the corresponding expression plasmids (1 pg per mL cell culture)
with Expifectamine dissolved in Opti-MEM medium, according to the
manufacturer’s instructions. After 20 h post-transfection, transfection enhancers
were added as documented in the Expi293F-cells manufacturer’s instructions. The
cell suspensions were cultivated for 2-5 days (37 °C, 125 rpm, 8% (v/v) CO,) and
centrifuged (4 °C, 23,900 x g, 20 min) to clarify the supernatant. The supernatants
were filtered using a 0.22 um membrane filter (Millipore, Darmstadt, Germany)
and supplemented with His-A buffer stock solution (final concentration in the
medium: 20 mM Na,HPO,, 300 mM NaCl, 20 mM imidazole, pH 7.4), before the
solution was applied to a HisTrap FF crude column on a Akta pure system (GE
Healthcare, Freiburg, Germany). The columns were extensively washed with His-
buffer-A (20 mM Na,HPO,, 300 mM NaCl, 20 mM imidazole, pH 7.4) before
bound proteins were eluted with a imidazole gradient ranging from 50 mM - 400
mM. Eluted proteins were dialyzed against PBS and concentrated to 1 mg/mL.
All purified proteins were analyzed via standard SDS-PAGE followed by
staining with InstantBlue Coomassie stain (Expedeon) and immunoblotting using
an anti-His antibody (Penta-His Antibody, #34660, Qiagen, used at 1:1,000
dilution) in combination with a donkey-anti-mouse antibody labeled with
AlexaFluor647 (#A31571, Invitrogen, used at 1:1,000 dilution) on a Typhoon Trio
(GE-Healthcare, Freiburg, Germany; excitation 633 nm, emission filter settings
670 nm BP 30) to confirm protein integrity. To further confirm correct expression,
integrity, and purity, proteins were analyzed by mass spectrometry. To control the
production reproducibility of the antigens, potential aggregation and melting
temperatures of the proteins were investigated by nano differential scanning
fluorimetry (nanoDSF) using a Prometheus (Nanotemper, Munich, Germany).

Commercial antigens. Two commercial antigens were used to complement the in-
house-produced antigen panel.

The $2 ectodomain of the SARS-CoV-2 spike protein (aa 686-1213) was
purchased from Sino Biological, Eschborn, Germany (cat # 40590, lot #
LC14MC3007). A full-length nucleocapsid protein of SARS-CoV-2 was purchased
from Aalto Bioreagents, Dublin, Ircland (cat # 6404-b, lot # 4629).
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Bead-based serological multiplex assay. All antigens were covalently immobi-
lized on spectrally distinct populations of carboxylated paramagnetic beads
(MagPlex Microspheres, Luminex Corporation, Austin, TX) using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)/sulfo-N-hydroxysuccinimide (sNHS)
chemistry. For immobilization, a magnetic particle processor (KingFisher 96,
Thermo Scientific, Schwerte, Germany) was used.

Bead stocks were vortexed thoroughly and sonicated for 15s. Subsequently, 83 pL.
of 0.065% (v/v) Triton X-100 and 1 mL of bead stock containing 12.5 x 107 beads of
one single bead population were pipetted into each well. The beads were then washed
twice with 500 pL of activation buffer (100 mM Na,HPO,, pH 6.2, 0.005% (v/v) Triton
X-100) and beads were activated for 20 min in 300 ul. of activation mix containing
5 mg/mL EDC and 5 mg/mL sNHS in activation buffer. Following activation, the
beads were washed twice with 500 uL of coupling buffer (500 mM MES, pH 5.0,
0.005% (v/v) Triton X-100) and the antigens were added to the activated beads and
incubated for 2 h at 21 °C to immobilize the antigens on the surface.

Antigen-coupled beads were washed twice with 800 L of wash buffer (1x PBS,
0.005% (v/v) Triton X-100) and were finally resuspended in 1000 pL of storage
buffer (1x PBS, 1% (w/v) BSA, 0.05% (v/v) ProClin). The beads were stored at 4°C
until further use.

To detect human IgG and IgA responses against SARS-CoV-2 and the endemic
human coronaviruses (hCoV-NL63, hCoV-229E, hCoV-0C43 and hCoV-HKU1),
the purified trimeric spike protein (S), $1-domain, $2-damain (Sino Biological
GmbH, Europe), RBD, nucleocapsid (N) and the N-terminal domain of nucleocapsid
(N-NTD) of SARS-CaV-2 as well as the §1-domain, N, and N-NTD of the endemic
hCoVs were immobilized on different bead populations as described above. The
individual bead populations were combined into a bead mix. A bead-based multiplex
assay was performed. Briefly, samples were incubated at a 1:400 dilution for 2 hours at
21°C. Unbound antibodies were removed and the beads were washed three times
with 100 pL of wash buffer (1x PBS, 0.05% (v/v) Tween20) per well using a microplate
washer (Biotek 405TS, Biotek Instruments GmbH). Bound antibodies were detected
with R-phycoerythrin labeled goat-anti-human IgG (Dianova, Cat# 109-116-098,
Lot#148837, used at 3 pg/mL) or IgA (Dianova, Cat# 109-115-011, Lot#143454, used
at 5pg/mL) antibodies (incubation for 45 min at 21 °C). For each sample, a single
measurement was performed. Readout was done using a Luminex FLEXMAP 3D
instrument and the Luminex xPONENT Software 4.3 (settings: sample size: 80 L, 50
events, Gate: 7,500-15,000, Reporter Gain: Standard PMT).

Quality control and technical assay validation steps. In order to test the
repeatability of the MultiCoV-Ab three quality control samples (QCs) were pro-
cessed in duplicate on each test plate (m= 17) during the sample screening and
inter-assay variance was assessed for each antigen in the multiplex. For intra-assay
variance, 24 replicates for each of the three QC samples were analyzed on one plate.
Results from this are presented in Supplementary Table 1 and Supplementary
Fig. 2. A limit of detection (LOD) for each antigen was determined by processing a
blank in 24 replicates and the LOD was set as mean MFI + 3 standard deviations.
Sample parallelism and comparability of paired serum and plasma samples were
assessed over eight dilution steps ranging from 1:100 to 1:12,800 (Supplementary
Fig. 2). A set of samples derived from 205 SARS-CoV-2-infected and 72 uninfected
individuals was tested repeatedly with two different kit batches. The samples
classification in both runs matched 100%. Furthermore, as part of our negative
sample panel, we have analyzed samples with potentially interfering characteristics
(i.e., samples from patients with PCR-confirmed hCoV infection, presences of
HAMA (human anti-mouse antibodies) and rheumatoid factor (RF), with high
procalcitonin values (> 3 ng/mL), as well as from pregnant women and patients
with neuroinflammatory diseases) (Supplementary Table 2)

Samples. A total of 1176 sera and plasma samples were used for the MultiCoV-Ab
assay development. Ethical approval was granted from the Ethics Committee of
Hannover Medical School (#9122_BO_K2020). Only de-identified samples were
used for the MultiCoV-Ab assay development. All samples were pre-existing,
Cohort age was 5-88 years; age was not known for 161 samples.

310 samples were from COVID-19 patients or convalescents. Samples were
classified as SARS-CoV-2 infected, if a positive SARS-CoV-2 RT-PCR was reported
and/or if hospitalization/quarantine for COVID-19 was indicated as part of the
samples metadata. dT defined as time between PCR test or symptom onset and
blood draw was 0-73 days (median= 38 d; n = 258). dT was not provided for
52 samples. SARS-CoV-2 infected samples used in this study were collected after
ethical review (9001_BO_K, Hannover Medical School; 179/2020/BO2, University
Hospital Tiibingen; 85/20, Arztekammer des Saarlandes).

866 control samples were from non-SARS-CoV-2 infected individuals and were
classified as non-infected as they were obtained prior to the emergence of SARS-
CoV-2 in December 2019 or because they were taken from individuals who had not
reported cold symptoms since the beginning of 2020.

The majority of non-SARS-COV-2 infected samples were randomly selected
and consisted of pre-pandemic blood donors, commercially available (Central
BioHub GmbH, Berlin, Germany and BBI Solutions, Crumlin, UK) or bio-banked
specimens. 365 samples were from the Memory and Morbidity in Augsburg Elderly
(MEMOQ) study (a sub-cohort of the MONICA $2 cohort (WHO 1988)) and were
included based on available serological titers for HSV-1, HSV-2, HHV-6, and
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Supplementary Figure 1

SDS-PAGE analysis of the recombinant viral antigens used in this study. To test for purity and
integrity 1 - 2 pg of indicated recombinant proteins were boiled in reducing SDS-sample buffer
and subjected to a gradient (4 — 20 %) SDS-PAGE followed by Coomassie staining. SARS-
CoV-2 Spike Trimer, SARS-CoV-2 RBD and the S1-domains of SARS-CoV-2, hCoV-NL63,
hCoV-229E, hCoV-0C43 and hCoV-HKU1 were produced in ExpiHEK™ cells. Nucleocapsid
(N) and N-terminal domain of nucleocapsid (N-NTD) of SARS-CoV-2, hCoV-NL63, hCoV-
229E, hCoV-0C43 and hCoV-HKU1 were produced in E.coli. The image is an assembly of all
expressed proteins and is representative for single protein purity after purification. Source data

are provided as a Source Data file.
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Supplementary Figure 2

a, Three gquality control (QC) samples, as well as a sample of assay buffer (blank sample) were
processed in duplicates on every plate. Performance across 17 assay runs is depicted and
mean and %CVs are shown on the left side (n=34). For plate 14, a processing error lead to
exclusion of one blank sample from this evaluation. b, To assess parallelism of signals from
different samples, 6 unique serum samples were processed over a dilution series of 8 steps
from 1:100 to 1:12,800. For 3 samples, paired plasma (EDTA and/or Heparin) were available
and processed together. For IgG and IgA detection of Spike Trimer and RBD, MFI are plotted
against sample dilution. Color indicates unique sample and shapes indicate sample type. The

data represent a single measurement per sample and dilution (n=1). Source data are provided

as a Source Data file.
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uninfected: black, n=72) to compare performance of the MultiCoV-Ab Spike Trimer vs indicated

antigens of commercial SARS-CoV-2 test kits. Signals are depicted as Signal to cut-off ratios

(S/CO) on a logarithmic scale. Lines indicate the respective cut-off values as defined by the

manufacturer to determine positive and negative test results. Source data are provided as a

Source Data file.
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Supplementary Figure 4

ROC analysis'? for IgG and IgA detection of SARS-CoV-2 antigens based on the extended
sample set of 866 uninfected and 310 infected samples used for clinical validation for
MultiCoV-Ab. True positive rate is displayed against 1 - false positive rate, corresponding to

sensitivity and specificity at a given cut-off. AUC-values indicating individual antigen
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Supplementary Figure 5

Impact of sample time on antibody response is visualized by scatter plots. Sample dT in days
is displayed against the observed MFI signal per antigen. Definition of dT is not consistent as
samples measured in this study were taken from various sources. dT was calculated from the
day of a positive PCR result (red circles), from the day of the PCR test itself (green circles) or

from the day of symptom onset (blue circles). Source data are provided as a Source Data file.
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Supplementary Figure 6

a, Correlation of IgA response for the entire sample set (n=1176) is visualized as heatmap
based on Spearman’s p coefficient; dendrogram on the right side displays antigens after
hierarchical clustering was performed. b, Immune response (IgG and IgA) towards hCoV N-
NTD proteins are presented as Box-Whisker plots of sample MFI on a logarithmic scale for
SARS-CoV-2-infected (red, n=310) and uninfected (blue, n=866) individuals. Box represents
the median and the 25th and 75th percentiles, whiskers show the largest and smallest values.
Outliers determined by 1.5 times IQR of log-transformed data are depicted as circles. c,
Relative levels of IgG-specific immune response towards hCoV N-NTD proteins are presented
as Box-Whisker plots / stripchart overlays of log-transformed and per-antigen scaled and
centred MFI for the sample subsets of Spike Trimer false positives (blue, n=17) and combined
IgG + IgA false negatives (red, n=31). Box represents the median and the 25th and 75th
percentiles, whiskers show the largest and smallest values, excluding outliers as determined

by 1.5 times IQR. Source data are provided as a Source Data file.

10

113



Appendix

NL63 229E 0C43 HKU1
=
B gL g ER RS
- g o —sp-e =3 ~
8 . g ° = 8]
s1 g9 i 3 o
o | %= g g N
8 4 2 S ]
J ” o - oo 8 4
2 — &
— — — T T T
> 8 os g
. s | — 8
g1 ~—. = . S g4
196 N g b f e
g = g gl F
2] 3 5 g
i o 2
- — T T o T T T T T T T T
Q S (=]
8 | R ] =
= s S S
g = 27
et o0 g |ee R
N-NTD 8 & e g =0 J 84—
w w N\ ]
8 o
g 1 ] gl
- - T T T T s T T T T o T T T T T § T T T T
— = = 2 =
87 & g1,
= — ) g | <
& . @ ) o
s1 2 . g
g1 g | g | 5
- S . I g 1.
o T — T — T T ?
g — s g [
S I | - g1 -
- [ o I el
84 [ = | ®
@ | s 4 2
IgA N | g g - &
T- - ~ .
g1 | -
g g - g/ g
T T T T T T T T T T T T T T
——= —
2 g4 ~ = e
2 oo N ¥ & .
27 7 o ) o P
N-NTD . g{ & g -
o o g4 / o
g 24 s | s
— - T T T T T T T T T T T T T T T T T T T T
0 20 % 4 80 10 20 0 4 0 10 20 3 40 50 10 20 0 40 50
Days post symptom onset Days post symplom onset Days post symptom onset Days post symplom anset

Supplementary Figure 7

Kinetic of hCoV antigen-specific IgA and IgG responses is shown for indicated days after
symptom onset for the three used hCoV antigens across five different patients. Colored lines
indicated kinetic of respective SARS-CoV-2 antigen per patient. Source data are provided as

a Source Data file.
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scientific reports

W) Check for updates

COVID-19 patient serum

less potently inhibits ACE2-RBD
binding for various SARS-CoV-2
RBD mutants

Daniel Junker?, Alex Dulovic?, Matthias Becker?, Teresa R. Wagner™?, Philipp D. Kaiser?,
Bjoern Traenkle!, Katharina Kienzle?, Stefanie Bunk?, Carlotta Struemper?,

Helene Haeberle*, Kristina Schmauder®, Natalia Ruetalo?, Nisar Malek>®, Karina Althaus®,
Michael Koeppen*, Ulrich Rothbauer'?, Juliane S. Walz!%*%*%'3, Michael Schindler’,
Michael Bitzer®#, Siri Gopel*®*"" & Nicole Schneiderhan-Marra®***

As global vaccination campaigns against SARS-CoV-2 proceed, there is particular interest in the
longevity of immune protection, especially with regard to increasingly infectious virus variants.
Neutralizing antibodies (Nabs) targeting the receptor binding domain (RBD) of SARS-CoV-2 are
promising correlates of protective immunity and have been successfully used for prevention and
therapy. As SARS-CoV-2 variants of concern (VOCs) are known to affect binding to the ACE2 receptor
and by extension neutralizing activity, we developed a bead-based multiplex ACE2-RBD inhibition
assay (RBDCoV-ACE2) as a highly scalable, time-, cost-, and material-saving alternative to infectious
live-virus neutralization tests. By mimicking the interaction between ACE2 and the RBD, this
serological multiplex assay allows the simultaneous analysis of ACE2 binding inhibition to the RBDs
of all SARS-CoV-2VOCs and variants of interest (VOIs) in a single well. Following validation against

a classical virus neutralization test and comparison of performance against a commercially available
assay, we analyzed 266 serum samples from 168 COVID-19 patients of varying severity. ACE2 binding
inhibition was reduced for ten out of eleven variants examined compared to wild-type, especially for
those displaying the E484K mutation such as VOCs beta and gamma. ACE2 binding inhibition, while
highly individualistic, positively correlated with IgG levels. ACE2 binding inhibition also correlated
with disease severity up to WHO grade 7, after which it reduced.

Neutralizing antibodies (Nabs) prevent infection of the cell with pathogens or foreign particles by neutralizing
them, eliminating a potential threat and rendering the pathogen or particle harmless'. The longevity of a Nab
response has important implications for immune protection and vaccination strategies. In SARS-CoV-2, Nabs
interfere with the cell entry mechanism primarily by blocking the interaction of the receptor binding domain

*NMI Natural and Medical Sciences Institute at the University of Tibingen, Markwiesenstrasse 55,
72770 Reutlingen, Germany. ‘Pharmaceutical Biotechnology, Eberhard Karls University, Tubingen,
Germany. ‘Department Internal Medicine |, University Hospital Tubingen, Otfried-Miller-Strasse 10,
72076 Tibingen, Germany. “Department of Anesthesiology and Intensive Care Medicine, University Hospital
Tibingen, Tibingen, Germany. ‘Institute for Medical Microbiology and Hygiene, University Hospital Tibingen,
Tibingen, Germany. ®German Center for Infection Research (DZIF), Partner Site Tibingen, Tiibingen,
Germany. ’Institute for Medical Virology and Epidemiology, University Hospital Tibingen, Tibingen,
Germany. *Center for Personalized Medicine, Eberhard Karls University, Tubingen, Germany. ®Institute for Clinical
and Experimental Transfusion Medicine, University Hospital TUbingen, TUbingen, Germany. °Department of
Internal Medicine, Clinical Collaboration Unit Translational Immunology, German Cancer Consortium (DKTK),
University Hospital Tubingen, Tobingen, Germany. 'Department of Immunology, Institute for Cell Biology,
University of Tibingen, Tubingen, Germany. **Cluster of Excellence iFIT (EXC2180) “Image-Guided and Functionally
Instructed Tumor Therapies”, University of Tubingen, Tibingen, Germany. **Dr. Margarete Fischer-Bosch-Institute
for Clinical Pharmacology, Robert Bosch Center for Tumor Diseases (RBCT), Stuttgart, Germany. **These authors
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Figure 1. Comparison between RBDCoV-ACE2 and a virus neutralization test (VNT). Serum samples (n=16)
of pre-pandemic (n=4) and COVID-19 convalescent (n=12) individuals were measured using both assays

and analyzed by linear regression. The equation of the dashed regression line is shown next to the graph. VNT
results are depicted as half-maximal inhibiting serum dilutions (VNT50), RBDCoV-ACE2 results are shown in
percentage inhibition of ACE2 binding. Correlation analysis was performed after Spearman and the correlation
coefficient r is shown.

(RBD) with the human cell receptor angiotensin converting enzyme 2 (ACE2)**. The RBD of SARS-CoV-2 is
target of approximately 90% of the neutralizing activity present in immune sera®, with a lack of Nabs correlating
with risk of fatal outcome®®. Passive transfer of Nabs through convalescent serum or as monoclonal antibod-
ies have been shown to provide protection from infection””, with several Nabs drugs granted emergency use
authorization by the U.S. Food and Drug Administration'*",

Since the first documented infections in Wuhan China'!, SARS-CoV-2 has continually evolved, with the
emergence of global variants of concern (VOCs) being of particular importance. As of this moment, the WHO
lists the alpha (B.1.1.7)"%, beta (B.1.351)'%, gamma (P.1)", delta (B.1.617.2)" and omicron (B.1.1.529)" strains
as VOCs?, in addition to further variants of interest (VOIs) such as lambda (C.37) ! The emergence and disap-
pearance of variants and continual mutation of SARS-CoV-2 is of particular relevance for vaccine development,
as all currently licensed vaccines™-** only elicit an immune response against the spike protein based on the
original Wuhan-Hu-1 isolate (hereon referred to as “wild-type”)***". Several studies have already found that both
convalescent and post-vaccinated sera have lower neutralization capacities against beta and gamma VOCs?*3°,
Of particular concern are mutations on amino acid residue (aa) 484 (e.g. E484K), which seem to confer escape
from vaccine control, with an additional mutation on aa 501 (e.g. N501Y) increasing this effect™.

In order to lead development of new vaccines and safely lift social restrictions, definitive correlates of pro-
tective immunity are necessary*”, The gold standard for Nabs assessment are virus neutralization tests (VN'Ts),
however these require live infectious virions which must be handled in biosafety level 3 (BSL3) laboratories,
as well as access to variant strains of SARS-CoV-2. In this study, we developed and applied RBDCoV-ACE2, a
multiplex ACE2-RBD inhibition assay based upon the antibody-mediated inhibition of ACE2-RBD binding.
This automatable assay enables simultaneous screening of serum samples for the presence of Nabs against a great
number of VOCs/VOIs in a single well, making it a time-, material- and cost-effective alternative to live VNTs or
classical ELISAs. Following in-depth validation of the assay, we analyzed the IgG antibody response and ACE2
binding inhibition of 266 serum samples from 168 COVID-19 patients with mild to severe disease progression
towards eleven different SARS-CoV-2 variant RBDs including the alpha, beta, gamma and delta VOCs.

Results

ACE2-RBD inhibition assay (RBDCoV-ACE2) validation. To investigate the inhibition of ACE2 bind-
ing by SARS-CoV-2 VOCs, we developed and established a high-throughput bead-based multiplex ACE2-RBD
inhibition assay (from here on referred to as “RBDCoV-ACE2”). This assay mimics the ACE2-RBD interaction
and thereby detects the presence of Nabs against SARS-CoV-2 that inhibit this interaction. At the time of experi-
mentation, RBDCoV-ACE2 contained the RBDs of SARS-CoV-2 wild-type and 11 different variants (alpha,
beta, gamma, epsilon, eta, theta, kappa, delta, lambda, Cluster 5 and A.23.1).

To validate the assay, we both compared performance to a standard VNT (Fig. 1), as well as completed techni-
cal validation to FDA bioanalytical guidelines verifying reagent stability, assay precision, freeze—thaw stability
and parallelism (Figure S1). An assay validation sample set of 16 samples (12 convalescent, 4 pre-pandemic)
was measured by VNT against wild-type and with RBDCoV-ACE2. The results of both assays showed a strong
correlation (Spearman's rank 0.95), confirming that RBDCoV-ACE2 is measuring neutralizing antibodies specifi-
cally (Fig. 1). Technical validation performed with a set of 6 samples (4 vaccinated, 1 infected, 1 pre-pandemic)
confirmed that RBDCoV-ACE2 is highly reproducible, as seen by the low intra- and inter-assay variation (all CV's
under 5% and 7% respectively, Figure Sla and b, Table $3). ACE2 buffer was shown to be stable both in storage
(4 °C) and at room temperature (21 °C), with minimal loss in performance compared to freshly prepared buffer
(Figure Slc). Similarly, the biotinylated ACE2 stock solution showed high freeze—thaw stability (all CVs under
13%, Figure S1d). Parallelism was used to optimize the assay conditions and to ensure that the ACE2 concen-
tration was in linear range (Figure Sle). Percentage coefficients of variation (%CV) of all technical validation
experiments for every analyzed sample are summarized in Table $3. Lastly, to ensure that the multiplex nature
of the assay was not causing competition between beads for ACE2 which would have resulted in artificially
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Figure 2. Correlation between SARS-CoV-2 NeutraLISA and VNT and comparison to RBDCoV-ACE2.

(a) Correlation and linear regression between NeutraLISA and VNT results for pre-pandemic (n=4) and
COVID-19 infected (n=12) samples. Correlation analyses were performed after Spearman and correlation
coefficients r are shown. (b) Descriptive statistics of the (c) correlation between NeutraLISA and RBDCoV-
ACE2. One sample from each individual (n=168) was measured using both assays. Correlation was calculated
after Spearman. Samples were classified as being negative (non-neutralizing) if they had a value below 20% (red
lines).

deflated values, the assay was performed as both a singleplex (for all VOCs) and multiplex with 24 samples (19
COVID-19 infected, 5 pre-pandemic), with no difference in performance between the two bead compositions
found (Figure S2).

RBDCoV-ACE2 comparison to commercially available assay. To compare RBDCoV-ACE2 perfor-
mance to a similar commercially available inhibition assay, we initially tested our assay validation sample set on
NeutraLISA and compared its performance to the VNT (Fig. 2a). While the results of the two assays did correlate
(Spearman’s rank 0.94), the NeutraLISA appeared to reach a plateau and saturate, as seen by the high inhibition
percentage for all samples with a VNT50 greater than 350. To confirm this plateau effect, we analyzed a subset of
samples from our COVID-19 sample collection on both RBDCoV-ACE2 and the NeutraLISA, finding that while
a strong correlation between the results existed (Spearman’s rank 0.84, Fig. 2b), the saturation plateau was still
present (Fig. 2c). This suggests that RBDCoV-ACE2 has a more dynamic range and better resolution, especially
in the higher inhibition percentages. When classifying samples as being either positive or negative, samples
with an inhibition percentage under 20% are considered negative for the NeutraLISA”., As both assays detect
bound ACE2, we implemented a similar cut-off for REDCoV-ACE2. Overall, 30.4% of samples (51/168) were
considered negative in both assays, while a further 55.4% (93/168) were considered positive in both (Fig. 2b).
Of the remaining samples, 4 (2.4%) exceeded 20% binding inhibition only in RBDCoV-ACE2, while 20 (11.9%)
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Figure 3. ACE2 binding inhibition varies between RBD mutants. Violin plots showing ACE2 binding
inhibition (%) of individual serum samples from 7 to 49 days post PCR (n =50, depicted as dots) against RBD
mutants, Black horizontal lines represent medians. Fold-reduction of ACE2 binding inhibition in comparison to
wild-type corresponds to the ratio between the medians of wild-type and the respective RBD mutant. VOC-
RBDs are shown in blue. Mutations of each RBD mutant are shown in the box above the violin plot.

exceeded 20% inhibition in the NeutraLISA only. Overall, the stronger correlation between RBDCoV-ACE2
and VNT (Fig. 1) compared to NeutraLISA and VNT, as well as the increased dynamic range, proves RBDCoV-
ACE2 has superior assay performance.

ACE2 binding inhibition is reduced for mutant RBDs. Having developed and validated RBDCoV-
ACE?2, as well as identifying superior performance to a commercially available kit, we then analyzed ACE2
binding inhibition within 266 serum samples from 168 COVID-19 patients (COVID-19 sample collection),
including longitudinal samples from 35 donors. Samples were measured against RBD wild-type and 11 variants
(hereafter referred to as “RBD mutants”) of SARS-CoV-2. All RBD mutants except A.23.1 showed reduced ACE2
binding inhibition compared to wild-type (1.2-fold (Cluster 5) to 14.1-fold (beta), Fig. 3) in serum samples taken
within the first 49 days post initial positive PCR test. In the set of tested VOCs, alpha had the lowest reduction in
ACE?2 binding inhibition (1.2-fold), followed by delta (1.5-fold), gamma (6.4-fold) and beta (14.1-fold). While
reduction in ACE2 binding inhibition was variant-specific, mutations at critical residues (e.g. E484K) appeared
to have the largest effect (Fig. 3). Among the current and former VOIs, epsilon had the lowest reduction (1.4
fold), followed by lambda (2.3 fold), kappa (3.3 fold), eta (5.7 fold) and theta (9.0 fold).

ACE2 binding inhibition correlates with antibody production against spike domains. To deter-
mine if a correlation existed between ACE2 binding inhibition and RBD-specific antibody levels, we analyzed all
samples with MULTICOV-AB*. ACE2 binding inhibition and SARS-CoV-2 RBD IgG antibody responses were
positively correlated (all Spearman’s correlation coefficients above 0.70, Fig. 4) with variant-specific differences
still present and reflecting. Additionally, we could show the positive correlation between ACE2 binding inhibi-
tion and S1/trimeric spike antibody production (Figure S3a and b). The ACE2 binding inhibitions of both $1 and
trimeric spike coated beads compared to the inhibition of RBD beads were strongly correlated (all Spearman’s
correlation coefficients above 0.95) (Figure $3c and d). In contrast, beads coated with the SARS-CoV-2 spike
§2 domain, which does not interact with ACE2 in vivo, showed no ACE2 binding in our assay. Those findings
confirm specific binding of ACE2 to its natural binding partners and therefore reaffirms that the presence of
neutralizing antibodies is being detected. For all RBD mutants, the increase in ACE2 binding inhibition most
commonly occurred once IgG RBD MFI levels exceeded 10,000 (Fig. 4). Notably, there was individual variation
among the samples, with some having high ACE2 binding inhibition but relatively low IgG responses, For RBD
mutants with a E484K mutation (eta, gamma, theta and beta), more than 78% of all samples were considered
negative, compared to 42% for wild-type (Fig. 4).

ACE2 binding inhibition decreases over time. To examine whether ACE2 binding inhibition changes
over time, we analyzed longitudinal samples from 35 study participants (range 1-290 days post-initial positive
PCR). ACE2 binding inhibition and RBD antibody titers originally remained low directly following a positive
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Figure 4. Correlation between anti-RBD IgG MFI signals and ACE2 binding inhibition (%) of serum samples
from COVID-19 patients for wild-type and 11 RBD mutants. Regression analysis comparing ACE2 binding
inhibition (%) and IgG responses (MFI) for wild-type and all RBD mutants included in the study. Each circle
represents one sample (n=168). For longitudinal donors with more than one sample available, the sample
closest to 20 days post positive PCR diagnosis was selected. The percentage next to the bracket indicates the
proportion of samples with ACE2 binding inhibition <20% (in orange). Spearman’s correlation coefficient (r) is
specified for every correlation.

test, before rapidly increasing (mean peak at day 23 post-PCR) and then decreasing (Fig. 5a,b). Due to the highly
individualistic nature of the responses, we confirmed this pattern by analyzing a subset of six individuals with
similar sample collection points (Fig. 5c,d). As delta represents the current dominant global strain, we then
examined whether any differences in ACE2 binding inhibition and antibody binding were present within this
variant compared to wild-type. Overall, ACE2 binding inhibition and IgG response followed the same pattern
for all samples as for wild-type (Fig. 5e,f). We then confirmed that this pattern was true for all RBD variants
(Fig. 5g,h). As expected, while there were differences in reduction in binding inhibition between the variants, all
variants examined follow the same pattern of binding inhibition over time.

ACE2 binding inhibition correlates with disease severity. We then examined correlations between
ACE?2 binding inhibition and COVID-19 disease severity within our population of COVID-19 patients. The
severity of COVID-19 infection was determined according to the WHO grading scale. For analysis purposes,
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Figure 5. Longitudinal analysis of ACE2 binding inhibition and anti-RBD IgG levels in COVID-19 patients.
Mean ACE2 binding inhibition (%) and IgG responses (MFI) for wild-type RBD against time post positive PCR
test for samples (n=149) taken from 1 to 92 days post PCR are shown (a,b). Black dots indicate mean responses
with standard deviation indicated by the error bars. The same analysis is then shown for longitudinal samples
of selected donors (n =6) for wild-type (¢.d) and RBD delta (e,f). For all RBD mutants, mean ACE2 binding
inhibition (%) and mean IgG responses (MFI) 1 to 92 days post PCR are shown (g,h). Each variant is illustrated
by a different color according to the figure key.

samples were split into two separate timeframes, 7-49 days post-initial positive PCR and =50 days post-initial
positive PCR, in order to examine both the log and lag stages of infection. While all WHO grades (except for
5 and 8 for samples>50 days post-initial positive PCR) were represented within both timeframes, the early
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log timeframe consisted mostly of samples in WHO grades 4 and 6, while the later lag timeframe samples
were mostly WHO grades 2 to 4. ACE2 binding inhibition was examined for both WT and delta to confirm
no differences between wild-type and the variants existed. Regardless of timeframe, ACE2 binding inhibition
increased as disease severity increased. Within the early log timeframe, ACE2 binding inhibition for wild-type
and delta RBD increased steadily with disease severity up to grade 7 (WHO grading scale, hospitalized patients
needing intubation and mechanical ventilation), before decreasing for patients of grade 8 (fatal disease course)
(Fig. 6a,b). Within the later lag timeframe, ACE2 binding inhibitions increased with disease severity (Fig. 6¢,d),
however there was an overall reduction for grades 4 to 7 compared to the early timeframe for both wild-type
and delta (Fig. 6¢,d). As expected, anti-RBD IgG levels also correlated with disease severity in both timeframes
for wild-type and delta (Fig. 6e-h). Peak mean IgG levels were observed at grade 6 severity for wild-type and
grade 7 for delta, 7-49 days post PCR. Post 49 days, mean IgG levels peaked for patients with grade 6 severity.
As confirmation, confounding variables (age, gender, BMI) were examined for any potential eftect on the results
(Figure $4). While gender had no effect, we did find correlations between ACE2 binding inhibition and donor
age for samples taken =50 days post-positive PCR (p=0.0001), as well as BMI for samples collected in both
timeframes (<49 days p=0.0330, =50 days p=0.0017) (Figure S4d-f).

Discussion

With vaccination campaigns now increasingly focusing on the role of booster doses, the quality of immune
protection against SARS-CoV-2 in view of constantly emerging variants is of great interest. Whereas in the early-
phase of the pandemic SARS-CoV-2 antibody assays were helpful in determining seroprevalence and support
vaccine development, now a reliable correlate of immune protection is needed to securely lift social restrictions
and guide future vaccine developments.

We show here that the performance of RBDCoV-ACE2 correlates strongly with classical VNTs, confirming
that the assay is measuring the activity of neutralizing antibodies, while our technical validation also confirms
RBDCoV-ACE2 is stable and reproducible. While cell-culture based VNTs (e.g. plaque reduction neutralization
test) are the gold standard for neutralization assays, they have many disadvantages over conventional protein-
based surrogate assays. Such assays require rapid access to continually changing virus variants and as such
special biosafety level 3 laboratories are necessary. Additionally, VNTs are cell-culture based and therefore it
takes multiple days to conduct an experiment with reproducibility potentially affected by either the cells or their
long culture conditions. Consequently, highly reproducible assays under substantially faster and safer working
conditions (e.g. BSL 1) would be highly beneficial. RBDCoV-ACE?2 is finished in under 4 h and only requires 5
uL of patient sample to measure ACE2 binding inhibition simultaneously against multiple SARS-CoV-2 VOCs
and VOIs. As a protein-based assay, it does not require enhanced safety protocols to be followed and can be
completed safely in a BSL1 laboratory. Due to the bead-based nature and plate format, it is automatable, suitable
for high-throughput, standardized and highly reproducible. The protein-based nature also allows for the rapid
inclusion of emerging variants or single mutations. In comparison to the commercially available inhibition
assay examined (NeutraLISA), RBDCoV-ACE2 did not have an apparent saturation phase, and therefore has a
resolution range that enables greater separation of samples, particularly those that are strongly inhibiting ACE2
binding. The stronger correlation of RBDCoV-ACE2 to the VNT compared to NeutraLISA makes it a more
accurate alternative to commercially available inhibition assays.

Similarly to other authors**, we identified a positive correlation between anti-RBD IgG levels and ACE2
binding inhibition, suggesting that neutralizing antibodies represent a consistent portion of all antibodies pro-
duced. Similar correlations between anti-S1 and anti-trimeric spike IgG levels and ACE2 binding inhibition as
well as no ACE2 binding to the S2 domain reinforce this conclusion. There is, however, a large degree of indi-
vidualism in responses, with some samples having low titers yet high ACE2 binding inhibition for specific RBD
mutants, We also identified, as other have done previously®”, a correlation between disease severity and ACE2
binding inhibition. However, the decrease in IgG levels and ACE2 binding inhibition of patients with WHO
disease grade 8 (death) has not to our knowledge been reported before, This decrease requires further investiga-
tion to determine its cause, given its likely role in patient mortality.

As expected, ACE2 binding inhibition towards VOCs was highly variable. The strongest reductions in binding
inhibition compared to wild-type were all from variants with a E484K mutation (eta, gamma, theta and beta).
This specific mutation has been reported in multiple studies as an escape mutation that enhances the RBD-ACE2
affinity®. ACE2 binding inhibition was further reduced among these variants for those which additionally had
a N501Y mutation (gamma, theta and beta), which is known to further enhance RBD-ACE2 binding™. These
results are in-line with previous findings that have reported significant reductions in neutralization for gamma
and beta’*, The gamma and beta RBDs in our assays are only separated by a single K417N mutation, which is
known to significantly reduce both the RBD-ACE2 binding affinity as well as the binding affinity to monoclonal
therapeutic antibodies or other human antibodies*', Among recently emerged strains (delta, kappa, lambda),
ACE2 binding inhibition compared to wild-type was reduced for all. The reduction in ACE2 binding inhibition
seen for kappa and delta are comparable to recent findings', although we could not confirm the reduction seen by
other authors for Lambda™. This is likely due to the 7-amino acid deletion in the N-terminal domain of lambda’s
spike protein, which is not present in the RBD and is thought to contribute to its immune evading properties®’.
Overall, the reduction in ACE2 binding inhibition against RBDs of all analyzed variants compared to wild-type
has important implications for the design of second generation vaccines.

RBDCoV-ACE2 has limitations similar to other protein-based in vitro neutralization assays, such as only
accounting for the Nabs that block the RBD-ACE2 interaction site through steric hindrance, and not for Nabs
that interfere with cell entry mechanisms as would be analyzed in a VNT. Furthermore, the binding assay is also
more prone to non-specific binding events. However, a major advantage of RBDCoV-ACE2 over VNT5 is the
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Figure 6. Correlation of anti-RBD IgG levels and ACE2 binding inhibition with SARS-CoV-2 disease severity.
Bar charts showing mean ACE2 binding inhibitions (%) against wild-type and delta RBD are correlated with
WHO grades for disease severity for samples 7-49 days post PCR (a,b) and = 50 days post PCR (c,d). Mean
anti-RBD WT IgG and anti-RBD delta IgG levels are shown for samples 7-49 days post PCR (e,f) and = 50 days
post PCR (gh). Individual samples are displayed as colored dots, bars indicate the mean of the dataset with
error bars representing standard deviation. Number of samples is given below the columns (n). If no samples for
a group were available, the column is labeled with “n/a”. WHO grade 1—ambulatory/no limitations of activities,
2—ambulatory/limitation of activities, 3—hospitalized, mild disease/no oxygen therapy, 4—hospitalized,

mild disease/mask or nasal prongs, 6—hospitalized, severe disease/intubation + mechanical ventilation, 7—
hospitalized, severe disease/ventilation + additional organ support (pressors, RRT, ECMO), 8—Death. The study
did not contain samples of WHO grade 5.
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speed of response toward viral evolution such as emerging variants of concern. The bead-based format of the
assay is also highly reproducible and not susceptible to changes in experimental conditions, as is the case for cell
culture based VNTSs, The plate format of the assay also enables automation and high-throughput screening. Our
assay only requires recombinant expressed RBD proteins, which can be quickly and easily produced. Additionally,
this assay has the possibility of introducing artificial mutants to screen for possible escape variants that could
arise in the future. Among our COVID-19 study population, the majority were admitted to the intensive care
unit, meaning that the more serious grades of COVID-19 infection are heavily overrepresented in our popula-
tion, while asymptomatic infections, which are known to be the most commen form of disease pmgression“,
are severely underrepresented. Qur sample set for longitudinal analysis is also highly variable in sampling times
post-PCR. However, this large variation is also beneficial as it clearly demonstrates the individual variability in
ACE2 binding inhibition.

In conclusion, we have developed and validated RBDCoV-ACE2, an ACE2-RBD inhibition assay that ana-
lyzes current variants of concern/under investigation/interest of SARS-CoV-2. Assay performance showed good
correlation to VNT, confirming that neutralizing antibodies are being analyzed. ACE2 binding inhibition was
highly variable among all variants examined, with the 484 aa residue appearing to be critical in reducing ACE2
binding inhibition, ACE2 binding inhibition correlated with both antibody titers and disease severity, although
responses were highly individualistic. Overall, the protein-based format of the assay allows for the fast and
simple incorporation of new SARS-CoV-2 variants, enabling rapid screening to identify how ACE2 binding
inhibition is altered for emerging variants, or in guiding next-generation vaccine development to target a range
of SARS-CoV-2 variants.

Materials and methods

Sample collection for assay validation. 16 serum samples consisting of 12 samples from COVID-19
patients (ethical approval #179/2020/BO2, University Hospital Tubingen) and four negative pre-pandemic sam-
ples (Central BioHub) were measured by both virus neutralization test and RBDCoV-ACE2 as part of the assay
validation.

For technical assay validation, negative pre-pandemic serum samples were purchased from Central BioHub
and four previously collected vaccinated samples from healthcare workers vaccinated with the Pfizer BNT-
162b2 vaccine® (222/2020/BO2, University Hospital Titbingen) as well as one sample from a COVID-19 patient
(#179/2020/BO2, University Hospital Tiibingen) were used.

COVID-19 sample collection. 266 serum samples were collected from 168 patients hospitalized at the
University Hospital Tibingen, Germany, between April 17, 2020 and May 12, 2021. Longitudinal samples were
measured from 35 of the 168 patients ranging from 2 to 12 samples per patient. All individuals were tested posi-
tive by SARS-CoV-2 PCR. Key characteristics of the study population are summarized in Table S1.

For serum collection, blood was extracted by venipuncture, with the serum blood collection tube rotated 180°
two to three times to extract possible air bubbles in the sample. After a minimum coagulation time of 30 min at
room temperature, serum was extracted by centrifugation for 15 min at 2000xg (RT) and then stored at — 80 °C
until analysis. Time between blood sampling and centrifugation did not exceed 2 h.

Ethical approval. Collection of samples and the execution of this study was approved by the Ethics commit-
tee of the Eberhard Karls University Tibingen and the University Hospital Titbingen under the ethical approval
numbers 188/2020A and 764/2020/BO2 to Prof. Dr. Michael Bitzer. All participants signed the broad informed
written consent of the Medical Faculty Tibingen for sample collection and all methods were performed in
accordance with the relevant guidelines and regulations. Samples that were used for assay validation had their
collection approved by the Ethics committee of the Eberhard Karls University Tibingen and the University Hos-
pital Tiibingen under the ethical approval numbers 222/2020/BO2 to Dr. Karina Althaus and 179/2020/BO2 to
Prof. Dr. Juliane Walz. For collection of assay validation samples, informed written consent was obtained and all
methods were performed in accordance with the relevant guidelines and regulations.

Expression and purification of SARS-CoV-2 RBD mutants. The expression plasmid pCAGGS,
encoding the receptor-binding domain (RBD) of SARS-CoV-2 spike protein (amino acids 319-541), was kindly
provided by F. Krammer". Expression and purification of VOCs alpha, beta and epsilon was carried out as pre-
viously described*®™. RBDs of SARS-CoV-2 VOCs gamma, delta, eta, theta, kappa and A.23.1 were generated
by PCR amplification of fragments from wild-type or cognate DNA templates and subsequent fusion PCR by
overlap extension to introduce described mutations. Based on RBD wild-type sequence, primer pairs RBDfor,
F484Krev and E484Kfor, RBDrev for VOC eta and RBDfor, V367Frev and V367Ffor, RBDrev for A.23,1 were
used. VOC lambda was generated based on RBD wild-type sequence using primer pairs L452Qfor, L452Qrev
and F490Sfor, F490Srev. VOC delta was generated based on VOC epsilon using primer pairs RBDfor, T478Krev
and T478Kfor, RBDrev. Based on VOC alpha sequence, VOC theta was generated using primer pairs RBDfor,
E484Krev and E484Kfor, RBDrev. VOC kappa was generated based on VOC eta sequence using primer pairs
RBDfor, L452Rrev and L452Rfor, RBDrev. VOC gamma was generated based on VOC theta sequence using
primer pairs RBDfor, K417Trev and K417 Tfor, RBDrev. Amplificates were inserted into the pPCDNA3.4 expres-
sion vector using Xbal and Notl restriction sites. The integrity of all expression constructs was confirmed by
standard sequencing analysis. An overview of the primer sequences is shown in Table S2. Confirmed constructs
were expressed in Expi293 cells**!, Briefly, cells were cultivated (37 °C, 125 rpm, 8% (v/v) CO,) to a density of
5.5 % 10° cells/mL and diluted with Expi293F expression medium. Transfection of the corresponding plasmids
(1 pg/mL) with Expifectamine was performed as per the manufacturer’s instructions, Enhancers were added as
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per the manufacturer’s instructions 20 h post transfection. Cell suspensions were cultivated for 2-5 days (37 °C,
125 rpm, 8% (v/v) CO,) and centrifuged (4 °C, 23,900 x g, 20 min) to clarify the supernatant. Afterwards, super-
natants were filtered with a 0.22 um membrane (Millipore, Darmstadt, Germany) and supplemented with His-A
buffer stock solution (20 mM Na,HPO,, 300 mM NaCl, 20 mM imidazole, pH 7.4). The solution was applied to
a HisTrap FF crude column on an Akta pure system (GE Healthcare, Freiburg, Germany), extensively washed
with His-A buffer, and eluted with an imidazole gradient (50-400 mM). Amicon 10 K centrifugal filter units
(Millipore, Darmstadt, Germany) were used for buffer exchange to PBS and concentration of eluted proteins.

Bead coupling. The in-house expressed RBD mutants were immobilized on magnetic MagPlex beads
(Luminex) using the AMG Activation Kit for Multiplex Microspheres (# A-LMPAKMM-400, Anteo Technolo-
gies). In brief, 1 mL of spectrally distinct MagPlex beads (1.25 *10” beads) were activated in 1 mL of AnteoBind
Activation Reagent for 1 h at room temperature. The beads were washed twice with 1 mL of conjugation buffer
using a magnetic separator, before being resuspended in 1 mL of antigen solution diluted to 25 ug/mL in con-
jugation buffer. After 1 h incubation at room temperature the beads were washed twice with 1 mL conjugation
buffer and incubated for 1'h in 0.1% (w/v) BSA in conjugation buffer for blocking. Following this, the beads were
washed twice with 1 mL storage buffer. Finally, the beads were resuspended in 1 mL storage buffer and stored at
4 °C until further use.

RBDCoV-ACE2. Assay buffer (1:4 Low Cross Buffer (Candor Bioscience GmbH) in CBS (1 xPBS+1%
BSA)+0.05% Tween20) was supplemented with biotinylated human ACE2 (Sino Biological, # 10108-H08H-B)
to a final concentration of 342.9 ng/mL to produce ACE2 buffer. Working inside a sterile laminar flow cabinet,
serum samples were thawed and diluted 1:25 in assay buffer before being further diluted 1:8 in ACE2 buffer
resulting in a final concentration of 300 ng/mL ACE2 in all 1:200 diluted samples. Spectrally distinct populations
of MagPlex beads (Luminex) coupled with RBD proteins of SARS-CoV-2 wild-type and variants alpha, beta,
gamma, epsilon, eta, theta, kappa, delta, lambda, Cluster 5 and A.23.1 were pooled in assay buffer to create a
bead mix (40 beads/uL per bead population). 25 uL of diluted serum was added to 25 uL of bead mix in each well
of a 96-well plate (Corning, #3642). To allow comparison of ACE2 binding inhibition between different RBD
mutants on a relative scale, 300 ng/mL ACE2 without added serum was measured in triplicates on every plate
as normalization control. Additionally, one quality control sample was analyzed in triplicates on every plate. For
blank measurement, 25 L assay buffer instead of diluted sample was added to two wells per plate. Samples were
incubated for 2 h at 21 °C while shaking at 750 rpm on a thermomixer. Following incubation, the beads were
washed three times with 100 uL wash buffer (1x PBS +0.05 Tween20) using a microplate washer (Biotek 405TS,
Biotek Instruments GmbH). For detection of bound biotinylated ACE2, 30 pL of 2 pg/mL RPE-Streptavidin was
added to each well and the plate was incubated for 45 min at 21 °C while shaking at 750 rpm on a thermomizxer.
Afterwards, the beads were washed again three times with 100 uL wash buffer. The 96-well plate was placed for
3 min on the thermomixer at 1000 rpm to resuspend the beads before analysis using a FLEXMAP 3D instru-
ment (Luminex) with the following settings: 80 uL (no timeout), 50 events, Gate: 7500-15,000, Reporter Gain:
Standard PMT. MFI values of each sample were divided by the mean of the ACE2 normalization control. The
normalized values were converted into percent and subtracted from 100 resulting in the percentage of ACE2
binding inhibition. Negative values were manually set to zero.

MULTICOV-AB. MULTICOV-AB*, an in-house produced SARS-CoV-2 antibody assay, was performed
with all serum samples to measure RBD/S1/trimeric spike-specific IgG levels. The antigen panel was expanded to
include RBD proteins from 11 different SARS-CoV-2 variants from which all, except the Cluster 5 variant from
Sino Biological (# 40592-VO8HB80), were produced in-house. The assay was carried out as previously described™.

Viruses. All experiments associated with the SARS-CoV-2 virus were conducted in a Biosafety Level 3
laboratory. The recombinant infectious SARS-CoV-2 clone expressing mNeonGreen (icSARS-CoV-2-mNG)*,
corresponding to the 2019-nCoV/USA_WA1/2020 isolate, was obtained from the World Reference Center for
Emerging Viruses and Arboviruses (WRCEVA) at the UTMB (University of Texas Medical Branch). The mNeon
Green reporter gene introduced into ORF7 allows the differentiation between infected and uninfected cells.

The generation of icSARSCoV-2-mNG stocks and the MOI determination was performed as previously
described™.

Virus Neutralization Assay (VNT). VNTs were determined previously™. Briefly, 1 x 10* Caco-2 cells/well
were seeded in 96-well plates the day before infection in media containing 5% FCS. Caco-2 cells were co-incu-
bated with the SARS-CoV-2 strain icSARS-CoV-2-mNG®" at a MOI=1.1 and serum samples in two-fold serial
dilutions ranging from 1:40 to 1:5120. 48 h post infection, cells were fixed with 2% PFA and stained with Hoe-
chst33342 (1 pg/mL final concentration) for 10 min at 37 °C. Following this, the staining solution was removed
and exchanged for PBS. To quantify infection rates, images were taken with the Cytation3 (Biotek Instruments
GmbH) and Hoechst +and mNG + cells were automatically counted by the Gen5 Software (Biotek Instruments
GmbH). Infection rate was determined by dividing the number of infected cells through total cell count per
condition, Virus-neutralizing titers (VNT50s) were calculated as the half-maximal inhibitory serum dilution.

Assay validation experiments. To determine the intra-assay precision of RBDCoV-ACE2, 12 replicates
of four serum samples (Vacl-Vac4) were measured on a 96-well plate (Corning, #3642). Additionally, 15 repli-
cates of the 300 ng/mL ACE2 normalization control and 12 replicates of the blank control containing only assay
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buffer without sample or ACE2 were measured. For inter-assay precision, five serum samples (Vacl-Vacd and
Infl) were measured in triplicates in four independent experiments. Additionally, the quality control, the ACE2
normalization control and blank were also processed in triplicates in the same four experiments. Short-term
stability was determined by storing ACE2 buffer under six different conditions before proceeding with the assay
protocol. The prepared ACE2 buffer was stored 2 h, 4 h and 24 h at both 4 °C and room temperature and com-
pared to ACE2 buffer without storage (fresh). Replicate MFI values of every sample (Vacl-Vac4 (vaccinated),
Infl (infected) and pre-pandemic) were normalized to the values of the respective ACE2 normalization control.
Freeze—thaw stability of the biotinylated ACE2 stocks was determined by analyzing six serum samples (Vacl-
Vac4 (vaccinated), Infl (infected) and pre-pandemic) in triplicates, with ACE2 stocks undergoing 1 to 5 cycles.
In addition to that, every sample was also processed with ACE2 not re-frozen once thawed (fresh, 0 freeze-thaw
cycles). The MFI values of every sample were normalized to the values of the respective ACE2 normalization
control. To investigate the stability of RBDCoV-ACE2 against variations of the used ACE2 concentration, six
samples (Vacl-Vacd (vaccinated), Infl (infected) and pre-pandemic) were analyzed with ACE2 concentrations
ranging from 150 ng/mL to 350 ng/mL. Replicate MFI values of every sample were normalized to the values of
the respective ACE2 normalization control. For analysis, the mean, standard deviation and coefficient of varia-
tion in percent of all replicates were calculated.

To confirm that the multiplex assay format has no undesirable effect on ACE2 binding inhibition values
compared to singleplex measurements, 24 samples (pre-pandemic (n=>5) and COVID-19 infected (n=19)) were
analyzed in both singleplex and multiplex (for all VOCs).

NeutraLISA. One sample from each individual donor (n=168) was analyzed with the commercially avail-
able in-vitro diagnostic test SARS-CoV-2 NeutraLISA (Euroimmun). The assay was performed according to the
manufacturer’s instructions. For longitudinal donors with more than one sample available, the sample closest to
20 days after positive PCR diagnosis was picked, Negative values were manually set to zero.

Statistical analysis. Data collection and assignment to metadata was performed with Microsoft Excel
2016. Data analysis, visualization and curve fitting was performed with Graphpad Prism (version 9.1.2). Virus-
neutralizing titers (VNT50s) as the half-maximal inhibitory serum dilution were calculated using 4-param-
eter nonlinear regression. Longitudinal curves were fitted using a one-site total binding equation. Correlations
were analyzed using Spearman’s correlation coefficient. Significances were calculated (where appropriate) using
Mann-Whitney U tests. Figures were edited with Inkscape (version 0.92.4). Data generated for this manuscript
is available from the authors upon request.
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Table S1 - Characteristics of the analyzed COVID-19 serum sample collection set.

Characteristic

Number of donors
Number of samples
Median age (IQR) -years

Female sex (%)

Median AT post first positive PCR test (range)

Median BMI (range)

138

168

266

62 (23)
78 (46.4)

91 (1-348)

26.9 (18.4 — 50.2)
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Table S2 - Primer sequences used for expression of RBD mutants.

Primer Name Sequence (5 to 3)

RBDfor ATATCTAGAGCCACCATGTTCGTGTTTCTGG
E484Krev GCAGTTGAAGCCTTTCACGCCGTTACAAGGGGT
E484Kfor GTAACGGCGTGAAAGGCTTCAACTGCTACTTCCC
RBD rev AAGATCTGCTAGCTCGAGTCGC

V367Frev CGGAGTTGTACAGGAAGGAGTAGTCGGCCACGCA
V367Ffor CGACTACTCCTTCCTGTACAACTCCGCCAGCTTC
L452Qfor GGCAACTACAATTACCAGTACCGGCTGTTCCGGAAG
L452Qrev CGGTACTGGTAATTGTAGTTGCCGCCG

F490Sfor TCAACTGCTACTCCCCACTGCAGTCCTACGGC
F490Srev CTGCAGTGGGGAGTAGCAGTTGAAGCCTTCCAC
T478Krev CGTTACAAGGCTTGCTGCCGGCCTGATAGA
T478Kfor CCGGCAGCAAGCCTTGTAACGGCGTGGAAG
L452Rrev CGGTACCGGTAATTGTAGTTGCCGCCG

L452Rfor GGCAACTACAATTACCGGTACCGGCTGTTCCGGAAG
K417Trev GTTGTAGTCGGCGATGGTGCCTGTCTGTCCAGGGG)
K417Tfor GACAGACAGGCACCATCGCCGACTACAACTACAAG
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Figure S1 - RBDCoV-ACE2 technical validation results. Results of intra-assay
precision (a), inter-assay precision (b), short-term stability (c), freeze-thaw stability (d)
and parallelism (e) experiments analyzing ACE2 binding inhibition (displayed as %)
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mutants are summarized in Table S3.
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Recent increases in SARS-CoV-2 infections have led to questions about duration and
quality of vaccine-induced immune protection. While numerous studies have been
published on immune responses triggered by vaccination, these often focus on
studying the impact of one or two immunisation schemes within subpopulations such
as immunocompromised individuals or healthcare workers. To provide information on the
duration and quality of vaccine-induced immune responses against SARS-CoV-2, we
analyzed antibody titres against various SARS-CoV-2 antigens and ACE2 binding
inhibition against SARS-CoV-2 wild-type and variants of concern in samples from a
large German population-based seroprevalence study (MuSPAD) who had received all
currently available immunisation schemes. We found that homologous mRNA-based or
heterclogous prime-boost vaccination produced significantly higher antibody responses
than vector-based homologous vaccination. Ad26.CoV2S.2 performance was particularly
concerning with reduced titres and 91.7% of samples classified as non-responsive for
ACE2 binding inhibition, suggesting that recipients require a booster mRNA vaccination.
While mRNA vaccination induced a higher ratio of RBD- and S1-targeting antibodies,
vector-based vaccines resulted in an increased proportion of S2-targeting antibodies.
Given the role of RBD- and S1-specific antibodies in neutralizing SARS-CoV-2, their
relative over-representation after mRNA vaccination may explain why these vaccines have
increased efficacy compared to vector-based formulations. Previously infected individuals
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SARS-CoV-2 Vaccine-Induced Anfibody Difierences in Germany

had a robust immune response once vaccinated, regardless of which vaccine they
received, which could aid future dose allocation should shortages arise for certain
manufacturers. Overall, both titres and ACE2 binding inhibition peaked approximately
28 days post-second vaccination and then decreased.

Keywords: SARS-CoV-2, mRNA vaccines, vector-based

of concern, pi

based study,

INTRODUCTION

In response to the global SARS-CoV-2 pandemic, multiple
vaccines have been developed, tested and licensed for use
within record time (1-4). As vaccination coverage became
more widespread at the beginning of 2021, countries
experienced a reduction in SARS-CoV-2 infections (5, 6),
although case numbers have again begun to increase in recent
months due to spread among and by unvaccinated individuals
(7) as well as longevity-related reductions in vaccine protection
(8-11). Although a measurable correlate of protection that either
prevents SARS-CoV-2 infection or limits COVID-19 disease
progression is not yet defined, sufficient levels of neutralizing
antibodies are assumed to be a key element (12, 13). As in most
other countries, the German national vaccination strategy (until
June 7™ 2021) was based on prioritisation by occupation,
underlying medical conditions or advanced age. Currently, 56.8
million German residents are reported to be completely
vaccinated (68.3% coverage), with a further 2.4 million having
so far received one dose. The majority of doses administered
based on delivery numbers in Germany are BNT162b2 from
Pfizer (77.0%), followed by Astra Zeneca's AZD1222 (11.3%),
Moderna’s mRNA-1273 (8.7%) and Janssen’s single-shot
Ad26.CoV2.S (3.0%; impfdashboard.de and rki.de as of
November 25" 2021). However, based on a lack of efficacy
data from phase III clinical trials, the German Standing
Committee on Vaccination (STIKO) recommended AZD1222
only for use in those below the age of 60. Following reports of
moderate to severe thrombocytopenia and atypical thrombosis
cases after AZD1222 vaccination in spring 2021 (14-16),
temporary suspensions and eligibility restrictions were not only
enacted in Germany (on March 15" 2021) but in 12 other EU
member states (17). Administration of AZD1222 was resumed
by the 1*" of April 2021 in Germany, however only for those
above the age of 60 or after an individual risk analysis.
Individuals who had received a first dose of AZD1222 and
were below the age of 60 were instead offered a mRNA-based
vaccine as second dose which resulted in a heterologous prime-
boost vaccination scheme (18). Although these “mix and match”
approaches were not covered by the initial licensing terms, it has
by now been shown that they result in a more robust humoral
and cell-mediated immune response compared to the
homologous AZD1222 immunisation (19, 20). While multiple
studies have so far investigated vaccine-induced responses,
predominantly in at-risk groups such as dialysis or transplant
recipients (21, 22), groups with increased exposure risk such as

study, anti P

health care workers (23-25) or as part of the initial clinical
efficacy trials which in general enroll healthier than average
populations (26), we report immunological vaccination
response data from the general adult population. By using
samples from a population-based seroprevalence study
(MuSPAD), which assessed SARS-CoV-2 seroprevalence from
July 2020 to August 2021 in eight regions in Germany (27), we
examined the dynamics of vaccine-induced humoral responses
using MULTICOV-AB (28) and an ACE2-RBD competition
assay (29) to analyze ACE2 binding inhibition.

MATERIAL AND METHODS
MuSPAD Study Recruitment

Vaccination responses were analyzed in participants of the
multi-local and serial cross-sectional prevalence study on
antibodies against SARS-CoV-2 in Germany (MuSPAD) study,
a nationwide population-based SARS-CoV-2 seroprevalence
study (27) from July 2020 to August 2021. The study was
approved by the Ethics Committee of the Hannover Medical
School (9086_BO_S§_2020). MuSPAD participants were
recruited by age- and gender-stratified random sampling based
on records from the respective local residents’ registration offices.
Study locations in eight regions across Germany were selected in
spring 2020 based on differing epidemic activity at that time. In
addition to the successive cross-sectional study design, certain
study locations were sampled longitudinally within a 3-4 month
interval. At the study center, following written informed consent,
all eligible participants (>18 years) were subject to a standardised
computer-based interview using the digital eResearch system
PIA (Prospective Monitoring and Management-App) to gather
basic sociodemographic data, information on pre-existing
medical conditions including a previously confirmed SARS-
CoV-2 infection or a SARS-CoV-2 vaccination, once it became
available in Germany in late December 2020. Information about
SARS-CoV-2 infections or vaccinations are self-reported. After
serum was obtained by venipuncture from a serum gel S-
Monovette (Sarstedt), samples were aliquoted in Matrix 2D
Barcoded Screw Top Tubes (Thermo Scientific) at the Institute
of Transfusion Medicine and Immunohematology and frozen at
-20°C before being transported on dry ice to the Hannover
Unified Biobank (Germany). After registration and quality
control, one serum aliquot was shipped to the Natural and
Medical Sciences Institute (Reutlingen, Germany) where they
were stored at -80°C until analysis.
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Study Design and Eligibility

Our study contains a total of 1821 samples from 1731 MuSPAD
participants which were divided into three subgroups to examine
different aspects of the vaccine-induced humoral response. Based
on our inclusion criteria, individual samples can be part of
several subgroups.

1. Individuals who received a homologous or heterologous
complete two-dose vaccination with AZD1222, BNT162b2
and mRNA-1273 or the one-dose vaccine Ad26.CoV2.S with
a blood sample taken at least 7 days but no more than 65 days
post the last vaccination (hereon referred to as “mix and
match sample cohort”).

2. Individuals who donated one blood sample following a two-
dose homologous vaccination with BNT162b2 or mRNA-
1273 within the defined time frames of day 5 to 12, day 26 to
30, day 54 to 58, day 94 to 103, day 129 to 146 or day 176 to
203 after the second dose to monitor antibody kinetics
(hereon referred to as “time point sample cohort™).

3. Individuals with paired blood samples taken at two separate
successive time points where the first sample had to be taken
a minimum of seven days after the second homologous dose
of BNT162b2 (hereon referred to as “longitudinal sample
cohort”).

All samples originated from the following locations where the
MuSPAD study had previously been scheduled to take place and
were collected from January to August 2021: Aachen
(Stddteregion), Magdeburg (Stadtkreis), Osnabriick (Stadt- und
Landkreis), Chemnitz (Stadtkreis) or Landkreis Vorpommern-
Greifswald. A flow chart to illustrate sample selection form the
entire MuSPAD cohort can be found in Supplementary Figure 1.
Basic sociodemographic information and details of comorbidities
(hypertension, cardiovascular disease, diabetes, lung disease,
immunosuppression, cancer) for each group are provided in more
detail in Table 1 and Supplementary Table 1. Apart from the
homologous BNT162b2 samples which are part of our mix and
match sample cohort, the maximum available sample number
meeting the specified criteria in groups 1-3 was used. For the
homologous BNT162b2 vaccination samples within our mix and
match sample cohort, we applied a random selection from the entire
available sample pool of BNT162b2 vaccinees who took part in the
MuSPAD study to select 771 sera. Individuals with a previous
SARS-CoV-2 infection either defined by a positive SARS-CoV-2
PCR or antigen test result, or a MULTICOV-AB nucleocapsid IgG
normalisation ratio above 1 are listed separately (hereon referred to
as “recovered”) within the mix and match sample cohort.
Additional sample eligibility criteria were having a complete
vaccination record (manufacturer and vaccination dates) and
information on age and gender as part of the participant’s metadata.

MULTICOV-AB

Vaccine-induced humoral responses were analyzed using
MULTICOV-AB (28), a previously published semi-quantitative
multiplex immunoassay that includes both antigens of SARS-
CoV-2 (e.g. Spike, Receptor Binding Domain (RBD), S1 domain,
S2 domain and nucleocapsid) and the endemic coronaviruses

SARS-CoV-2 Vaccine-Induced Anfibody Difierences in Germany

(0C43, HKU1, NL63 and 229E). While samples were processed
using an automated platform on a Beckman Coulter i7 pipetting
robot as previously described (30) with minor modifications, all
sample and reagent dilutions were already established and
verified as part of the initial MULTICOV-AB technical assay
validation process which is detailed in (28). Briefly, samples were
thawed at room temperature, vortexed and then centrifuged at
2000 g for 3 mins to pellet any cell debris within the sample.
Samples were then opened using a LabElite DeCapper SL
(Hamilton Company). Opened sample matrix racks were then
loaded into the pipetting robot, where the sample was diluted
1:200 in assay buffer, before being combined in a 384-well plate
and mixed 1:1 with 1x bead mix (see Supplementary Table 2 for
antigen panel), resulting in a final dilution of 1:400. Samples were
then incubated in a Thermomixer (Eppendorf) for 2 h at 1400
rpm, 20°C, in darkness. Following this initial incubation, samples
were washed to remove unbound antibodies using an automated
magnetic plate washer (Biotek). Bound IgG was detected by
adding R-phycoerythrin labelled goat-anti-human IgG (3 pg/mL;
#109-116-098, Jackson Immunoresearch Labs) and incubating
for a further 45 mins at 1400 rpm, 20°C, in darkness. Following a
further washing step, beads were resuspended in 100 pl of wash
buffer, shaken for 1 min at 1400 rpm and then measured once on
a FLEXMAP 3D instrument (Luminex Corporation) using the
following settings: Timeout 100 sec, Gate 7500-15000, Reporter
Gain: Standard PMT, 40 events. To ensure reproducibility, 3
quality control (QC) samples were included in octuplicate per
plate. Additionally, each plate had to pass 3 QC criteria to be
considered as valid run: first, throughout acquisition each sample
had to reach a minimum bead count of 35 per bead ID, second
median fluorescence intensity (MFI) values of sample and signal
system control beads and third plate-by-plate QC sample
controls had to be within normal range. Beads coupled with
human IgG and goat-anti-human IgG were utilized to control for
sample and signal system addition. Any sample that failed QC
was remeasured for MULTICOV-AB and the ACE2-RBD
competition assay (30/1821). Raw MFI values were normalised
to a QC sample for all antigens as in (24, 31), A Signal to Cutoff
ratio (S/CO) of 1 or above for both the trimeric Spike and RBD
antigen was defined as reactive for SARS-CoV-2 Spike-
specific IgG.

ACE2-RBD Competition Assay

To enable high-throughput screening of ACE2-RBD binding
inhibition in the presence of sera, a previously established ACE2-
RBD competition assay (29) was automated on a Beckmann
Coulter i7 pipetting robot with minor modifications. 1:20
previously diluted samples from MULTICOV-AB were diluted
1:200 in ACE2 buffer (29) containing 150 ng/mL biotinylated
ACE2. Samples were then mixed 1:1 with 1x VoC (Variant of
Concern) bead mix containing RBDs of SARS-CoV-2 wild-type
and the Alpha, Beta, Gamma, Delta VoCs (Supplementary
Table 3), resulting in a final dilution of 1:400. Samples were
then incubated in a Thermomixer for 2 h at 1400 rpm, 20°C, in
darkness. Following this initial incubation, samples were washed
to remove unbound ACE2 using an automated magnetic plate
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TABLE 1 | Demographics of study population (n. a., not applicable; NA, not available).
Sample SARS-CoV-2 Vaccine  Mean AT (SD) indays  Mean AT (SD) in Age (y), Female Comorbidities (min.  Number of
cohort (n) infection status* (n) post 1 days doses  median (n, %) 1/person) (n, %) comorbidities
(n) (IQR) (mean, SD)
Mix and +(70) MM (13) 34.7 (16.3) 42.5 (27.9) 59 (11) 8(61.5) 5(38.5) 05(0.8)
match (1470) P/P (33) 31.5(13.5) 25.3 (9.6) 66 (29) 25 (75.8) 13 (39.4) 0.6 (0.9)
AA12) 35.3(13.5) 70.3(19.8) 69 (7) 7(58.3) 10(83.3) 13109
AM (1) 17.0(0.0 66.0 (0.0) age group 0(0.0) 1(100.0) 1.0(Q.0)
66-79
AP (6) 47.8(14.5) 72.0(11.6) 57 (25) 3(50.0) 4(66.7) 0.8(0.7)
J8) 42.2 (18.0) na 40 (15} 3(60.0) 3(60.0) 06105
- (1400 M/M (272) 36.5 (16.5) 31.2(7.1) 56 (26) 162 (59.6) 108 (39.7) 0.610.8)
PP (738) 34,7 (17.1) 27.9(9.7) 50(26)  456(61.8) 438 (4 NA; 4B.1) 0.7 (1.0)
AIA (228) 37.3(13.8) 73.6 (10.9) 66 (10} 122 (53.5) 114 (50.0) 0.7 0.9)
AM (24) 208 (7.8 69.6 (16.9) 68 (5) 15 (62.5) 14 (68.3) 08108
AP (114) 31.6(17.4) 72.2(148) 59 (20) 64 (56.1) 55 (48.3) 0.81(1.0)
J (24) 49.8 (10.8) na 62 (14) 15 (62.5) 11 (45.8) 0.81(1.2)
Time points - P/P (107) 6.0 (1.4) 34.7 (13.5) 64 (26) 57 (53.3) 61 (57.0) 0.8(0.9)
(597) M/M (40) 67(1.3) 39.7 (11.2) 58 (27) 20 (50.0) 15 (37.5) 0.5 (0.8)
P/P (103 27.9(1.4) 28.2(9.9) 52 (42) 60 (58.3) 42 (1 NA; 41.2) 0.8(1.1)
M/M (8) 28.1(1.4) 30.3 (4.7) 67 (39) 5(62.5) 3(37.5) 0.510.7)
P/P (92) 55.8(1.5 201 (9.6) 61 (20} 60 (65.2) 45 (48.9) 0.8(1.0)
M/M (22) 55.5(1.2) 28.0(0.3) 57 (15) 17 (77.3) 5(22.7) 0.3 (0.8)
PP (139) 97.7 (2.6) 223 (4.0) 60 (22) 87 (62.6) 72 (51.8) 08(1.0)
M/M (7) 98.1(2.8) 289 (2.3) 64 (8) 5(71.4) 31(42.9) 0.9(1.1)
P/P (38) 138.0(3.8) 21.02.2) 80 (24) 25 (68.8) 24 (63.1) 12(1.2)
M/M (5) 141.0 (5.1) 29.2 (1.6) 83 (4) 2(40.0) 3(60.0) 1.2(1.2)
P/P (36) 189.0 (5.6) 21.7 (1.4) 50 (13) 30 (83.3) 11 (30.6) 0.4 (0.6)
M/M (0) na n. a na n a. n. a n a.
Longitudinal - P/P T1(90) 27.9(14.8) 21.30.2) 58 (34) 65 (72.2) 45 (2 NA; 61.1) 0801.0)
(180) P/P T2 (90) 166.4 (19.4) 58 (33) 65 (72.2) 48 (53.3) 0.7 (1.0)

Diffierent vaccines and combinations are abbreviated as follows: M/M {two-dose mRNA-1273), P/P (two-dose BNT162b2), A/A (two-dose AZD1222), A/ (first dose AZD1222, second
dose mRNA-1273), A/P (first dose AZD1 222, secand dose BNT162b2) and J (one-dose Ad26.Col/2.5). The time points sample cohort contains only homalogous BNT162b2 and mRNA-
1273 samples. The longitudinal sample cohort contains only paired homologous BNT162b2 taken at time 1 (T1) or 2 (T2).

*Based on self-reported positive POR/antigen test result at study center visit andfor MULTIOOV-AB nucleocapsid IgG S/CO ratio above 1; **only age group reported as n=1.

washer. ACE2 was detected using R-phycoerythrin labelled
streptavidin (2 ug/mL, #SAPE-001, Moss) by incubating the
bead-sample mix for a further 45 mins at 1400 rpm, 20°C, in
darkness. Following a further washing step, beads were
resuspended in 100 pl of wash buffer, shaken for 1 min at 1400
rpm and then measured once on a FLEXMAP 3D instrument
using the following settings: Timeout 100 sec, Gate 7500-15000,
Reporter Gain: Standard PMT, 40 events. As controls, 12 blank
wells, 10 wells with 150 ng/mL ACE2 alone and 10 wells with an
ACE2 QC sample were included. ACE2 binding inhibition was
calculated as percentage ACE2 inhibition as in (29) with 100%
indicating maximum ACE2 binding inhibition and 0% no ACE2
binding inhibition, Samples with an ACE2 binding inhibition
less than 20% are classified as non-responders (29).

Data Analysis and Statistics
Initial results collation and matching to metadata was done in
Excel 2016 and R 4.1.0 (32).

For pair-wise comparisons of titres and ACE2 binding
inhibition between vaccination schemes within our mix and
match sample cohort, we used a two-sided generalized
Wilcoxon test also referred to as Brunner-Munzel test (33)
with a significance level of 0.05 as part of the lawstat package
(34). In each comparison of two vaccination schemes, the test
assesses if a titre (or ACE2 binding inhibition) tends to larger

(smaller) values under one vaccination scheme in comparison to
the other. Where indicated, we adjusted for multiple testing by
using the Bonferroni-Holm’s procedure (35) to control the
family-wise error rate to be at most 0.05.

To investigate the impact of age, sex, comorbidities and time
post-vaccination on the ACE2 binding inhibition between the
different vaccination schemes, we used a normal linear mixed
model for logit-transformed ACE2 binding inhibition. Negative
measurement values were replaced by 0.001 to enable the
transformation. The model included additive effects of age, sex,
time post-vaccination (peak response period: 7-27 days vs plateau
response period: 28-65 days) and comorbidities [cardiovascular
disease, hypertension, diabetes, lung disease and cancer/
immunosuppression (which were combined to a binary
indicator based on low sample numbers)]. The model further
included a random effect defined by the variable “plate number” to
account for dependencies due to the measurement procedure, and
allowed for heteroscedastic variances for younger (<=70) and
older (>70) ages and vaccination types. REML estimation was
implemented using the Ime function [nlme library (36)]. Statistical
testing was based on the asymptotic normality of the estimates. As
part of a sensitivity analysis, we extended the model with
interaction terms between each confounder and the time post-
vaccination, allowing for possibly differing effects in the peak (7-27
days) and plateau (28-65 days) period after the last vaccination.
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Since the effects of the considered covariates were allowed to differ
between the individual vaccination schemes, we analyzed only
four vaccination schemes (BNT162b2-BNT162b2, mRNA-1273-
mRNA-1273, AZD1222-BNT162b2, AZD1222-AZD1222) with a
reasonable sample size in the mix and match study cohort, while
we excluded immunisation with AZD1222-mRNA-1273 and
Ad26.CoV2.S due to the low sample number of 24 per scheme.
Additionally, four individuals with a BNT162b2-BNT162b2
vaccination with missing comorbidity metadata were excluded
from this analysis. The described statistical comparison of
vaccination schemes within the mix and match cohort was
performed after the exclusion of recovered individuals.

To assess the impact of a previous SARS-CoV-2 infection on
RBD antibody titres and wild-type ACE2 binding inhibition
among the different vaccination schemes, we also used a two-
sided generalized Wilcoxon (Brunner-Munzel) test.

To generate a heat map for comparing antigen-specific
antibody formation across different vaccination schemes within
the mix and match sample cohort, normalised antibody
responses were initially scaled using the function “z-score”,
before being plotted as a heat map. To evaluate longitudinal
changes in antibody response and ACE2 binding inhibition
within our longitudinal sample cohort, changes from T1 to T2
were calculated using log2 fold change. Any increase in titre or
binding is represented by a positive value, while decreases in titre
or binding are represented by negative values.

Data visualization was done in RStudio (Version 1.2.5001
running R version 3.6.1). Additional packages “gplots” (37) and
“beeswarm” (38) were used for specific displays (22). Graphs
were exported from RStudio and further edited in Inkscape
(Version 0.92.4) to generate final figures.

RESULTS

First, we examined differences in humoral responses between
individuals who received homologous or heterologous
immunisation schemes within our mix and match sample cohort
where vaccine dose distribution is similar to the German vaccine
coverage. Using MULTICOV-AB, we compared vaccination-
induced antibody titres generated against the full-length Spike
trimer, RBD, S1 and S2 domains and found that mRNA-based
homologous vaccinations induced a greater Spike (median
normalised MFI: mRNA-1273 13.78, BNT162b2 12.49, AZD1222
5.68, Ad26.CoV2.5 3.65), RBD (median normalised MFI: mRNA-
1273 29.12, BNT162b2 24.89, AZD1222 9.61, Ad26.CoV2.5 5.25)
and Sl response (median normalised MFI: mRNA-1273 195.9,
BNT162b2 139.8, AZD1222 56.40, Ad26.CoV2.S 10.14) than
vector-based ones (Figure 1), When comparing between the two
vector-based vaccinations, the two-dose immunisation with
AZD1222 resulted in higher titres than the one-dose
Ad26.CoV25S from Janssen. For mRNA vaccines, Moderna’s
mRNA-1273 produced a significantly higher response than
Pfizer’s BNT162b2 (p-values <0.001, Supplementary Table 5).
Heterologous dose vaccination schemes resulted in comparable
titres (for Spike and RBD) as homologous mRNA vaccine regimens

SARS-CoV-2 Vaccine-Induced Anfibody Difierences in Germany

among our study group independent of the origin of the second
dose (Spike normalised MFI: AZD1222-mRNA-1273 13.59,
AZDI1222-BNT162b2 13.27, RBD normalised MFL: AZD1222-
mRNA-1273 2817, AZD1222-BNT162b2 25.93). Heterologous
titres were in addition significantly higher than those after a
homologous AZD1222 two-dose immunisation (p-values <0.001,
Supplementary Table 5). In line with their lower titres, serological
non-responder rate (defined as a Signal to Cutoff ratio (S/CO)
below 1 for either Spike or RBD antigen) was highest for vector-
based homologous vaccination schemes (Table 2).

As multiplex-based serology tests such as MULTICOV-AB
offer the unique opportunity for in-depth profiling of polyclonal
antibody reactivity towards multiple viral antigens, we then
assessed differences in antibody specificities between the
different vaccines. Within the mix and match sample cohort, we
observed that mRNA-based SARS-CoV-2 vaccinations resulted in
reduced S2-specific antibody titres compared to vector-based ones
(Figure 1). To investigate this unequal antibody distribution
further, we initially scaled titres for each individual antigen
(Figure 2), and found that while Spike, RBD, S1 titres were low
for both AZDI1222 and Ad26.CoV2.S, S2-specific titres were
considerably higher than expected. We then calculated
proportional ratios between antigens (Table 3), confirming that
homologous mRNA vaccination resulted in significantly higher
proportion of RBD- (mRNA-1273 14.01-fold, BNT162b2 18.63-
fold, AZD1222 5.23-fold) and Sl-targeted antibodies (mRNA-
1273 97.21-fold, BNT162b2 110.10-fold, AZD1222 33.48-fold)
compared to S2-targeted immunoglobulins. This over-
representation of Sl-targeting antibodies following mRNA
vaccination, was also present in those who received a
heterologous immunisation scheme (AZD1222-mRNA-1273
47.60-fold, AZD1222-BNT162b2 65.06-fold).

Having determined that mRNA vaccines produce a
significantly higher proportion of RBD and S1 antibodies, we
next investigated their ACE2 binding inhibition as these antigens
are predominantly responsible for antibody-mediated virus
neutralization (12, 13). For this, we used a previously
published ACE2-RBD competition assay (22, 29, 30), which
detects neutralizing antibody activity only and is comparable to
classical viral neutralization assays (24, 29). As expected,
homologous mRNA vaccination resulted in higher ACE2
binding inhibition than homologous vector-based vaccination
(median ACE2 binding inhibition mRNA-1273 93.1%,
BNT162b2 80.1%, AZD1222 38.5%, Ad26.CoV2.S 3.3%,
Figure 3). Neutralizing antibodies generated following
vaccination with Ad26.CoV2.S resulted in minimal ACE2
binding inhibition, with only 8.3% being classified as
responders (29). As variants of concern now comprise the
majority of infections globally (39), we also assessed ACE2
binding inhibition against the Alpha, Beta, Gamma and Delta
SARS-CoV-2 VoC strains. ACE2 binding inhibition was most
similar to wild-type for the Alpha variant, followed by Delta
whereas Beta and Gamma variants had the largest reductions in
ACE2 binding inhibition (Supplementary Figure 2).

Due to the range of responses recorded for each dose
combination and likely differences in population characteristics
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FIGURE 1 | Different SARS-CoV-2 vaccination schemes result in distinct huroral responses. 19G antibody titres against full-length Spike trimer (A), receptor-binding
domain (RBD) (B), S1 domain (C) and S2 domain (D) were measured with MULTICOV-AB. Individuals received either homaologous mRNA-1273 (M/M, blue, n = 272),
BNT162b2 (P/P, orange, n = 738) or AZD1222 (A/A, green, n = 228), heterologous AZD1222-mRNA-1273 (A/M, light blue, n = 24), AZD1222-BNT162b2 (A/P, light
green, n = 114}, or a single dose of Ad26.CoV2.S (J, grey, n = 24). Raw MFI values were normalised against QC samples to generate signal ratios for each antigen.
Data is shown as box and whisker plots overlaid with strip charts. Boxes represent medians, 25th and 75th percentiles and whiskers show the largest and smallest
non-outlier values based on 1.5 IQR calculation. Time betwsen sampling and full vaccination is displayed as mean and SD for each group. Number of samples per

vaccination scheme are stated below.

as a result of changing vaccine recommendations, we examined
whether confounders (sampling time post-vaccination (AT), age,
gender or comorbidities) were instead responsible. To analyze
impact of AT, we separated samples into 7 to 27 days post-final
dose to capture peak response and 28 to 65 days post-final dose
to capture plateau response (Figure 4). While there was a
reduction in median response for samples from individuals
collected within the plateau phase, the pattern between the
vaccines remained consistent. While increasing age did result
in small reductions in ACE2 binding inhibition (only significant
for BNT162b2, p<0.001), the vaccine dosing scheme received had
a substantially larger effect, with the eldest age group (>79) of
homologous mRNA vaccine recipients still having increased IgG
titres and ACE2 inhibition capacities than the youngest (26 to
45) AZD1222 recipients (Figure 4). Regression modelling for
ACE2 binding inhibition against wild-type confirmed the
decrease of ACE2 binding inhibition with time post-
vaccination for all vaccination types except homologous
AZD1222 (Supplementary Table 4A). While age did not cause
a significant decrease for homologous AZD1222, this may have

been due to the low number of samples at both ends of the age
range within our cohort. For mRNA-1273, while age did result in
a significant decrease during the peak period (p=0.029), this was
not present within the plateau phase (p=0.615). For homologous
BNT162b2 vaccination, male sex seemed to be associated with a
decreased ACE2 binding inhibition, although the same was not
true for mRNA-1273. Similar patterns were observed for the
ACE2 binding inhibition against Alpha, Beta, Gamma and Delta
VoCs (Supplementary Tables 4B-E). As we observed serological
non-responders within our mix and match study cohort, we
systematically evaluated their distribution among the different
immunisation schemes (Table 2). Overall, vector-based
homologous vaccination (2.8%) resulted in a higher proportion
of non-responders than homologous mRNA-based vaccination
(0.9%). Neither age nor gender was a determining factor in being
a non-responder.

As our population-based cohort also contained individuals
who had been previously infected and then vaccinated, we
examined what effect this had upon their vaccine-induced
response. As previously observed (40), recovered and then
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TABLE 2 | Vaccine non-responder rates across study population.

Sample cohort (n) AT range post-vaccination (days) Vaccine (n)

Mix and match (1400) 7-65 M/M (272)
P/P (738)
AA (228)
AM (24)
AP (114)
Ji2d)

P/P (107)
M/M (40)
P/P (103)
M/M (8)
PP (92)
M/M (22)
P/P (139)
M/M (7)
P/P (38)
M/M (5)
P/P (36)
M/M (0)
P/P T1(90)
P/P T2 (90)

Time points (597) 5-12
26-30

54-58

94-103

129-146

176-203

Longitudinal (180) T1: 7-63

T2:121-203

Non-responders MULTICOV-AB (n, %)

SARS-CoV-2 Vaccine-Induced Anfibody Difierences in Germany

Non-responders ACE2-RBD WT (n, %)

0.0 0(0.0
9(1.2) 18 (2.4)
4(18) 26 (11.4)
0(0.0) 0(0.0)
0.0 0(0.0
3(12.8) 22 (91.7)
6 (5.6) 13 (12.2)
125 1(2.5)
1.0 201.9
0(0.0) 0(0.0)
101.1) 3(3.3)
0(0.0) 0(0.0)
2(1.4) 8(5.9
0(0.0) 0(0.0)
3(7.9 2(6.3)
1(20.0) 1(20.0)
0(0.0) 8(22.2)
n. a n. a.
222 3(3.3)
222 17 (18.9)

MULTICOV-AB non-responders were oetermined as in (28), with sampies that had a signal to cutoff ratio below 1 for sither the Spike or RBO being considered non-responders. ACE2-
RBD non-responders were determined as in (29), with samples that had a ACEZ binding inhibition less than 20% being considered non-responders. Different vaceines and combinations
are abbreviated as folows: /M (two-dose mRNA-1273), P/P {two-dose BNT162b2), A/ ftwo-dose AZD1222), AAM (first dose AZD1222, second dose mRNA-1273), A/P ffirst dose
AZD1222, second dose BNT162b2) and J {one-dose Ad26.CoV2.5). The time points sample cohort contains only homologous BNT 16202 and mANA-1273 samples. The longitudinal

sample cohort contains only paired homologous BNT162b2 taken at time 1 (T1) or 2 (T2).

vaccinated individuals developed high levels of 1gG with strong
ACE2 binding inhibition (Figure 5 and Supplementary Table
6). While mRNA or heterologous vaccination of recovered
individuals still elevated median RBD IgG titres (mRNA-1273
31.81, BNT162b2 32.23, AZD1222-mRNA-1273 35.18,
AZD1222-BNT162b2 30.49, Supplementary Figure 3) and
median ACE2 binding inhibition (mRNA-1273 98.1%,
BNT162b2 98.8%, AZD1222-mRNA-1273 99.3%, AZD1222-
BNT162b2 97.7%, Figure 5), increases were particularly
apparent for the vector-based vaccinations where median RBD
IgG titres (AZD1222 24.69, Ad26.CoV2.S 36.53, Supplementary
Figure 3) and median ACE2 binding inhibition (AZD1222
92.9%, Ad26.CoV2.5 70.8%, Figure 5) were significantly higher
than in SARS-CoV-2 naive vaccinated individuals (median RBD
IgG mRNA-1273 29.12, BNT162b2 24.89, AZD1222-mRNA-
1273 28.17, AZD1222-BNT162b2 2593, AZD1222 9.61,
Ad26.CoV2.S 5.25, Figure 1) and median ACE2 binding
inhibition (mRNA-1273 93.1%, BNT162b2 80.1%, AZD1222-
mRNA-1273 94.5%, AZD1222-BNT162b2 88.6%, AZD1222
38.5%, Ad26.CoV2.S 3.3%, Figure 3).

Having determined that mRNA-based vaccination resulted in
an increased humoral response, we evaluated lifespan and
antibody response kinetics using our time point sample cohort
which were selected to mimic key response periods for antibody-
producing B-cell activity such as expansion, peak and plateau
phase after a complete vaccination scheme, Vaccine-induced
titres and ACE2 binding inhibition both initially increased,
peaked during the second time point (26 to 30 days post-
second dose), and then decreased linearly as time increased
(Figure 6 and Supplementary Table 7). ACE2 binding
inhibition followed the same pattern of decrease as time
increased. In contrast to antibody levels, the percentage of

non-responders showed however a trend for increased decline
already from time point 94 to 103 days post-second vaccination
onwards for BNT162b2, with 22.2% of samples considered as
non-responders at 176-203 days post-second vaccination
(Table 2), As already observed in Figure 1, mRNA-1273 (blue
line) resulted in higher titres and ACE2 binding inhibition
compared to BNT162b2 (yellow line) for all monitored time
points. To validate this pattern of decreasing antibody titres and
ACE2 inhibition activity, we examined samples from a cohort of
longitudinal donors (longitudinal sample cohort). Unlike the
time point sample cohort, this cohort contained paired samples
from each donor which allows to directly compare changes in
titre and neutralization activity from the first sampling to the
second sampling. While these samples had a variable initial AT
post-full vaccination (7-63 days), the sampling intervals between
first and second donation were more comparable (114-163 days).
Overall, mean reduction in RBD-specific antibody titres were
66.3% between their first and second sampling (Figure 7).
Among the different SARS-CoV-2 antigens, RBD and S1
antibodies had the largest decrease, while Spike Trimer and S2
had the smallest. This reduction in titre was also reflected in
ACE2 binding inhibition from the first to second sampling for
both the wild-type RBD which was reduced substantially (mean
difference of 42%) and for all the VoC RBDs (mean difference:
Alpha 36%, Beta 30%, Gamma 29%, Delta 38%).

DISCUSSION

We report both significant and substantial differences in humoral
responses generated by the different vaccines and immunisation
schemes currently available in Germany, with homologous
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FIGURE 2 | Humoral immune response after mRNA vaccination is skewed towards increased RBD and $1 titres, while vector-based vaccination results in increased
82 antibody levels. Antigen-specific antibody titres measured in the mix and match sample cohort were scaled and centered per antigen. Resulting values greater
than 2.5 and smaller than -2.5 were set to these extreme values instead. Samples were then clustered within their subgroups based on immunisaticn scheme and
are displayed as a heat map. Negative values represent below average titres and positive values represent positive above average titres per antigen. Colour shades
indicate low (grey) to high (red) value distribution. A/A - two-dose AZD1222. A/M - first dose AZD1222, second dose mRNA-1273. A/P - first dose AZD1222
second dose BNT162b2. M/M - two-dose mRNA-1273. P/P - two-dose BNT162b2. J - one-dose Ad26.Cov2.S.
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TABLE 3 | Antigen-specific ratios for difierent vaccination schemes.

Antibody target (95% CI)
Vaccine RBD vs S SivsS S1vs RBD Svs 82 RBD vs S2 S1vs 82
AR 1.72 (1.66-1.78) 10.09 (9.72-10.47) 5.88 (5.73-6.11) 3.38 (3.04-3.60) 5.23 (4.65-6.07) 33.48 (27 92-37.56)
AM 1.97 (1.85-2.26) 16.71 (15.04-18.37) 8.15 (7.86-8.68) 2.76 (2.16-3.48) 5.86 (4.58-6.28) 47.60 (41.28-53.66)
AP 1.97 (1.80-2.04) 14,16 (13.42-14.64) 7.17 (6.95-7.36) 4.76 (4.08-5.46) 8.60 (7.85-10.53) 65.06 (58.95-69.61)
MM 2.10 (2.06-2.12) 14,19 (13.67-14.47) 6.80 (6.61-6.93) 6.88 (6.24-7.56) 14,01 (12.74-16.09) 97,21 (92.07-100.90)
PP 2.00(1.96-2.04) 11.21 (10.95-11.52) 572 (5.64-5.78) 9.99 (9.48-10.43) 18.63 (17.82-20.00) 110.10 (104.20-114.10)
J 1.23 (0.97-1.61) 3.30 (2.72-4.18) 2.79 (2.35-4.06) 8.89 (3.71-13.27) 6.83 (4.70-22.35) 31.53 (15.53-38.63)

Ratios were calculated by dividing normalised MF! values for the two targets for all samples. RBD - receptor-binding domain, § - full-length trimeric Spike protein. Median values with 95%
Clin brackets are shown. A/A— two-dose AZD1222. A/M — first dose AZD1222, second dose mRNA-1273. A/P - first dose AZD1222, second dose BNT162b2. M/M — two-dose mANA-
1273. P/P - two-dose BNT162b2. J - one-dose Ad26.Col/2.8.
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FIGURE 3 | Different vaccination schemes impact ACE2 binding inhibition against SARS-CoV-2 wild-type. ACE2 binding inhibition against the SARS-CoV-2 wild-
type (B.1 isolate) RBD was assessed by an ACE2-RBD competition assay for homologous mRNA [MRNA-1273 (M/M, blue), BNT162b2 (P/P, crange)], heterologous
prime-boost (AZD1222-mRNA-1273 (A/M, light blue), AZD1222-BNT162b2 (A/P, light green) or vector-based [AZD1 222-AZD1222 (A/A, green), Ad26.Cov2.S (J,
grey)] vaccination schemes in the mix and match cohort. Data is shown as box and whisker plots overlaid with strip charts. Boxes represent medians, 25th and 75th
percentiles and whiskers show the largest and smallest non-outlier values based en 1.5 IQR calculation. The threshold for non-responsive samples (ACE2 binding
inhibition less than 20%) is shown as dotted line. All samples below this threshold can be considered non-respensive. Time between sampling and full vaccination is
displayed as mean and SD for each group. Number of samples per vaccination scheme are stated below. ACE2 binding inhibition towards VoCs can be found in

Supplementary Figure 2

mRNA or combined heterologous vector and mRNA vaccination
approaches inducing significantly higher titres and ACE2
binding inhibition compared to homologous vector-based
vaccination schemes, This expands on results from on-going
randomized and observational trials such as the ComCoV (41) or
CoCo (42) study which provided only information on AZD1222-
BNT162b2 schemes (20, 43). Further, as expected titres and
ACE2 binding inhibition for AZD1222 were reduced compared
to mRNA-based vaccination (43). Among homologous mRNA
regimens, we identified like others, that mRNA-1273 resulted in
higher antibody titres and ACE2 binding inhibition than
BNT162b2 (40, 44). Extending time periods between successive
doses of mRNA and vector-based vaccinations also positively
impacted on serological and cellular response levels or vaccine

efficiency and effectiveness (1, 45-49). The German STIKO
recommended at the time of the study dosing intervals of six
weeks between mRNA vaccines, 12 weeks for vector vaccines and
9-12 weeks for heterologous vaccination approaches (18), While
heterologous and vector vaccination dosing intervals in our mix
and match cohort adhere more closely to those extended
intervals (1), time periods for mRNA vaccine dosing across our
study population mimic 21 or 28 days from clinical trials (3, 4)
and licensing agreements (50, 51) making them unlikely
contributors to the observed differences in humoral responses.
While we have used an ACE2-RBD competition assay to
measure ACE2 binding inhibition as opposed to classic virus
neutralization assays, this assay analyses neutralizing antibodies
as seen by its similar performance to VNT (24, 29). ACE2
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FIGURE 4 | Effect of time post-vaccination, gender and age on ACE2 binding inhibition for diffierent SARS-CoV-2 vaccination schemes. ACE2 binding inhibition against
the SARS-CaoV-2 wild-type (B.1 isolate) RBD was assessed by an ACE2-RBD competition assay. Samples were split according to vaccination scheme (homologous
mANA [MRNA-1273 (M/M, blue), BNT162b2 (P/P, orangel], heterologous prime-boost (AZD1222-mRNA-1273 (A/M, light blue), AZD1222-BNT162b2 (A/P, light green)
or vector-based [AZD1222-AZD1222 (A/A, green), Ad26.CoVv2.S (J, grey)]. To display impact of potential confounders, samples were further split in time post-vaccination
up to 27 and above 27 days (A), gender (B) and indicated age groups (C). Boxes represent medians, 25th and 75th percentiles and whiskers show the largest and
srmallest non-outlier values based on 1.5 IQR calculation. The threshold for non-responsive samples (ACE2 binding inhibition less than 20%) is shown as dotted line. All
samples below this threshold can be considered nen-responsive. Time between sampling and full vaccination is displayed as mean and SD for each group. Number of
samples per vaccination scheme are stated below the figure. Statistical significance was calculated by a regression model (Supplementary Table 4).

inhibition assays instead of a VNT have also already been used
successfully by other groups to determine neutralizing antibody
activity (52). Methodically, MULTICOV-AB and the ACE2-RBD
competition assay are also complementary and are measured
using a single initial sample dilution which further reduces
variability between their results. By multiplex-based antibody
profiling, we were able to further investigate titre differences and
determined that vector- and mRNA-based vaccines induced a
distinct pattern of Spike subdomain-targeted antibodies. While
vector-based formulations result in a significantly larger
proportion of $2-domain antibodies, RBD- and S1-domain
antibodies dominated in mRNA vaccines. While these
observations require further detailed investigation, the relative
over-representation of RBD- and S1-targeting antibodies within
mRNA vaccines is particularly intriguing as these two antigens
comprise the majority of neutralizing antibody activity (13, 53).
Although a series of modelling studies have now linked levels of
neutralizing antibodies to vaccine efficacy (12, 54), a clearly
defined correlation of vaccine efficacy and neutralizing antibody
levels is still lacking. Nevertheless it appears logical that increased

antibody levels specific to virus proteins-mediating cell attachment
could result in enhanced levels of protection from infection and
contribute to observed differences in vaccine efficacy and
effectiveness levels (3, 55, 56). Interestingly, our conclusions are
strengthened by studies examining the relative immunogenicity of
the different Spike subdomains. By immunising rabbits with SARS-
CoV-2 §2, §1 or RBD proteins, Ravichandran et al. were able to
show that S2 protein elicited considerable lower neutralizing
antibody levels compared to the S§1 and RBD antigens (57).
Similar results were obtained from isolating immunoglobulins of
COVID-19 convalescents where S2 subunit-targeting antibodies
showed weaker SARS-CoV-2 neutralization activity compared to
the RBD-targeting ones (58). While the Spike protein surface is
extensively glycosylated, including the membrane-proximal $2
domain, the RBD completely lacks N-glycans which might
explain its immunodominance (59-61).

An additional finding of our study requiring further
investigation is the relatively poor performance of Ad26.CoV2.5,
particularly for induction of neutralizing antibodies for both SARS-
CoV-2 wild-typeand VoC RBDs. While some studies have reported
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sufficient levels of neutralizing activity after vaccination with
Ad26.CoV2.S (2), others identified minimal neutralizing activity,
particularly when compared to other COVID-19 vaccines from
Pfizer or Moderna (44). The relatively poor performance of
Ad26.CoV2.§ in inducing an antibody response has also been
identified by researchers studying other bodily fluids (e.g. breast
milk), who found that Ad26.CoV2.§ produced significantly fewer
TgA antibodies than BNT162b2 or mRNA-1273 (62). While our
Ad26.CoV2.S sample group size is low (n=29), it is three times
larger than a recent study from the manufacturer which reported
neutralizing activity against Delta and other VoCs [n=8 (63)]. It
should be noted that four of the eight individuals within their cohort
were reported as being spike seropositive at baseline which is a
consistent finding with our cohort, where strong ACE2 binding
inhibition was only achieved in those individuals who had been
previously infected. Our median time point is however earlier than
the reported peak of antibody activity (2, 64). Further independent
investigations into the neutralizing activity generated by single-dose
Ad26.CoV2.S to clarify those differing results within SARS-CoV-2
naive individuals are therefore urgently needed.

Among confounding variables, we identified like others that
age resulted in a general reduction in titre and ACE2 binding
inhibition (11, 40, 65), although the vaccination scheme received
had a more significant effect. While recovered individuals
developing high titres and ACE2 binding inhibition once
vaccinated has been previously reported (40, 43), we found
that these responses were similar among all vaccines and
immunisation schemes. Given that current German guidelines
require a six month post-positive PCR waiting period before
receiving a first dose, this suggests that such individuals would be

suitable for all currently licensed vaccines, assuming they meet
pre-existing EMA and STIKO criteria. This ability to use all
vaccines and generate a substantial response will be of particular
public health importance, given the on-going booster dose
administration which could impact availability for some
vaccine brands, as happened earlier in 2021,

Our results on the longevity of the humoral response post-
vaccination is similar to others, in identifying an initial peak from
approximately 28 days post-second dose onwards followed by a
gradual reduction over time (66). As expected, ACE2 binding
inhibition and titre are mostly mirrored in their decline over time.
However, the increased numbers of non-responders from
BNT162b2-vaccinated individuals from six months after the
second vaccine needs further careful monitoring until a precise
correlate of protection has been defined. Among the different
SARS-CoV-2 antibodies, it is unsurprising that the RBD and S1
underwent the greatest reductions as they had the largest titres to
begin with. Between VoCs, we did not identify any apparent
differences in ACE2 binding inhibition between the differing
immunisation schemes for confounders. Instead, again vaccine
type or regimen (homologous vs heterologous) received had the
largest effect upon ACE2 binding inhibition. The VoCs themselves
followed a previously published pattern (9, 22, 67), with the lowest
reduction for the Alpha variant, and the highest for the Beta and
Gamma variants. It should be stated that in our analysis of
longitudinal samples, there is a wide variety of timeframes post-
vaccination, meaning that initial samples are collected both before,
during and after the initial peak response at around 28 days. While
we have then made the assumption that decreases in responses
would be linear to the second sampling, this is not the case as some
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FIGURE 6 | Antibody and neutralization response kinstic up to 7 months after
SARS-CoV-2 mRNA vaccination. Humoral vaccine response was assessed by
MULTICOV-AB (A) and an ACE2-RBD competition assay (B) using the time
point sample set. Samples were either 5 to 12, 26 to 30, 54 to 58, 94 to 103,
129 to 146 and 176 to 203 days post-second dose of either a two-dose
BNT162b2 (yellow, n = 515) or mRNA-1273 (blue, n = 82) vaccination. Colored
line connects median response per time point and vaccine. Data is displayed as
normalised IgG RBD ratio or as % ACE2 binding inhibition where 100% indicates
maximum binding inhibition and 0% no binding inhibition. The threshold for non-
responsive samples (ACE2 binding inhibition less than 20%j is shown as dotted
line. All samples below this threshold can be considered non-responsive. Median
values with 95% Cl and IQR of RBD, IgG signal and AGE2 binding inhibition are
shown in Supplementary Table 7.

of the early collected samples (e.g. 7 days post-second vaccination)
would have initially increased before later decreasing. However,
our purpose of this analysis was to measure changes over a larger
timeframe (4 months) and the difference in time from first to
second sampling, means that all samples should be in the decline
phase by their second sampling.

Our manuscript has several limitations, namely that we are only
measuring antibodies (including neutralizing antibodies) that are
present within serum. As previously stated, we have used an ACE2-
RBD competition assay to measure inhibition of ACE2 binding
instead of classical virus neutralization assays, although the results
of this assay have already been shown to be similar to VNT and are
known to be specific to neutralizing antibody responses only. While

SARS-CoV-2 Vaccine-Induced Antibody Differe

es in Germany

neutralizing antibodies themselves are considered a strong correlate
for protection (13), other components that are not measured within
our assays such as T-cell mediated immunity will also offer
protection (68, 69). Our use of serum also means that memory B-
cells, which are involved in protection against severe disease
progression (70), are equally excluded from our analysis. Our
study cohort consists of relatively low sample numbers for both
heterologous and Ad26.CoV2.S vaccinations whereas BNT162b2
samples are overrepresented. However, our sample numbers are
similar or in case of Ad26.CoV2.S exceed other previously
published work making our study one of the largest independent
evaluation studies of this vaccine. Our BNT162b2 sample size
mimics dose distribution in Germany where approximately 70%
of delivered vaccine doses were from Pfizer. Our study population is
also relatively similar in regard to age and gender. Last, self-reported
information about a previous SARS-CoV-2 infection or vaccination
could bias study outcome. However, recent studies have found a
good correlation between self-reported and administrative records
with 98% consistency for vaccination type and 95% for vaccination
date or detection of SARS-CoV-2 antibodies with a positive
predictive value of 98.2% and a negative predictive value of
97.3%, respectively (71, 72). Additionally, our data on persistence
and magnitude of vaccine-induced humoral responses is consistent
with several other cohort-based studies (11, 20, 41, 66) which did
not rely on self-reported vaccination records, therefore stressing the
validity of our approach.

Next to an increasing number of observational studies
including ours which examine vaccine-induced protection by
assessing levels of humoral immunity, several large scale test-
negative design (TND) studies have by now been conducted to
determine vaccine effectiveness against a laboratory-confirmed
SARS-CoV-2 infection requiring medical attention outside of
randomized clinical trials (45, 73, 74). While readouts between
those study types are fundamentally different and both are
subject to different limitations (75-79), results are comparable.
For instance, our findings of significantly higher titres and ACE2
binding inhibition after mRNA or heterologous immunisation
schemes compared vector-based ones also translate to differing
levels of vaccine effectiveness against SARS-CoV-2 infection of
above 90% with at least one mRNA vaccine dose or of less than
70% with two doses of AZD1222 in a TND study from Canada
(45). Equally, our results of decreasing humoral response levels
after a full BNT162b2 vaccination correlate with increases in
PCR-confirmed SARS-CoV-2 infections up to six month post-
vaccination with BNT162b2 in an Israeli TND study (73).

Overall, we provide data on the vaccine-induced humoral
response for all currently available mRNA-, vector-based and
heterologous immunisation schemes in Germany. Within our
population-based cohort, mRNA homologous or heterologous
vaccination resulted in increased humoral responses. Our
multiplex approach identified differences in quantities and
ratios of RBD- and Sl1-targeting antibodies following mRNA
homologous or heterologous vaccination. Further investigation
into this targeting will be of particular interest to improve
vaccine performance particularly for next generation vector-
based vaccines.
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MuSPAD cohort
n= 36870 (incl. 7198 Follow-up)

(incl. 1367 Follow-up)

MuSPAD 2020

n= 18855

MUSPAD 2021
n= 18015
(inel. 5830 Follow-up)

Unvaccinated
n= 12106
(Incl. 3448 Follow-up)

Vaccinated NA
n=917
(incl. 134 Follow-up)

Partially vaccinated
n= 1861
(incl. 710 Follow-up)

Fully vaccinated
n= 3131
(incl. 1510 Follow-up)

Mixand match cohort
n= 1470
(AAZ, CH1+2, VG1, MD2, 0S2)

Time point cohort
n= 587
(AA2, CH2, VG1, MDZ, 0S2)

Longitudinal cohort
n=90
(CH1+2)

Supplementary Figure 1. Flow chart for sample selection from MuSPAD cohort.

Sample selection for our vaccine response study from the entire MuSPAD cohort is displayed
in a flow chart. Samples were selected based on selection criteria outlined in method section to
examine impact of vaccination scheme, length and persistence of antibody response. Samples
originated from the following study locations: Aachen 2 (AA2), Chemnitz 1(CH1), Chemnitz
2 (CH2), Vorpommern-Greifswald 1 (VG1), Osnabriick 2 (0S2), and Magdeburg 2 (MD2).
Number of participants is given per group (n), NA: not available.
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Supplementary Figure 2. Different VoCs reduce antibody ACE2 binding inhibition
comparably between SARS-CoV-2 vaccination schemes.

ACE2 binding inhibition against the SARS-CoV-2 VoC Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P1) and Delta (B.1.617.2) RBDs was assessed by an ACE2-RBD competition assay
for homologous mRNA (mRNA-1273 (M/M, blue), BNT162b2 (P/P, orange)), heterologous
prime-boost (AZD1222-mRNA-1273 (A/M, light blue), AZD1222-BNT162b2 (A/P, light
green) or vector-based (AZD1222-AZD1222 (A/A, green), Ad26.CoV2.S (J, grey)) vaccination
schemes in the mix and match cohort. SARS-CoV-2 RBD WT (Figure 3) is again shown for
clarity and comparison. Data is shown as box and whisker plots. Boxes represent medians, 25th
and 75th percentiles and whiskers show the largest and smallest non-outlier values based on 1.5
IQR calculation. Outlier values are shown in clear circles. The threshold for non-responsive
samples (ACE2 binding inhibition less than 20%) is shown as dotted line. All samples below
this can be considered non-responsive. Number of samples per vaccination scheme are stated
below the figure.
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Supplementary Figure 3. SARS-CoV-2 vaccination boosts humoral response among
recovered individuals independent of vaccination scheme.

Differences in vaccination responses of recovered previously SARS-CoV-2 infected
individuals from our mix and match cohort were analyzed using MULTICOV-AB. SARS-CoV-
2 infection status was based on a previous self-reported positive PCR/antigen test or a
MULTICOV-AB nucleocapsid IgG normalisation ratio above 1. Samples were split according
to vaccination scheme (homologous mRNA (mRNA-1273 (M/M, blue), BNT162b2 (P/P,
orange)), heterologous prime-boost (AZD1222-mRNA-1273 (A/M, light blue), AZD1222-
BNT162b2 (A/P, light green) or vector-based (AZD1222-AZD1222 (A/A, green),
Ad26CoV2.S (], grey)). Boxes represent medians, 25th and 75th percentiles and whiskers show
the largest and smallest non-outlier values based on 1.5 IQR calculation. When less than 5
samples were available per group, only the median is indicated by a line. Time between
sampling and full vaccination is displayed as mean and SD for each group. Number of samples
per vaccination scheme are stated below the figure. Results of a formal statistical comparison
of recovered-vaccinated and SARS-CoV-2 naive-vaccinated individuals is shown in Table S6.
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Supplementary Table 1. Comorbidities in study participants (n. a.: not applicable; NA: not
available; CVD: cardiovascular disease).

SARS-CoV-2 AT range in Hyper- . Lung Immuno-
S: m]:le infection days post- Vaccine (n) tension C‘,],J) Dlab;(es disease Can‘;er suppression
cohort (n) status (n) * vaccination (n, %) (n, %) (n, %) (n, %) (n, %) (n, %)
M/M 4 1 2 0 0 0
(13) (30.8) (7.7) (15.4) (0.0) (0.0) (0.0)
PP 12 4 3 0 0 1
(33) (36.0) (12.0) @.1 (0.0) (0.0) (3.0)
AJA 7 3 2 i 1 2
(33) (58.3) (25.0) 16.7) (8.3) (8.3) (16.7)
+(70)
AM 1 0 0 0 0 0
M (100.0) (0.0) (0.0) (0.0) (0.0) (0.0)
AP 3 1 0 1 0 0
©) (50.0) (16.7) (0.0) (16.7) (0.0) (0.0)
J 2 0 0 0 0 1
Mix m;.d 65 (5) (40.0) (0.0) (0.0) (0.0) (0.0 (20.0)
matc| -
(1470) MM 84 23 13 17 2 11
272) (30.9) (8.5) (4.8) (6.3) 0.7 (4.0)
P/P (734, 4 263 101 64 59 20 37
NA) (35.8) (13.8) (8.7) (8.1) @n (5.0)
AJA 91 25 25 12 2 9
228 39.9 1.1 1.0 5.3 0.9 4.0
-(1400) (228) 39.9) (111 (11.0) (5.3) 0.9 4.0
AM 12 4 2 0 1 0
(24) (50.0) (16.7) (8.3) (0.0) (4.2) (0.0)
A/P 43 16 10 10 4 6
(114) (31.7) (14.0) (8.8) (8.8) (3.5) (5.3)
7 9 2 2 2 1 2
(24) (37.5) (8.3) (8.3) (8.3) (4.2) (8.3)
i 50 16 6 3 0 7
51 (107) (46.7) (15.0) (5.6) 2.8 0.0) 6.5)
MM 13 3 3 1 0 1
(40) (32.5) (7.5) (7.5) (2.5) (0.0) (2.5)
PP 31 15 11 12 0 0
2o (102 1 NA) (30.4) (14.7) (10.8) (11.8) (0.0) 0.0)
- MM 3 1 0 0 0 0
) (31.5) (12.5) (0.0) (0.0) (0.0) (0.0)
P/P 37 14 7 0 2 4
s4.58 (92) (40.2) (15.2) (7.6) (0.0) (2.2) (4.4)
MM 2 0 2 2 0 1
Time 22) ©.1) 0.0) ©.1) ©.1) (0.0) 4.6)
1s _
'};’;‘;,‘ P/P 59 18 12 1 7 0
(139) @2.5) (13.0) (8.6) ©.7) (5.0) 0.0)
94-103
M/M 3 1 1 1 1 0
%) 42.9) (143) (143) (14.3) (143) ©.0)
PP 19 9 7 4 2 4
120-146 (38) (50.0) (23.7) (18.4) (10.5) (5.3) (10.5)
M/M 3 2 1 1 0 0
(5 (60.0) (40.0) (20.0) (20.0) (0.0) (0.0)
PP 5 2 1 2 0 3
(36) (13.9) (5.6) (2.8) (5.6) (0.0) (8.3)
176-203
MM
(0) n.a. n. a. n.a. 1. a. n.a. n a.
. ) P/P T1 35 15 1 4 2 3
th:'lgl] PPTIT-63 | 90,2 NA) (39.8) (17.1) (12.5) (4.6) 22) (34)
180y - P/PT2: 121- PP T2 33 2 8 3 1 9
8o 203 (90) (36.7) (13.3) (8.9) (3.3) (1.1 (10.0)
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Different vaccines and combinations are abbreviated as follows: M/M (two-dose mRNA-1273),
P/P (two-dose BNT162b2), A/A (two-dose AZD1222), A/M (first dose AZD1222, second dose
mRNA-1273), A/P (first dose AZD1222, second dose BNT162b2) and J (one-dose
Ad26.CoV2.5). The time points sample cohort contains only homologous BNT162b2 and
mRNA-1273 samples. The longitudinal sample cohort contains only paired homologous
BNT162b2 taken at time 1 (T1) or 2 (T2).

* based on self-reported positive PCR/antigen test result at study center visit and/or
MULTICOV-AB nucleocapsid IgG S/CO ratio above 1
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Supplementary Table 2. MULTICOV-AB antigen panel.

Virus Antigen Manufacturer Product number
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD B.1 (wild-type) NMI -
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 RBD B.1.1.7 (Alpha) NMI
SARS-CoV-2 RBD B.1.351 (Beta) NMI
SARS-CoV-2 RBD P.3 (Gamma) NMI
SARS-CoV-2 RBD B.1.617.2 (Delta) NMI
hCoV-0C43 S1 domain NMI -
hCoV-0C43 Nucleocapsid NMI -
hCoV-HKU1 S1 domain NMI -
hCoV-HKU1 Nucleocapsid NMI -
hCoV-NL63 S1 domain NMI -
hCoV-NL63 Nucleocapsid NMI -

hCoV-229E S1 domain NMI -
hCoV-229E Nucleocapsid NMI -

List of antigens included in MULTICOV-AB as well as their manufacturer and, if applicable,

their product number.

169



Appendix

Supplementary Table 3. ACE2-RBD competition antigen panel.

Virus Antigen Manufacturer Amino acid exchanges in RBD
SARS-CoV-2 RBD B.1 (wild-type) NMI -
SARS-CoV-2 RBD B.1.1.7 (Alpha) NMI N501Y
SARS-CoV-2 RBD B.1.351 (Beta) NMI N501Y, E484K, K41TN
SARS-CoV-2 RBD P.1 (Gamma) NMI N501Y, E484K, K417T
SARS-CoV-2 RBD B.1.617.2 (Delta) NMI T478K, L452R

List of antigens included in ACE2-RBD competition assay as well as their manufacturer, and

the mutations covered within the RBD.
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Supplementary Table 5. Statistical comparison of antibody titres between vaccination
schemes.

Comparison Full-length Spike trimer RBD S1 82
X v Y p” (p-value) p” (p-value) p" (p-value) p" (p-value)
] M/M 0.91 (<0.001) * 0.93 (<0.001) * 0.96 (<0.001) * 0.86 (<0.001) *
P/P 0.89 (<0.001) * 0.90 (<0.001) * 0.92 (<0.001) * 0.79 (< 0.001) *
AM 0.89 (<0.001) * 0.91 (<0.001) * 0.97 (<0.001) * 0.93 (<0.001) *
AP 0.90 (<0.001) * 0.92 (<0.001) * 0.95 (<0.001) * 0.88 (<0.001) *
AJA 0.63 (<0.080) 0.74 (<0.001) * 0.86 (<0.001) * 0.81(<0.001) *
A/A M/M 0.96 (<0.001) * 0.94 (<0.001) * 0.93 (<0.001) * 0.57 (0.013) *
PP 0.91 (<0.001) * 0.87 (<0.001) * 0.83 (<0.001) * 0.39 (<0.001) *
AM 0.93 (<0.001) * 0.91 (<0.001) * 0.93 (<0.001) * 0.84 (<0.001) *
A/P 0.93 (<0.001) * 0.89 (<0.001) * 0.91 (<0.001) * 0.66 (< 0.001) *
AP MM 0.60 (0.002) * 0.64 (<0.001) * 0.55(0.114) 0.38 (<0.001) *
P/P 0.42(0.012) 0.49 (0.608) 0.34 (<0.001) * 0.21 (=0.001) *
AM 0.59 (0.204) 0.59 (0.155) 0.69 (0.004) * 0.77 (<0.001) *
AM M/M 0.50 (0.982) 0.53 (0.623) 0.33 (0.014) * 0.16 (<0.001) *
p/P 0.33(0.014) 0.40 (0.085) 0.18 (<0.001)* 0.09 (<0.001) *
P/P M/M 0.69 (<0.001) * 0.64 (<0.001) * 0.72 (<0.001) * 0.71 (<0.001) *

Estimated probability (p’”) that a random individual under one vaccination scheme in the mix
and match sample cohort, has a larger titre than a random individual under another vaccination
scheme. Two-sided generalized Wilcoxon also referred to as Brunner-Munzel test was used to
determine statistical significance with Bonferroni-Holm’s adjustment for multiple testing. For
a comparison of a scheme X with a scheme Y, a significant p’’ larger than % means that the
vaccination-induced titres under Y tend to be higher and a significant p** smaller than %2 means
that the vaccination-induced titres under X tend to be higher. Different vaccines and
combinations are abbreviated as follows: M/M (two-dose mRNA-1273), P/P (two-dose
BNT162b2), A/A (two-dose AZD1222), A/M (first dose AZD1222, second dose mRNA-
1273), A/P (first dose AZD1222, second dose BNT162b2) and J (one-dose Ad26.CoV2.8).
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Supplementary Table 6. Statistical comparison of RBD antibody titres and wild-type ACE2
binding inhibition in recovered-vaccinated and SARS-CoV-2 naive-vaccinated individuals for
different vaccination schemes.

M/M P/P AM AP AfA J
p” (p-value) p” (p-value) p” (p-value) p” (p-value) p” (p-value) p” (p-value)

RED 0.66 0.79 - (only 1 0.79 0.94 0.98
(0.074) (<0.001) convalescent) (<0.001) (<0.001) (<0.001)
5 i
mﬁg;i:;":’:; o 0.74 0.85 ~(only 1 0.84 0.97 0.98
WT & (0.016) (<0.001) convalescent) (0.004) (<0.001) (<0.001)

Estimated probability (p’’) that a random recovered-vaccinated individual has a larger titre than
a random SARS-CoV-2 naive vaccinated individual under the respective vaccination scheme.
Statistical analysis was determined by two-sided generalized Wilcoxon/Brunner-Munzel test.
A significant p’’ larger than Y2 means that the vaccination-induced titres tend to be higher in
recovered-vaccinated individuals. Different vaccines and combinations are abbreviated as
follows: M/M (two-dose mRNA-1273), P/P (two-dose BNT162b2), A/A (two-dose
AZDI1222), A/M (first dose AZD1222, second dose mRNA-1273), A/P (first dose AZD1222,
second dose BNT162b2) and J (one-dose Ad26.CoV2.S).
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Supplementary Table 7. Antibody titres and ACE2 binding inhibition up to 7 months after

SARS-CoV-2 mRNA vaccination.

" . (%) ACE2 (%) ACE2
Sample cohort AT rafn;e " . RBP"" leG binding RBP“‘IEG binding
days post- Vaceine (n) signal R signal R
(m) vaccination (95% Cl) inhibition (IOR) inhibition
(95% CI) (IQR)
PIP(107) 24,88 78.73 24.88 78.73
: (20.02-27.10) (64.37-87.92) (15.09-31.17) (52.27-94.27)
5-12
M/M 26.76 89.03 26.76 89.03
(40) (21.38-30.47) (65.66-97.16) (12.24-31.69 (41.06-97.95)
P/P 25.60 83.34 25.60 83.34
(103) (23.1527.79) | (78.04-0.86.00) | (18.76-30.87) (63.63-93.37)
26-30
MM 29.45 95.75 29.45 95.75
(8) (21.01-34.13) (60.74-96.97) (26.20-32.42) (77.52-96.82)
P/P 19.96 70.59 19.96 70.59
92) (18222273) | (6266-75.07) | (14.00-2637) | (58.54-83.18)
54-58
M/M 26.52 88.22 26.52 8R8.22
(22) (23.56-30.01) (78.90-94.10) (23.54-30.20) (77.92-94.32)
Time points
(597)
P/P 15.07 56.22 15.07 560.22
(139) (13.97-16.77) (50.18-61.20) (10.20-20.70) (39.97-69.67)
94-103
M/M 18.85 75.94 18.85 75.94
) (11.67-3161) | (434096.95) | (14.18-28.24) | (55.40-90.74)
P/P 8.67 3382 8.67 3382
(38) (7.24-10.27) (27.95-39.87) (5.48-12.68) (25.52-50.97)
129-146
M/M < 13.51 48.16
) 13.51 (n. ) 48.16 (n.a) (4.78-19.64) (17.95-68.86)
P/P 797 30.44 7.97 30.44
(36) (5.98-10.03) (23.38-42.16) (5.51-11.36) (20.50-48.77)
176-203
M/M
© n.a n.a n.a. n.a.

Median values with 95% CI and IQR are shown for normalised RBDy; IgG signal or ACE2 binding
inhibition. Data is graphically displayed in Figure 6. Different vaccines are abbreviated as follows:
M/M — two-dose mRNA-1273. P/P — two-dose BNT162b2.
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Appendix IV: Immune response to SARS-CoV-2 variants of

concern in vaccinated individuals

Becker M*, Dulovic A*, Junker D, Ruetalo N, Kaiser PD, Pinilla YT, Heinzel C, Haering ],
Traenkle B, Wagner TR, Layer M, Mehrlaender M, Mirakaj V, Held ], Planatscher H, Schenke-
Layland K, Krause G, Strengert M, Bakchoul T, Althaus K, Fendel R, Kreidenweiss A,
Koeppen M, Rothbauer U, Schindler M, Schneiderhan-Marra N.

Nature Communications. 2021. 12(1):3109
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groups of vaccinated (Pfizer BNT-162b2), infected and uninfected individuals and char-
acterize the antibody response to RBD mutant strains. Vaccinated individuals have a robust
humoral response after the second dose and have high IgG antibody titers in the saliva.
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reduced transmission potential. Substantially reduced neutralization for the South African
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targeting these in future vaccines.
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ARTICLE

SARS-CoV-2 has evolved into a global pandemic, with

more than 138 million infections and nearly 3 million
deaths (as per WHO, https://covid19.who.int/, accessed April 15,
2021), impacting severely on mental health®* and global
economics”. In response, the scientific community has made
unprecedented progress, resulting in the generation of multiple
vaccines, using a variety of different approaches®-%, such as the
Pfizer BNT-162b2 vaccine, which encodes a full-length trimerized
spike protein®. In parallel, SARS-CoV-2 is continually evolving
impacting its infectivity!®, transmission' =13, and viral immune
evasion!®15. To date, advanced genomic approaches have iden-
tified thousands of variants of SARS-CoV-2 with multiple RBD
mutations circulating due to natural selection!®!7. The variability
of RBD epitopes is of specific concern as such mutations might
reduce vaccine efficacy, increase viral transmission, or impair
acquired immunity by neutralizing antibodies'®!819, For the
pandemic to be brought under control, herd immunity must be
achieved through vaccination. However, there is a discourse about
how long antibodies generated during the first wave persist, with
some studies suggesting seroreversion between 2 and 3 months2’,
while others find antibodies present for up to 7 or 8 months post
infection?!-23, Alarmingly, antibodies generated during the first
wave also appear to have reduced immunoreactivity and neu-
tralization potency toward emerging variants’Z,

As the virus is known to continually mutate, particularly the
emerging UK (B.1.1.7)'2, South African (B.1.351)%%, Brazil (P1)2°,
Mink (Cluster 5)26, and Southern California (hereon referred to
as “LA” (B1.429)%7 variants are of concern. The UK variant has an
increased risk of transmission'? and mortality!>25, It further
exhibits reduced neutralization susceptibility?, which is most
substantially related to a subset of RBD-specific monoclonal
antibodies!*?”. The N501Y mutation appears to mediate
increased ACE2-RBD interaction®? and is known to be critical
for SARS-CoV-2 infection in vivo in mice®!, Similarly, the South
African variant, which is now spreading globally, has two escape
mutations within the RBD (K417N and E484K)2* in addition to
the N501Y mutation. The combination of these three point
mutations results in both a higher infection rate and reduced
capacity of neutralizing antibodies produced against variants
without RBD mutations of concern (hereon referred to as “wild-
type™)?2. In light of these developments, and in spite of increasing
data provided by vaccine companies, it remains unclear whether
vaccines formulated against the original Wuhan strain of the
virus will remain effective against new and emerging variants
such as UK or South Africa. To understand this, we characterized
the antibody response post vaccination with the Pfizer BNT-
162b2 vaccine in both serum and saliva and then investigated the
presence and efficacy of neutralizing antibodies against emerging
variants of concern (UK, South Africa, Mink, and LA).

S ince the initial outbreak in Wuhan, China in late 201912,

Results

To analyze the humoral response generated by vaccination, SARS-
CoV-2 reactive antibody titers in serum samples from vaccinated,
convalescent (hereon referred to as “infected”), and uninfected
(hereon referred to as “negative”) individuals were measured using
MULTICOV-AB*? (Fig. 1). Descriptions of all groups of donors
can be found in Supplementary Table 1. Vaccinated individuals
had not been previously infected with SARS-CoV-2 as demon-
strated by the absence of anti-nucleocapsid IgG and IgA (Fig. 1a).
As expected, there was a typical variation in antibody titers
reflecting individual immune responses (Fig. 1a, b). When com-
paring between vaccine doses (Fig. lc, d), all vaccinated subjects
showed an enhanced antibody response with increasing time after
the first dose and a further significant boost after the second dose.

2 IATL OMMUN

This boosting effect was so pronounced that it reached the upper
limit of detection for MULTICOV-AB, as confirmed by a dilution
series (Supplementary Fig. 1).

To expand our understanding of the immune response of
vaccinated individuals, we analyzed their saliva for IgA and IgG
antibodies. The saliva of infected and negative individuals served
as controls. Infected individuals had significantly higher levels of
IgA than negative (P value =0.0008) or vaccinated individuals
(P value = 0.03), with no significant difference seen between
vaccinated and negative individuals (P value =0.23) (Fig. 2a).
Conversely, the IgG response in the saliva of vaccinated indivi-
duals was significantly higher than either infected (P value
<0.0001) or negative individuals (P value <0.0001) (Fig. 2b).
These results were verified using a second antibody test mea-
suring IgG in saliva (Supplementary Fig. 2). We also identified
that vaccination with Pfizer BNT-162b2 does not appear to offer
any cross-protection against other endemic coronaviruses (Sup-
plementary Fig. 3), as seen by the absence of change in antibody
titers following vaccination.

Having determined the humoral response induced by Pfizer
BNT-162b2, we then examined how emerging RBD mutations
present in different variants of concern impact antibody binding.
For this, we included RBD mutants for the UK (501Y), South
African (417N, 484K, and 510Y), Mink (453F), and LA (452R)
variants in MULTICOV-AB. For the UK variant, nearly identical
antibody response was observed for vaccinated and infected
individuals compared with wild-type variant (Kendall’s tau 0.965)
(Fig. 3a). In contrast, a varied and reduced immune response was
visible for the South African variant in both groups (Kendall’s tau
0.844) (Fig. 3b). Both the Mink and LA variants had a similar
response as the wild-type variant (Supplementary Fig, 4). Having
seen that antibody-binding responses were reduced in the context
of RBD mutants in the South African variant, we examined its
neutralizing potential on samples from vaccinated individuals
using a virus neutralization test (VNT)*, employing a patient-
derived South African variant of SARS-CoV-2. Despite the
detectable variation, the VNT revealed substantially reduced
neutralization for the South African variant for sera obtained
from vaccinated and infected individuals (Fig. 4a). We further
confirmed these findings using an ACE2 inhibition assay
(Fig. 4b). Here, we additionally observed increased neutralization
capacities for both wild-type (Fig. 4c) and the South African
variant (Fig. 4d), in all samples derived from vaccinated indivi-
duals following the second dose, which was further confirmed by
the NeutrobodyPlex** (Supplementary Fig. 5). Overall, our results
showed individual differences in neutralization capacity for RBD
mutations found in variants (Supplementary Fig. 6), with mini-
mal to no change in neutralization for the UK, Mink, or LA
variants. Conversely, neutralization capacity versus the South
African variant was severely compromised.

Discussion

RBD mutants are particularly important to track and study due to
the role of the RBD:ACE2 interaction site in virus transmission
and neutralization!> and their potentially increased
infectivity!? or lethality?8. This tracking has led to the identifi-
cation of several variants of concern, notably the UK!2, South
African?, Mink?6, and LA?7 variants. We initiated this study to
reveal the vaccine-induced immune response and most impor-
tantly to shed light on the still controversial question of how
efficiently antibodies can bind and neutralize SARS-CoV-2 var-
iants of concern. The presence of large titers of IgG antibodies
within the saliva of vaccinated individuals far exceeded those seen
in convalescent individuals. This was both surprising and wel-
come as it could indicate that vaccination might confer a
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sterilizing immune response in the oral cavity and thereby lower
virus transmission. Focusing on antibody response, we examined
in detail the effects of RBD mutations observed in emerging
variants of concern. While only minor differences were detectable
for the UK, Mink, and LA variants, a substantial reduction in
RBD-binding antibodies was observed for the South African
variant. These findings were confirmed at the functional level by a
VNT using patient-derived viral isolates, showing a significant
decrease in the neutralizing capacity of sera from vaccinated or
infected individuals for the South African variant, in accordance
with other recently published studies*¢-3%, This could provide a
reasonable explanation for infection in vaccinated or convalescent
individuals with the South African variant and suggests a
potential reduction in the efficacy of the Pfizer BNT-162b2 vac-
cine from a B-cell perspective.

This study is limited by the sample size, the restriction to only
two time points after vaccination for data analysis, and the lack of
paired saliva and serum samples for our infected and negative
groups. However, we want to note that our sample size examined
is similar to or larger than most other sample sets used to
examine immune response to mutants in detail’® and that we
examined paired serum and saliva samples for all of our vacci-
nated subjects. Furthermore, we performed VNT assays com-
paring wild-type to the South African variant with authentic virus
isolates on human cells, in contrast to utilizing a pseudotype
neutralization assay'® or genetically engineered wild-type
variant®”. Notably, we focused our study on a detailed char-
acterization of the humoral immune response, as a proxy of an
individual’s immune response, as T-cell immunity has already
been extensively studied®!#!. Future work should investigate the
antibody response and their persistence from different vaccines
(i.e., AstraZeneca-Oxford, Moderna) against similar or newly
emerging RBD mutants over a longer timeframe with increased
sample size.

Viewed in a larger context, the impaired RBD-binding capacity
to mutations in emerging variants of concern highlights the
importance of updating current vaccines accordingly. Particular
attention should be paid to the South African variant, because of
the reduced neutralizing potency identified, while spontaneous
independent enrichments of the E484K mutation have been
observed in several countries®2.

Methods

Data reporting. No statistical analysis was used to determine the sample size. The
experiments were not randomized, and the investigators were not blinded during
either experimentation or data analysis.

Study recruitment, sample collection, and ethics statement. Serum and saliva
samples were collected from healthcare workers, vaccinated with the Pfizer BNT-
162b2 vaccine. Two serum samples were collected from each individual. The first
collection took place on average 17 days following administration of the first dose,
while the second collection took place on average 12 days following administration
of the second dose. Saliva samples were collected 7-10 days following the second
serum sampling. Infected serum and saliva samples were collected from different
groups of individuals. Serum samples were collected from individuals hospitalized
at Universitit Klinikum Tiibingen between March 25, 2020 and January 22, 2021.
All individuals tested positive for SARS-CoV-2 by PCR. Saliva samples were col-
lected from individuals who had previously been infected with SARS-CoV-2
between March 7, 2020 and June 19, 2020. All individuals had previously tested
pasitive by PCR, or were confirmed as being previously infected by ELISA mea-
surements plus the presence of at least one key symptom (i.e., coughing, fever).
Negative serum and saliva samples were also from different groups of individuals.
Negative serum samples were purchased from Central Biohub. All of these samples
were collected pre-pandemic. Negative saliva samples were collected at the Institute
of Tropical Medicine, Universitit Tibingen from negative individuals and were
confirmed to be anti-SARS-CoV-2 negative by serum ELISA. As additional con-
trols, serum and saliva samples were collected from two individuals vaccinated with
Pfizer BNT-162b2, who do not have contact with active SARS-CoV-2 infected
patients, and one individual who had been previously infected with SARS-CoV-2
and was later vaccinated.

For serum collection, blood was taken by venipuncture, the serum extracted,
and then frozen at —80 °C until use. For saliva collection, all individuals spat
directly into a collecting tube. To inactive the samples, TnBP and Triton X-100
were added to final concentrations of 0.3% and 1x, respectively. Saliva samples
were then frozen at —80 “C until further use.

This study was approved by the Ethics Committee of Eberhard Karls University
Tiibingen and the University Hospital Tubingen under the approval number 222/
2020BO2 to Dr. Karina Althaus, Institute for Clinical and Experimental
Transfusion Medicine, University Hospital Tiibingen, and 312/2020BOI (Coro-
Buddy) to Dr. Andrea Kreidenweiss, Institute of Tropical Medicine, University
Hospital Tiibingen and Eberhard Karls University Tiibingen. All participants gave
written informed consent. Characteristics of vaccinated and infected serum donors
can be found in Supplementary Table 1. Characteristics of vaccinated, infected, and
negative saliva donors can be found in Supplementary Table 2.

Expression of RBD mutants. The pCAGGS plasmid encoding the receptor-
binding domain (RBD) of SARS-CoV-2 was kindly provided by F. Krammer.
RBDs of SARS-CoV-2 variants of concern were generated by PCR amplification of
fragments from wild-type DNA template followed by fusion PCRs to introduce
described mutation N501Y for the UK variant and additional mutations K417N
and E484K for the South African variant®®#%, Forward primer RBDfor and reverse
primer N501Yrev were used for amplification of fragment 1, forward primer
N501Yfor and reverse primer RBDrev were used for amplification of fragment 2.
Both fragment: ining an overlap sequence at the 3" and 5' end were fused by
an additional PCR using forward primer RBDfor and RBDrev. Based on ¢cDNA for
the UK variant, additional mutations of the South African Variant were introduced
by PCR amplification of three fragments using forward primer RBD-for and
reverse primer K417Nrev, forward primer K417Nfor and reverse primer E484Krev,
forward primer E484Kfor and reverse primer RBDrev. Amplified fragments were
assembled by subsequent fusion PCR using forward primer RBDfor and RBDrev,
RBD mutation L452R as recently reported for the SARS-CoV-2 variant of concern
identified in Southern California (referred to in this manuscript as “LA"), was
introduced using primer RBD-for and reverse primer L452Rrev for amplification of
fragment 1 and forward primer L452Rfor for fragment 2. Both fragments were
subsequently fused using primers RBDfor and RBDrev. DNA coding for mutant
RBDs (amino acids 319-541 of respective spike proteins) was cloned into Esp31
and EcoRI site of pCDNA3.4 expression vector with the N-terminal signal peptide
(MGWTLVFLFLLSVTAGVHS) for the secretory pathway that comprises Esp31
site. All expression constructs were verified by sequence analysis. A full list of
primers used in this study can be found in Supplementary Table 3. Confirmed
constructs were expressed in Expi293 cells*>, Briefly, cells were cultivated (37 °C,
125 rpm, 8% (v/v) CO,) to a density of 5.5 x 10 cells/mL, diluted with Expi293F
expression medium and transfection of the corresponding plasmids (1 ug/mL) with
expifectamine as per the manufacturer’s instructions. 20 h post transfection
enhancers were added as per the manufacturer’s instructions. Cell suspensions
were then cultivated for 2-5 days (37 °C, 125 rpm, 8 % (v/v) CO,) and then
centrifuged (4°C, 23,9005g, 20 min) to clarify the supernatant. Supernatants were
then filtered with a 0.22-pm membrane (Millipore, Darmstadt, Germany) and
supplemented with His-A buffer stock solution (20 mM Na2HPO4, 300 mM NacCl,
20 mM imidazole, pH 7.4). The solution was then applied to a HisTrap FF crude
column on an Akta pure system (GE Healthcare, Freiburg, Germany), extensively
washed with His-A buffer, and eluted with an imidazole gradient (50-400 mM).
Eluted proteins were dialyzed against PBS

Bead coupling. Coupling of RBD mutant antigens was done by Anteo coupling
(#A-LMPAKMM-10, Anteo Tech Reagents) following the manufacturer’s
instructions. Briefly, 100 pL of spectrally distinct populations of MagPlex beads
(1.25 x 105) (Luminex) were activated in 100 pL of AnteoBind Activation Reagent
for 1 h at room temperature. The activated beads were washed twice with 100 pL of
Coupling Buffer using a magnetic separator. Following this, 50 yg/mL of antigen
(diluted in Coupling buffer) was added to the beads and incubated for 1h at room
temperature. The beads were then washed twice with 100 uL. Coupling buffer and
blocked for 1h at room temperature in 0.1% BSA in Coupling Buffer. After
washing twice in storage buffer, the beads were stored at 4 °C until further use.

MULTICOV-AB. MULTICOV-AB?*, a multiplex immunoassay that simulta-
neously analyses 20 antigens was performed on all samples. In addition to the
antigens presently included in MULTICOV-AB (Supplementary Table 4), RBD
mutants from variants of concern were also included for measurements of all
serum samples. All RBD mutants except the Mink variant (#40592-VO08HS80, Sino
Biological) were produced in-house. Both IgG and IgA were measured for all serum
samples. To adapt MULTICOV-AB to analyze antibodies in saliva, the dilution
factor was changed from 1:400 for the serum to 1:12 for saliva. Samples were
diluted into assay buffer (1:4 Low Cross Buffer (Candor Bioscience GmBH) in CBS
(1% PBS + 1% BSA) + 0.05% Tween20) inside a sterile workbench. Tn total, 25 uL
of diluted sample was then added to 25 pL of 1% Bead Mix** using a 96-well plate
(#3600, Corning). Samples were incubated for 2 h at 20°C, 750 rpm on a Ther-
momixer (Eppendorf), after which the unbound antibodies were removed by
washing three times with Wash Buffer (1x PBS, 0.05% Tween20) using a
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microplate washer (Biotek 405TS, Biotek Instruments GmBH). Bound antibodies
were detected using either 3 pg/mL RPE-hulgG (¥109-116-098, Dianova) or 5 g/
mL RPE-hulgA (#109-115-011, Dianova) by incubation for 45 min at 20°C,

750 rpm on a thermomixer. Following another washing step, beads were re-
suspended in 100 pL of Wash Buffer and re-shaken for 3 mins at 20 °C, 1000 rpm.
Plates were then measured using a FLEXMAP3D instrument (Luminex) using the
following settings: 80 uL (no timeout), 50 events, Gate:7500-15000 and Report
Gain:Standard PMT. Each sample was measured in three independent experiments.
Three cut-off (CO) samples with a known MFI value were generated as in ref. 4*
and included on each plate as a quality control. CO2 was used to generate the plate-
by-plate CO value for the IgG Spike and wtRBD of SARS-CoV-2, with CO3 being
used for the same purpose but for IgA. Raw median fluorescence intensity (MFI)
values were divided by the mean MFI of CO2 (for IgG) or CO3 (for IgA), included
on each plate to produce a normalization value. For serum measurements of the
Spike and wtRBD of SARS-CoV-2, a normalized MFI value > 1 indicates positivity.

Saliva IgG ELISA. To validate saliva measurements by MULTICOV-AB, samples
were re-measured using an in-house ELISA established by the Institute of Tropical
Medicine, Universitit Ttibingen. Saliva samples were analyzed for SARS-CoV-2
wild-type RBD reactive IgG antibodies by an in-house ELISA developed at the
Institute of Tropical Medicine, University of Tiibingen. SARS-CoV-2 RBD
recombinant protein was dissolved in PBS to a final concentration of 2 ug/mL. In
all, 50 pL was then coated into 96-well Costar microtiter high binding plates
(#3590, Corning) and blocked at 4°C overnight with The Blocking Solution
(Candor Bioscience GmBH), at room temperature on a microplate shaker set to
700 rpm. Before each of the following steps, wells were washed with PBS/0.1%
Tween20. Saliva samples were diluted using The Blocking Solution (1:3-1:729) and
100 pL added to each well. Plates were then incubated at room temperature for 1 h.
For detection, 1:20,000 biotinylated anti-human IgG (#109-065-008, Jackson
Immuno Research Laboratories) and 1:20,000 Streptavidin-HRP (#109-035-098)
were added and incubated for | h and 30 min, respectively. For visualization, TMB
was added and the reaction was stopped using 1 M HCL. The plate was read at
450 nm and 620 nm using a microplate reader (CLARIOstar, BMG LABTECH,
running Software Version 5.40 R2). To estimate the concentration of the IgG
antibodies in the saliva, a dilution series of highly pure human IgG (#31154,
ThermoFisher) was in parallel coated on the ELISA plates and quantified using the
secondary antibodies. A four-parameter logistic curve using MARS Data Analysis
Software Version 3.31 was fitted to the respscllve OD values and the antibody
conc ions in the sample d1e,

assays. Viral assays* for the wild-type (Titl) var-
iant and the South Afncan variant were performed on 16 vaccinated, 6 infected,
and 2 negative serum samples. Briefly, Caco-2 cells were cultured at 37 °C with 5%
CO; in Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% fetal
calf serum (FCS), 2mM r-glutamine, 100 mg/mL penicillin-streptomycin, and 1%
non-essential amino acids (NEAA). The clinical isolate (200325_Tii1)** which
belongs to the lineage B.1.126 is referred to as “wild-type” in this manuscript. The
South African variant (210211_SaV) was isolated from a throat swab collected in
January 2021 at the Institute for Medical Virology and Epidemiology of Viral
Diseases, University Hospital Tiibingen, from a PCR-positive patient. In total,
100 L of patient material was diluted in medium and used to directly inoculate
150,000 Caco-2 cells in a six-well plate. At 48 h post infection, the supernatant was
collected, centrifuged, and stored at —80°C. After two consecutive passages, the
supernatant was tested by qRT-PCR confirming the presence of three point
‘mutations (N501Y, K417N, and E484K). NGS confirmed that the clinical isolate
belongs to the lineage B.1.351. Sequence comparison of the Spike protein of
200325_Til and 210211_SaV can be found as Supplementary Data 1. Caco-2 cell
infection with 210211_SAv was detected by western blotting, using sera from a
convalescent patient. The multiplicity of infection determination (MOT) was
conducted by titration using serial dilutions of both virus stocks. The number of
infectious virus particles per millimeter was calculated as (MOI x cell number)/
(infection volume), where MOI = -In (1 - infection rate}. For neutralization
experiments, 1 x 10% Caco-2 cells/well were seeded in 96-well plates the day before
infection in a medium containing 5% FCS. Cells were co-incubated with SARS-
CoV-2 clinical isolate 200325_Tiil or SARS-CoV-2 clinical isolate 210211_SAv at
an MOI of 0.7. Patient sera were added in serial twofold dilutions from 1:40 to
1:5120. At 48 h post infection, cells were fixed with 80% acetone for 5 min, washed
with PBS, and blocked for 1 h at room temperature (RT) with 10% normal goat
serum (NGS). Cells were incubated for 1h at RT with 100 uL of serum from a
hospitalized convalescent donor in a 1:10,000 dilution and washed three times with
PBS. In total, 100 uL of goat anti-human Alexa594 (1:2000) in PBS was used as a
secondary antibody for 1h at RT. Cells were then washed three times with PBS and
counterstained with 1:20,000 DAPI solution (2 mg/mL) for 10 min at RT. For
quantification of infection rates, images were taken with the Cytation3 (BioTek)
and DAPI-positive and Alexa594-positive cells were automatically counted by the
Gen5 software (BioTek). Virus neutralizing titers (VNTsys) were calculated as the
half-maximal inhibitory dose (IDs;) using 4-parameter nonlinear regression
(GraphPad Prism). An overview of the VNT assay and examples of cells treated
with both variants from one vaccinated and one infected individual’s serum can be
found in Supplementary Fig. 7.

6 NATURE COMMUN

ACE2 competition assay. Biotinylated recombinant human ACE2 (¥10108-
HOBH-B, Sino Biological) was diluted to a final concentration of 571.4 ng/mL in
assay buffer (1:4 Low Cross Buffer (Candor Bioscience GmBH) in CBS (1x PBS +
1% BSA) + 0.05% Tween20) to create ACE2 buffer. Plasma samples were diluted
1:50 in assay buffer and then to a final concentration of 1:400 in ACE2 buffer under
a sterile warkbench, resulting in a final ACE2 concentration of 500 ng/mL in all
samples. In all, 25 uL of diluted plasma samples were then added to 25 ulL of 1x
BeadMix™ per well of a 96-well plate (#3642, Corning). In addition to the standard
bead mix used in MULTICOV-AB, all bead coupled RBD mutants were included.
As a control, 500 ng/ml. ACE2 was also used. Samples were incubated at 21 °C,
750 rpm for 2 h on a thermomixer. Samples were then washed using a microplate
washer with Wash Buffer (1x PBS +0.05% Tween20). 30 uL of 2 pg/mL
Streptavidin-PE (#SAPE-001, Moss) was added to each well and incubated for
45 min, 21°C, 750 rpm in darkness on a thermomixer. Following incubation,
samples were washed again and then resuspended in 100 pL of Wash Buffer, before
being shaken again for 3 min at 1000 rpm. Samples were read individually on a
FLEXMAP3D instrument under the following settings: 80 uL (no timeout), 50
events, Gate: 7500-15,000, Reporter Gain: Standard PMT. MFI values were then
normalized against the control wells. All samples were measured in duplicates and
the mean is reported.

Neutrobody Plex. For further validation of the neutralization response, all samples
were analyzed using the NeutrobodyPlex* using a final Nanobody (NMI1267)
concentration of 2 nM. Samples were diluted 1:25 into assay buffer (same as
MULTICOV-AB) and then a further 1:8 in neutrobody buffer (MULTICOV-AB
assay buffer + 4,56 1M nanobody). In total, 25 L. of diluted sample was then
added to 25 pL of 1x MULTICOV-AB Bead Mix** using a 96-well plate (#3600,
Corning). Samples were incubated for 2 h at 21°C, 750 rpm on a thermomixer
(Eppendorf), after which the unbound antibodies were removed by washing three
times with Wash Buffer (1x PBS, 0.05% Tween20) using a microplate washer
(Biotek 405TS, Biotek Instruments GmBH). Bound antibodies were detected using
3 pg/mL RPE-hulgG (#109-116-098, Dianova) by incubation for 45 mins at 21 °C,
750 rpm on a thermomixer. Following another washing step, beads were re-
suspended in 100 pL. of Wash Buffer and re-shaken for 3 min at 21 °C, 1000 rpm.
Plates were then measured using a FLEXMAP3D instrument (Luminex) using the
same settings as in MULTICOV-AB above. Samples were measured on the same
plate with their respective MULTICOV-AB IgG measurement. In addition to
MULTICOV-AB controls, for plate-to-plate qualification one control sample was
processed on all plates.

Data analysis. Data analysis and figure generation were performed in RStudio
(Version 1.2.5001), running R (version 3.6.1) with the additional packages “bees-
warm” and “RcolorBrewer” for data depiction purposes anly. The type of statistical
analysis performed (when appropriate) is listed in the figure legends. Figures were
generated in Rstudio and then edited for clarity in Inkscape (Inkscape 0.92.4).
Mann-Whitney U test was used to determine the difference between signal dis-
tributions from different sample groups using the “wilcox.test” function from R's
“stats” library. Kendall’s T coefficient was calculated in order to determine the
ordinal association between the observed antibody responses towards RBD mutant
and wild-type proteins using the “cor” function from R’s “stats” library. Linear
regression was performed to assess the reduction in ACE2 neutralization observed
for RBD mutants compared to wild-type proteins using the “Im” function from R’s
“stats” library. Pre-processing of data such as matching sample metadata and
collecting results from multiple assay runs was performed in Excel 2016. GraphPad
Prism version 8.4.0 was used to process VNT data.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper.

Code availability
Custom analysis code in R and required input files have been depasited on GitHub:
https://github.com/BeckerMatthias/Vaccination_VoC_Publication.
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Supplementary Table 1 — Characteristics of Vaccinated and Infected sera

Characteristic Vaccinated Infected
Number of donors 23 35
Median age (IQR) — years 42 (16) 59 (19)
Female sex (%) 5(21.7) 10 (28.6)

1% sample collection — median AT

post first vaccination (range)

21 days (-1 to 22 days)

Not applicable

2" sample collection — median AT

post second vaccination (range)

15 days (-7 to 16 days)

Not applicable

Median AT post positive PCR test

(range)

For both vaccinated and infected groups, the number of donors, median age in years (including
inter-quartile range) and number of females are provided. For vaccinated groups, the median
time post-first vaccination is provided for the first sample, and the median time post-second
vaccination is provided for the second sample. The full range is included for both samples. A
total of 45 samples from 23 vaccinated donors were included in this study. For one individual
a second sample was not taken. One individual had their first sample collected before they
received a vaccination and so they have a negative AT for the first sample. Similarly, two
individuals had their second sample collected before they received their second vaccination

and so they have a negative AT for the second sample. For the infected group, the median AT

Not applicable

14 days (2 — 85 days)

for time between positive PCR test and sample collection is given including the full range.
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Supplementary Table 2 — Characteristics of Vaccinated, Infected and Negative saliva

samples
Characteristic Vaccinated Infected Negative
Number of donors 22 27 49
Median age (IQR) — 43 (16) 38 (25-58) 29 (25-38)
years
Female sex (%) 5(22.7) 17 (63) 27 (55)

For all three groups, the total number of samples, median age in years (including inter-quartile
range) and number of females are provided. The vaccinated samples are from the same
sample group as the serum samples. Infected samples were confirmed by either PCR test or
ELISA (Eurolmmun) plus the presence of at least one identifying COVID-19 symptom.

Negative samples were confirmed to be negative by ELISA (Eurolmmun).
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Supplementary Table 3 — Full list of primers used in this study

Primer Name Sequence (9" to 3)

RBDfor ATATCTAGAGCCACCATGTTCGTGTTTCTGG
N501Yrev CCACGCCATATGTGGGCTGAAAGCCGTAG

N501Yfor GGCTTTCAGCCCACATATGGCGTGGGCTATCAGC
RBDrev AAGATCTGCTAGCTCGAGTCGC

K417Nrev GTTGTAGTCGGCGATGTTGCCTGTCTGTCCAGGG
K417Nfor GACAGACAGGCAACATCGCCGACTACAACTACAAGC
E484Krev GCAGTTGAAGCCTTTCACGCCGTTACAAGGGGT
E484Kfor GTAACGGCGTGAAAGGCTTCAACTGCTACTTCCC
L452Rrev CGGTACCGGTAATTGTAGTTGCCGCCG

L452Rfor GGCAACTACAATTACCGGTACCGGCTGTTCCGGAAG

Full List of primers used in this study for the production of RBD Mutants
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Supplementary Table 4 — Antigens included in MULTICOV-AB

Disease Antigen Manufacturer | Category number
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD NMI -
SARS-CoV-2 S1 domain NMI -
SARS-CoV-2 S2 domain Sino 40590
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 Nucleocapsid N-terminal domain NMI -
hCoV-0C43 Spike Sino 40607-V08B
hCoV-0C43 S1 domain NMI -
hCoV-0C43 Nucleocapsid NMI -
hCoV-OC43 Nucleocapsid N-terminal domain NMI -
hCoV-HKU1 S1 domain NMI -
hCoV-HKU1 Nucleocapsid NMI -
hCoV-HKU1 Nucleocapsid N-terminal domain NMI -
hCoV-NL63 Spike Trimer NMI -
hCoV-NL63 S1 domain NMI -
hCoV-NL63 Nucleocapsid NMI -
hCoV-NL63 Nucleocapsid N-terminal domain NMI -
hCoV-229E S1 domain NMI -
hCoV-229E Nucleocapsid NMI -
hCoV-229E Nucleocapsid N-terminal domain NMI -

Full list of antigens included as standard in MULTICOV-AB (minus controls), their

manufacturer, and if available, their category number. Full details on all NMI produced antigens

can be found in .

194



Appendix

Supplementary Figure 1 — High serum antibody titers after the second vaccination

dose
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The second vaccination appears to plateau the serum antibody response at the Upper Limit of
Detection for MULTICOV-AB. To confirm this, 11 samples consisting of 10 paired samples
from five vaccinated individuals (shown in paired colours) and one negative individual (shown
in black) were examined in a dilution series. Due to the wide range of samples, a log curve is
used for the y axis. The three sera with the highest response maintained a similarly high
response for the initial dilution, indicating a plateau in the range of >40,000 MFI, therefore
suggesting that even for donors with high responses in the first sample, the second vaccination
strongly increased the antibody response. A uniform curve shape for all samples (including the

negative control) confirmed reliability of the generated data. Source data are provided as a

Source Data file.
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Supplementary Figure 2 — RBD reactive IgG detected by ELISA.
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To confirm results for MULTICOV-AB, anti-RBD IgG antibodies in saliva were measured by an
in-house ELISA. As in Fig 2, saliva IgG response was highest in vaccinated individuals. Results
for vaccinated (blue, n=22), infected (red, n=26) and negative (grey, n=45) individuals are
displayed as a Box and whisker plot. Two vaccinated sera samples from individuals not in
contact with active SARS-CoV-2 infected individuals and one sera sample from an individual
who was previously infected with SARS-CoV-2 and then later vaccinated are included as
triangles. Boxes represent the median, 25th and 75th percentiles, whiskers show the largest
and smallest non-outlier values. Outliers were determined by 1.5 times IQR. Negative samples
that measured 0 were raised to 0.1 for display purposes only. For statistical analysis, their true
value was used. Mann-Whitney U (two-sided) was used to determine statistical significance
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between the groups. indicates p-values lower than 0.0001. Source data are provided as a

Source Data file.
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Supplementary Figure 3 — Cross-reactivity of antibodies to endemic coronaviruses in

vaccinated individuals
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Vaccinated individuals did not have an increased antibody response towards S1 proteins of

the endemic coronaviruses 229E (a), NL63 (b), OC43 (c) and HKU1 (d). All samples were

measured using MULTICOV-AB. Light blue (n=25) indicates samples are pre second

vaccination, while dark blue (n=20) indicates samples are post second vaccination. Lines

indicated paired samples from the same donor. Source data are provided as a Source Data

file.
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Supplementary Figure 4 — RBD mutants for the LA and Mink variants have similar

antibody binding compared to the wild-type variant.
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When compared to wild-type (wt), RBD mutants for both the Mink (a) and LA (b) variants of
concern resulted in similar response. RBD mutant antigens were generated (LA) or purchased
(Mink) and added to MULTICOV-AB to measure the immune response towards them from
vaccinated (blue, n=45) and infected (red, n=35) sera, compared to the wild-type RBD. A linear
curve (y=x) is shown as a dashed grey-line to indicate identical response between wild-type

and mutant. Kendall's tau was calculated to measure ordinal association between the mutant
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and wild-type. Source data are provided as a Source Data file.
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Supplementary Figure 5 — NeutrobodyPlex confirms reduced neutralization potential

of vaccinated and infected sera for the wild-type variant
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To further validate the results of the VNT and ACE2 competition assay, NeutrobodyPlex was
used to examine neutralization potential of sera from vaccinated (pre-second dose (light blue,
n=23), post-second dose (dark blue, n=20)) and infected individuals (red, n=28) for wild-type
(wt) RBD. The correlation between NeutrobodyPlex and ACE2 competition assay results is
shown. A linear regression (y=x) was calculated with the R? value shown. Source data are

provided as a Source Data file.
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Supplementary Figure 6 — Neutralization as measured by ACE2 inhibition assay for the

UK, Mink and LA RBD mutants compared to wild-type RBD
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To d|etermine the effect variants of concern had upon neutralization potential, an ACE2
competition assay was developed. RBD mutants for all variants of concern included within this
manuscript (UK (a), Mink (b), LA (c)) were examined as well as the wild-type (wt) variant on
sera from infected (red, n=35) and vaccinated (pre second vaccination (light blue, n=25), post
second vaccination (dark blue, n=20)) individuals. Linear regression (y=x) was calculated for
each panel, with the R? value shown. Linear regressions had the following equations for the
different figure panels: (a) y = -0.026 + 0.820x (b) y = -0.036 + 0.840x (c) y = -0.03 + 0.835x.

Source data are provided as a Source Data file.
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Supplementary Figure 7 — Overview of VNT
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Simple overview of the VNT protocol (a) with examples (b) for cells treated with the wild-type
(SARS-CoV-2-Tili1) and South African (SARS-CoV-2-SAv) for sera from one vaccinated
(Vac9_2) and one infected (S31) individual. A dilution series (1:40 — 1:5120) is shown with the

corresponding images for DAPI-positive and Alexa 594-positive cells. Scale bar = 1000 pm.
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Robust and durable serological response following
pediatric SARS-CoV-2 infection
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The quality and persistence of children’s humoral immune response following SARS-CoV-2
infection remains largely unknown but will be crucial to guide pediatric SARS-CoV-2 vacci-
nation programs. Here, we examine 548 children and 717 adults within 328 households with
at least one member with a previous laboratory-confirmed SARS-CoV-2 infection. We assess
serological response at 3-4 months and 11-12 months after infection using a bead-based
multiplex immuneassay for 23 human coronavirus antigens including SARS-CoV-2 and its
Variants of Concern (VOC) and endemic human coronaviruses (HCoVs), and additionally by
three commercial SARS-CoV-2 antibody assays. Neutralization against wild type SARS-CoV-
2 and the Delta VOC are analysed in a pseudotyped virus assay. Children, compared to
adults, are five times more likely to be asymptomatic, and have higher specific antibody levels
which persist longer (96.2% versus 82.9% still seropositive 11-12 months post infection). Of
note, symptomatic and asymptomatic infections induce similar humoral responses in all age
groups. SARS-CoV-2 infection occurs independent of HCoV serostatus. Neutralization
responses of children and adults are similar, although neutralization is reduced for both
against the Delta VOC. Overall, the long-term humoral immune response to SARS-CoV-2
infection in children is of longer duration than in adults even after asymptomatic infection.

A full list of author affiliations appears at the end of the paper.
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infection with severe acute respiratory syndrome cor-

onavirus type 2 (SARS-CoV-2) remains incomplete. In
light of current debates on vaccination strategies and non-
pharmaceutical preventative measures (e.g. school closures), a
comprehensive understanding of protective immunity after nat-
ural infection in children is required. As with other viral infec-
tions, immune control of SARS-CoV-2 is achieved through a
concerted interplay of humoral and cellular immunity!. Neu-
tralizing antibodies in children are of particular interest in this
context, given their role in blocking virus entry into cells by
inhibiting the interaction between the viral receptor binding
domain (RBD) within the S-glycoprotein and the angiotensin-
converting enzyme 2 (ACE2) receptor?.

Previous longitudinal studies of the humoral response have
found that neutralizing antibodies peak within 3-5 weeks post-
infection with a calculated half-life of up to 8 months, suggesting
long-term protection in convalescent individuals'*-°. However,
most studies only included adults, and longitudinal studies on
SARS-CoV-2 infections in children had limited sample size and
duration of follow-up post-infection®!'3. Furthermore, it remains
unclear as to whether any form of cross-protection is offered by
endemic human coronaviruses (HCoVs) that regularly circulate
in the pediatric population, with some studies identifying cross-
protection and others not!®17,

To provide an in-depth characterization of the humoral
response in children, we initiated a multi-center longitudinal
study, encompassing 328 households each with at least one SARS-
CoV-2-infected member, which were followed for up to
12 months after the first infection in each household. This cohort
is unique as the subjects exhibited mainly asymptomatic or mild
disease with uninfected family members serving as environmental
and age-matched controls. We performed an extensive serological
evaluation of SARS-CoV-2 infection in all household members,
comprising analyses of production of antibodies against various
SARS-CoV-2 antigens, including Variants of Concern (VOCs),
production of neutralizing antibodies and the role of HCoVs.

To date, our knowledge of children’s immune response to

Results

A total of 548 children and 717 adults from 328 houscholds
were examined at T1 and 279 households including 402 chil-
dren and 569 adults were followed to T2 (see Methods and
Appendix for full details, Table 1 for a description of the study
population, Fig. S2 in the Supplementary Appendix for details
on the age structure of the study population). Children were
substantially less often seropositive (33.0% at T1, 37.3% at T2)
than adults (57.7% at T1, 49.4% at T2) (Table 1). Seropositive
participants were almost exclusively mildly or asymptomati-
cally infected. In seropositive individuals, asymptomatic infec-
tions were five times more common in children (44.8% TI,
46.0% T2) than in adults (8.7% T1, 11.0% T2) (Table 1), with
the proportion of asymptomatic infections decreasing with
increasing age (Fig. §3). Overall, hospitalization was rare (3-6%
of adults, 0% of children, Table 1). The performance of the four
serological assays for children and adults at T1 and T2 is shown
in Table S1 and Fig. S4.

The detailed humoral immune response against different
SARS-CoV-2 antigens, assessed by MULTICOV-AB is shown in
Fig. 1. Children had significantly higher antibody titers against
spike (p<0.001), RBD (p<0.001), S1 domain (p<0.001) and
nucleocapsid (p = 0.01) compared to adults at T1. This increased
response was confirmed by the three commercial assays (Fig. $5).
In addition, we observed a large difference in seroreversion, with
only 3.8% of children, but 17.1% of adults seroreverting between
T1 and T2 (Table 1). Seroreversion was not associated with the

2 IATL OMMUN

response to particular antigens, although the largest and smallest
decay in antibody concentrations were observed for antibodies
against the 52 domain and nucleocapsid, respectively, regardless
of age (Fig. 56).

For both children and adults, there was no significant differ-
ence in antibody response between symptomatic and asympto-
matic infections (Figs. 2a, b, §7). The frequency of reported
symptoms differed between adults and children and the pre-
dictive value of each symptom varied between both groups
(Fig. 2¢, d). While any of the symptoms fever, cough, diarrhea or
dysgeusia proved to be a good indicator of infection in adults,
dysgeusia was by far the best predictive symptom in children
(87.50% of children with dysgeusia were seropositive; 95% CI
71.4-952%, 30.5% of children without dysgeusia were ser-
opositive for SARS-CoV-2, 95% CI 29.7-31.3% Fig. 2d). Con-
versely, cough was a poor predictor of SARS-CoV-2 infection in
children (37.4% of children with a cough were seropositive; 95%
CI 29.3-46.3%, 33.0% of children without a cough were ser-
opositive; 95% CI 31.0-35.2%, Fig. 2d). Further examination of
predictive symptoms among children showed that in contrast to
dysgeusia, cough only gained predictive value in children above
the age of 12 and the predictive value of fever increased with age
(Table S2). There was no difference in the humoral response
associated with the presence of particular symptoms in either
adults or children (Fig. S8).

To further explore differences in the antibodies produced by
children and adults, we analyzed their neutralization potential as
well as their binding towards VOCs. The neutralizing potential of
a subset of children’s sera exceeded that of a subset of adults’ at
T1 (p <0.001) and T2 (p = 0.02) (Fig. 3a). However, this could be
attributed to antibody titers, as neutralization in children corre-
lated with the Sl-directed antibody response (Spearman’s rank
0.86, Fig. 3b). There was no difference in antibody binding
responses to the RBD of Alpha and Beta VOCs between adults
and children, with an identical binding for the Alpha variant
compared to wild-type (Spearman’s rank 0.95, Fig. 3¢) and a
reduction in binding for the Beta variant (Spearman’s rank 0.69,
Fig. 3d). Neutralization capacity in the pseudotyped virus assay
was significantly reduced against the Delta VOC compared to
wild-type in both children and adults (p<0.01, Fig. 3e, f).
However, neutralization was present in the majority of the ser-
opositive participants—both adults (77.5%) and children (82.0%).

Seroprevalence against endemic coronaviruses rose sharply
with age in early childhood, and was stable in older children,
adolescents and adults independent of age (Figs. 4a and $9). In
contrast to SARS-CoV-2 seroreversion, HCoV antibody titers
decreased faster in younger children than in adults (Fig. S10).
There were HCoV naive samples in this cohort and some indi-
viduals showed a substantial increase in HCoV antibody response
indicating exposure towards endemic HCoVs between the two
time points (Fig. 4b in red, Fig. S11). Amongst SARS-CoV-2
exposed individuals in households with a defined index case
(index cases excluded from the analysis, see Methods), there was
no difference in HCoV antibody titers between SARS-CoV-2
seropositive and seronegative children or adults (p = 0.21, Figs. 4¢
and $12). In addition, we assessed whether SARS-CoV-2 infection
boosted HCoV antibody responses, however there was no evi-
dence for an association between HCoV antibody responses and
SARS-CoV-2 antibody responses in exposed children or adults
(Spearman’s rank 0.03, Fig. 4d).

Discussion

To our knowledge, this is the largest prospective multi-center
study comprehensively comparing the adult and pediatric long-
itudinal humoral immune response following SARS-CoV-2
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Median (IQR) days from symptoms onset to timepoint (of
seropositive)

109 (67-122)

109 (67-122)

Table 1 D graphics and key tion for the study cohort.

Time point T1 Time point T1 Time point T2 Time point T2
Number of participants by age group (n) Adult (717) Children (548) Adult (569) Children (402)
Median Age - years (IQR) 44 (37-49) 10 (6-13) 45 (38-50) 10 (6-14)
Number of females (%) 362 (50.5) 277 (50.6) 297 (52.2) 202 (50.3)
BMI (IQR) 254 (22.2-27.7) 17.4 14.9-19.5) 247 (223-287) 17.0 (15.0-19.7)
Number of sercpositive participants 414 (57.7) 181(33.0) 281 (49.4) 150 (37.3)

* Asymptomatic (%) 36 (8.7) 81(44.8) 31 (M. 69 (46.0)

* Symptomatic (%) 378 (91.3) 100 (55.2) 250 (89.0) 81 (54.0)
Seroreverted at T2 (%) NA NA FARAFAD] 7338
Symptoms at disease onset (of seropositive) E . - -

» Fever (%) 217 (52.4) 66 (36.5) 151 (537) 49 (32.7)

+ Cough (%) 221 (53.4) 37 (20.4) 154 (54.8) 33 (220)

* Dysgeusia (%) 266 (64.3) 28 (15.5) 176 (62.6) 24 (16.0)

* Diarrhea (%) 75 (18.1) 18 (9.9) 55 (19.6) 16 (10.7)
Median (IQR) days from positive PCR test result to timepoint 96 (63-120) 96 (63-120) 333 (319-353) 333 (319-353)

340 (322-356)

340 (322-356)

size at Time point 1and Time point 2, respectively

BMI Body Mass Index, IQR Interquartile Range, NA not applicable, PCR Palymerase Chain Reaction.

Hospitalized (of seropaositive) (%) 15 (3.6) 0(0.0) NA NA
Vaccinated (%) NA NA 24 (4.2) 1(03)
Number of households 328 328 279 279

Median (IQR) number of household members 4(3-4) 4(3-4) 4 (3-4) 4 (3-4)

See methods for definition of how samples were defined as being i P Median time from positive PCR test to time point (n = 368 at T, n = 310 at T2) and median

time fram symptoms onset to time paint (n — 349 at T1, n— 243 at T2) are calculated using v samples for which this data was available. Percentages of seropositive participants refer to the sample
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Fig. 1 Children have a significantly higher humoral response to SARS-CoV-2 than adults. The humoral response generated following SARS-CoV-2
household exposure with seroconversion was examined using MULTICOV-AB. Children (orange, n =181} produced significantly more antibodies
against the Spike (a p = 6.00 x 10-©), Recepter Binding Domain (RBD) (b p= 2.86 x10-), 51 domain (e p = 3.00x10-'%) and nucleocapsid (NC)

(e p=176x10"2) than adults (blue, n = 414). There was no significant difference for either the 52 domain (d p=0.66) or the N-terminal domain of the
nucleocapsid (NC NTD) (f p=0.40). Only samples from T1 with a seropositive status (see Methods) are shown. Box and whisker plots with the box
representing the median, 25th and 75th percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were identified using upper/
lower quartile +1.5 times IQR. Statistical significance was calculated using Mann-Whitney-U (two-sided) with significance defined as being *<0.05,
“**<£0.001. Values >0.05 were defined as non-significant (ns). MFI Median Fluorescence Intensity.

AMUNIC INS | (2022)13:128 | https://doi.org/10.1038/541467-021-27595-3 | www.nature.com/naturecemmunications 3

209



Appendix

ARTICLE e

[\
(=2

ns ns
1 1

[ * [

: g4 T =8 1

o M =

8 i ! 8 ¢ I

E : E . ;

2 s g i E

- o $ - o 4

o . o o a

=) of =2 -3

o 4 o) % I

o @ A

5 H 5 3 $

o 2 o -

L == 2 o

2 e Y : e ¥ i

3 : S & 3

%] o 1]

4 4 ¥ +

@ T @ ' 5

(=R e o —_— —
T T T T
Symptomatic Asymptomatic Symptomatic Asymptomatic

100
1

80
1

40

Individuals exhibting symptom (%) o
20 60
I

Adult  Child Adult  Child Adult  Child Adult  Child

Fever Cough Diarrhea Dysguesia
d
g 81
=~ =
3
5 8
g
o
2 8
5
(23
a ¥
>
Q
Q o
w N
4
<
w o
+ - + - + - + - + - + - + - + -
Adult  Child Adult Child Adult  Child Adult Child
Fever Cough Diarrhea Dysguesia
Fig. 2 SARS-CoV-2 infections in children are more often asymptomatic than in adults, alth h d ia is a good indi of SARS-CoV-2 infection

in both adults and children. Box and whisker plots showing that there is no difference in antibody response between asymptomatic and symptomatic
SARS-CoV-2 infections in adults (a in blue, p = 0.684, n = 414) or children (b in orange, p = 0.712, n=181), as assessed by MULTICOV-AB. The receptor
binding domain (RBD) is shown as an example, all other SARS-CoV-2 antigens are shown in Fig. S7. Boxes represent the median, 25th and 75th percentiles,
while whiskers show the largest and smallest non-outlier values. Outliers were identified using upper/lower quartile 1.5 times IQR. Statistical significance
was calculated using Mann-Whitney-U (two-sided). ns indicates a non-significant p value >0.05. The four symptoms reported in this study were then
examined for their frequency within the study population (¢}, with all symptoms more commonly reported in seropositive adults (in blue) than seropositive
children (in orange). Each symptom was then examined for its predictive ability to indicate SARS-CoV-2 infection (d), with dysgeusia a strong predictor in
both adults (dark blue, 84.2%) and children (dark orange, 87-5%). All other symptoms were poor predictors in children (fever 59.5%, cough 37.4%,
diarrhea 54.6%) compared to adults (fever 85.8%, cough 75.0%, diarrhea 80.7%). Only samples from T1 were analyzed for this figure (n = 717 adults, 548
children). “+" indicates presence of the symptom “—" indicates absence of the symptom. MFl Median Fluorescence Intensity.
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household exposure. As the humoral immunity against SARS-
CoV-2 is now increasingly accepted as the central correlate of
protection!®-20, improving our incomplete understanding in
children?1:22 is of considerable value for public health and vac-
cination strategies. Importantly, our outpatient cohort has high
epidemiological relevance, as a mild course is the most frequent
outcome of SARS-CoV-2 infection overall?®. Our findings iden-
tify several unique features of the pediatric serological immune
response against SARS-CoV-2.

Children had a lower seroprevalence after household exposure
and seropositivity followed asymptomatic infection more fre-
quently than in adults. This is in agreement with our previous
report of a different cohort consisting of parent-child pairs*%. In
light of potential pediatric vaccination campaigns, children’s

humoral response to SARS-CoV-2 is markedly increased in both
quantity and longevity, with children seroreverting at a sig-
nificantly lower pace than adults. Children generated higher titers
of SARS-CoV-2 antibodies than their parents after being exposed
to likely same viral strain, and antibody titers negatively corre-
lated with age. Of particular interest are the increase in antibodies
produced against the S1 domain and RBD, both of which are
associated with higher neutralization capacity, indicating that
children produce a high quality humoral response against SARS-
CoV-221325 The quality of the pediatric humoral response is
further illustrated by the similar binding capacity against the
SARS-CoV-2 Alpha and Beta VOCs and a similar neutralization
capacity towards the Delta VOC compared to adults. These data
argue for the generation of a protective long-term humoral
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Fig. 3 Children and adults produce antibodies with equal neutralizing potential and their antibodies offer the same protection against Variants of
Concern. a Box and whisker plot showing that antibodies produced by children (orange, n = 118) have a significantly higher inhibition of ACE2 binding than
those produced by adults (blue, n =267, p=4.37x10"'3) at T1 and T2 (p = 0.02, child n= 59, adult n = 106) as determined by the sVNT assay. Boxes
represent the median, 25th and 75th percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were identified using upper/
lower quartile £1.5 times |QR. Statistical significance was calculated using Mann-Whitney-U (two-sided) with *** indicating a p value < 0.001, * indicating a
p value < 0.05, and ns indicating a non-significant p value > 0.05. To determine whether this was due to the higher titers in children, SARS-CoV-2 51
humaral response was determined using MULTICOV-AB for T1 and plotted against the results of the sVNT assay (b). Spearman’s rank was calculated to
measure the ordinal association between them, confirming that the increase in neutralization is due to higher titers. Protection against the Alpha (¢) and
Beta (d) VOCs was determined by MULTICOV-AB and plotted as a linear regression against the antibody binding response to the wild-type (wt) receptor
binding domain (RBD), with Spearman’s rank calculated to measure the ordinal association, There was no difference in antibody response between children
(n=166, T1 samples only) and adults (n = 381, T1 samples only) for either variant. (e) Box and whisker plot showing reduced neutralization responses in
both adults (blue, n =142, p= 4.38 x 10-3) and children (crange, n = 83, p = 6.36 x 10~3) against Delta VOC as compared to WT as determined by a
pseudotype virus assay (VNT). Boxes represent the median, 25th and 75th percentiles, while whiskers show the largest and smallest non-outlier values.
Qutliers were identified using upper/lower quartile £1.5 times IQR. Statistical significance was calculated using Mann-Whitney-U (two-sided) with **
indicating a p value < 0-01 and ns indicating a non-significant value >0.05. Titers are given as serum dilution factor resulting in 50% pseudovirus
neutralization (PYNT50). The dashed line represents the lower limit of detection. f Linear regression comparing wild-type (VNTwt) and delta (VNTdelta)

neutralization responses with Spearman’s rank calculated to measure the ordinal association. ACE2 angiotensin-converting enzyme 2, MFI Median
Fluorescence Intensity, (s)¥NT (surrogate) Virus Neutralization Test, wt wild type.

immune response also against VOCs after wild-type SARS-CoV-2
infection, but the quality and duration of this protection can only
be estimated following known exposure to VOCs. Children also
had significantly higher neutralizing antibody titers than adults,
indicating increased protection. This increase in neutralization
was directly correlated with higher antibody titers in the other
assays, and therefore may not be due to substantial qualitative
changes of the pediatric antibody profiles. These findings are in
line with one preprinted study?® but in contrast to two previous
studies, which found that children generated a lower humoral
response to SARS-CoV-2 than adults, with a corresponding
reduction in neutralization activity!®2, However, compared to
our cohort, all three studies were substantially smaller in sample
size and the latter two investigated a different disease spectrum
comprising mostly hospitalized children or those diagnosed with
hyperinflammatory MIS-C syndrome, and sampled blood at
earlier time points after presumed infection.

It is striking that antibody levels in seropositive individuals
were independent of fever, cough or diarrhea, as clinical proxies
for systemic or localized inflammation of the respiratory or gas-
trointestinal tract, respectively. Previous studies have reported a
clear correlation between disease severity and neutralizing anti-
body titers in adults®?7. At the other end of the disease spectrum
with mildly affected younger adults and children as in our cohort,
this association was not detectable irrespective of age. This
diverges from the classical infection immunology dogma that
systemic pathogen-host interaction is required for the generation
of robust immune memory. While titers themselves did not differ
between asymptomatic and symptomatic infections, we found
substantial differences in titers between adults and children.
Presence of any symptom was predictive of seropositivity in
adults, whereas children showed substantial differences in both
the prevalence of symptoms in seropositive individuals and the
predictive values of symptoms with respect to SARS-CoV-2 ser-
opositivity. Since cough was a relatively common symptom in
children irrespective of seroconversion, it was not useful in pre-
dicting SARS-CoV-2 infection. In contrast, dysgeusia, an infre-
quent symptom among children, was highly accurate in
predicting infection. These findings suggest that symptom criteria
used for subsequent PCR testing need to be different for children
and adults.

Similarly to other authors?®, we identified that exposure to
HCoVs, as measured by seropositivity typically happens within
the first five years of life. The relatively small decline of HCoV
antibody levels during the study period, especially in the adult
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population, in comparison to the decline in SARS-CoV-2 anti-
body levels after a single infection suggests that long-term ser-
ological immunity against HCoVs may be driven by recurrent
exposure. We observed HCoV infections in previously naive
individuals, indicating that endemic HCoVs still circulated
between T1 and T2 despite SARS-CoV-2 related distancing and
hygiene measures. Although cross-reactivity and/or cross-
protection between SARS-CoV-2 and HCoVs have been hypo-
thesized, our analyses did not find evidence for such effects. For
both Alpha- and Beta-coronaviruses, HCoV antibody responses
were not associated with a lower likelihood of seroconversion
following SARS-CoV-2 exposure. Along with frequent HCoV
seronegativity in younger childhood, this strongly argues that the
lower incidence of SARS-CoV-2 infection in children is not due
to HCoV cross-protection. Moreover, there was no evidence for
boosting of HCoV titers following SARS-CoV-2 infection. In
contrast to other studies which did identify an effect for endemic
HCoV infection, our cohort is composed of intensely exposed
individuals from within the same households, which is a sub-
stantial strength compared to previous studies that have used pre-
pandemic sera or indirect control groups!©:26:29,

Limitations of our study include the potential recall-bias
inherent to retrospective self- or parent-reporting of symptoms
via questionnaires and physician-interviews. Additionally, PCR
tests for SARS-CoV-2 during the first wave in Germany were
mostly limited to the household index case, meaning it is possible
that infected individuals were not identified as such, despite the
multi-assay serological approach. However, the in-depth char-
acterization of the humoral response provides valuable data for
clinicians, public health officials and the public, at a time when
children are increasingly viewed as a potential viral reservoir due
to exclusion of pediatric populations from current vaccination
strategies. Moreover, the limited PCR capacities make it also
possible that non-index study participants were additionally
exposed to unknown infection sources outside of their household.
Given the relatively low incidence in Germany during the first
wave (peak incidence spring 2020 45 cases/100.000/7 days) and
the strict lockdown measures including school closures, this
scenario can be assumed to be a rare event. Similarly, while PCR
testing was not available for all individuals, the strength of this
cohort comes from the comparatively large number of children,
inclusion of children and adults from the same household, the
inclusion of seronegative household members as well-matched
controls, and the prospective longitudinal analysis of the humoral
response in children for up to one year post-infection. The
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with mild or asymptomatic infections and so provides real-world
data representative for the majority of SARS-CoV-2 infections in
the community. It should be also stated that while all samples
were analysed using a range of serological assays, only a subset of
samples were analysed for their neutralizing capabilities, and as
such, caution should be applied in extrapolating the implications
regarding the neutralizing response to all study participants.

In summary, although children mostly show mild or even
asymptomatic clinical courses following SARS-CoV-2 infection,
they mount a strong and enduring humoral immune response.
This strongly argues for sustained protection after infection, and
might inform the design of vaccination strategies for SARS-CoV-
2 convalescent children.

IMUNIC JNS | (2022)13:128 | https://doi.org /10.1038/541467-021-27595-

Cohort. This study forms part of a non-interventional, prospective observational
national multi-center cohort study’, including 548 children and 717 adults from
328 households each with at least one individual with a SARS-CoV-2 reverse-
transcriptase polymerase chain reaction (RT-PCR) proven infection and/or a
symptomatic and later serologically proven infection. Participants were recruited
during the first wave of the pandemic (May to August 2020) via local health
authorities and an in-hospital database of households with at least one laboratory-
confirmed SARS-CoV-2 infection. Due to restrictions in obtaining a SARS-CoV-2
RT-PCR test during the first wave (children and asymptomatic contacts of an index
case were not tested routinely), serological assays were the only means to identify
previous infection, This study was ated by the four University Children’s
Hospitals of Freiburg, Heidelberg, Tiibingen and Ulm and approved by the inde-
pendent ethics committees of each center. Sera and data for this substudy were
collected at the study sites in Freiburg, Tiibingen and Ulm. Participants were asked
to fill a questionnaire at time point 1 (May- August 2020) and follow-up time point
2 (February-March 2021).

9 | www.nature.com/naturecommunications

213



Appendix

ARTICLE

Fig. 4 HCoVs offer no protection against SARS-CoV-2, nor do they show a boost-back antibody resp following SARS-CoV-2 infection. Samples
from households with a known index case (n=971) were examined with MULTICOV-AB to determine whether the antibody response to endemic
coronaviruses (HCoV) provides any protection against infection with SARS-CoV/-2. Initial screening of the population showed that seroprevalence
increases with age, although several samples were within the blank range of the HCoV assays, indicating the presence of naive samples (a). Naive samples
were defined as those having less than one-tenth the mean antibedy response (indicated by dotted line), with the majority of these samples occurring in
children under the age of five. HCoV-OC43 is shown as an example, all other HCoVs can be found as Fig. S9. Boxes represent the median, 25th and 75th
percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were identified using upper/lower quartile £1.5 times IQR. b Line
graph showing the longitudinal response of these naive samples from T1 to T2, with new infections in HCoV-OC43 shown in red. € Box and whisker plot
showing there is no significant difference in HCoV-0C43 antibody response between SARS-CoV-2 seropositive and seronegative individuals, among either
adults (blue, n= 440, p = 0.974) or children (orange, n =436, p=0-214). Boxes represent the median, 25th and 75th percentiles, while whiskers show
the largest and smallest non-outlier values. Outliers were identified using upper/lower quartile £1.5 times IQR. Statistical significance was calculated by
Mann-Whitney-U (two-sided) with *** indicating a p value < 0-001 and ns indicating a p value > 0-05. d When comparing paired samples longitudinally
within the SARS-CoV-2 seropositive subgroup, there was no increase in HCoV-0C43 51 response in either adults (blue, n = 76) or children (orange,
n=103) following SARS-CoV-2 infection. Change in response is presented as log2-fold change from T1 to T2 and only samples with either log2-fold
change greater than 1 or smaller than —1 are shown. Spearman'’s rank was used to calculate the ordinal association between the change in respanse for
HCoV-0C43 and SARS-CoV-2. The same figures for the endemic coronaviruses HCoV-NL63, HCoV-HKUT and HCoV-229E can be found as Figs. 59, ST11

and 512. HCoW human Coronavirus, MFI Median Fluorescence Intensity, S1 Spike S1 domain,, 51 Spike S1.

Study participants and eligibility criteria. Families were identified during the
first wave of the pandemic between May and August 2020 in the region of
Baden-Wiirttemberg, Germany.

Inclusion criteria:

(i) Children (male or female) aged 1-18 years.
(ii)  Parents and other adults (male or female) living in the same household with
the investigated children (without age limit).
(iii) Residency in the state of Baden-Wiirttemberg.
(iv)  Written consent to the study.
Key exclusion criteria:

(i) Severe congenital diseases (e.g. infantile cerebral palsy, severe congenital
malformations).

C ital or acquired i deficiencies.

Insufficient comprehension of German language.

(i)
(ii)

Data collection. Children and adults within eligible households completed a
questionnaire containing demographic information (date of birth, gender, height,
weight, smoking), the presence of symptoms (fever, cough, dysgeusia or diarrhea)
in plausible temporal association (max. two weeks prior or later) with the onset of
the SARS-CoV-2 infection within the household or around the time of a positive
SARS-CoV-2 RT-PCR, and symptom duration. For younger children, parents
provided symptom information. They additionally provided serum samples for
immunological analysis at time point 1 and at follow-up time point 2 after the
SARS-CoV-2 infection within the household. Data on vaccination and potential re-
infection within the household were collected at time point 2. We investigated all
invited households with at least one child to aveid selection bias. Questionnaires
were checked for missing or inad data and inconsistencies; where possible,
these points were clarified retrospectively with the families. To predetermine the
sample size, we used a one-factor variance analysis design. Assuming 1.5 children
per household participating in the study and three different age ranges, we aimed at
a sample size of =200 households to reveal small effect sizes of about 0.1 at a
significance level of 5% and a test strength of 80%.

Data variables. Samples were defined as being “symptomatic” on the basis of
having at least one of four (fever, cough, diarrhea and dysguesia) symptoms, in
addition to a positive serology result. “Asymptomatic” samples were defined as
those without any of the above symptoms and a positive serology result. For some
households (7 =272} an “index case” was defined. This is the first household
member 1o test positive for SARS-CoV-2 by RT-PCR. The majority of index cases
in this study were adults (249 of 272). No index was defined for households where
additional household members tested positive by RT-PCR within 48 hours of the
first positive test or where infection was identified by the combination of positive
serology and symptoms only. If a household had a defined index case, then all other
household members were considered “exposed”. “Time post symptom onset”
within a household was calculated as the number of days between the first date of
symptom onset in any seropositive individual within a household and the sampling
date at T1 and T2 respectively.

Study oversight. This part of the study was conducted by the University Chil-
dren’s Hospitals in Freiburg, Tiibingen and Ulm, Germany. Ethics approval was
obtained from the respective Medical Faculties” independent ethics committees
(University of Freiburg: 256/20_201553; University of Tiibingen: 293/2020B02;
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University of Ulm: 152/20). Written informed consent was obtained from adult
participants and from parents or legal guardians on behalf of their children at both
sampling time points. Children’s preferences on whether or not to provide a blood
sample were respected throughout. This study was registered at the German
Clinical Trials Register (DRKS), study ID 00021521, conducted according to the
Declaration of Helsinki, and designed, analyzed and reported according to the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guidelines. The full study protocol can be found at (https://www.drks.de/
drks_web/navigate.do?navigationId=trial HTML&TRIAL_ID=DRKS00021521).

Blood sample collection. Samples were collected at two separate time points, an
early time point (T1) at a median of 109 days (IQR 67-122 days) after earliest
symptom onset in household and a late time point (T2) at 340 days (IQR
322-356 days) post-symptom onset (Table 1, Fig. S1 in Supplementary Appendix).
Blood samples were collected by venipuncture from all consenting adults and
children within the study. Serum was separated on the same day by centrifugation,
aliquoted and frozen at —80 °C until used.

Serological assays. Antibodies against SARS-CoV-2 in 2236 samples were
detected using the following four assays: (1) Eurolmmun-Anti-SARS-CoV-2 ELISA
1gG (S1), (2) Siemens Healthineers SARS-CoV-2 IgG (RBD), (3) Roche Eleesys Ig
(Nucleocapsid Pan Ig) and (4) MULTICOV-AB, a previously published bead-based

Itiplex i that simul ly analyses antibody binding to 23
antigens from SARS-CoV-2 (including VOCs)*1-*2, Seropositivity was defined as
any three of the four SARS-CaV-2 assays being positive. The MULTICOV-AB
assay also analyses antibody binding to endemic coronavirus antigens (i.e. HCoV-
0C43, -NL63, -HKU1 and —229E)°132,

Eurolmmun Anti-SARS-CoV-2 ELISA. The Eurolmmun Anti-SARS-CoV-2 ELISA
(1gG) was performed as the manufacturer’s instructions to detect IgG antibodies
against the $1 domain of the SARS-CoV-2 spike protein. All 2236 samples used in
the final analysis were measured with this assay. All samples were processed with
the specified controls and calibrators. Serological analysis was performed blinded
for all clinical covariables.

Siemens Healthineers SARS-CoV-2 IgG (sCOVG). The Siemens sCOVG assay was
performed as per the manufacturer’s instructions on an Advia Centaur XPT
platform to detect IgG antibodies against the receptor-binding-domain (RBD) of
the SARS-CoV-2 spike protein. All 2,236 samples used in the final analysis were
measured with this assay. All samples were processed with the specified controls
and calibrators. Serological analysis was performed blinded for all clinical
covariables.

Roche Flecsys Electrochemiluminescence immunoassay (ECLIA). The Roche Flecsys
ECLIA was performed as per the manufacturer’s instruction on a Cobas e411 or
€811 platform to detect IgG, IgA and IgM antibodies against the nucleocapsid of
SARS-CoV-2. All 2236 samples used in the final analysis were measured with this
assay. All samples were processed with the specified controls and calibrators.
Serological analysis was performed blinded for all clinical covariables.

MULTICOV-AB™ All 2236 samples used in the final analysis were analyzed using
MULTICOV-AB"!, a bead-based i that si ousl

analyzes 23 antigens from SARS-CoV-2 (including RBDs from variants of concern
and endemic human coronaviruses)®!. A full list of antigens used in this study can
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be found in Table $3. Samples were measured in 384-well plates, with all pipetting
steps performed using a Beckmann Coulter i7 pipetting robot. Antigens were
coupled by EDC/s-NHS or Anteo coupling to spectrally distinct populations of
MagPlex beads (Luminex Technology). Samples were diluted in assay buffer (1:4
Low Cross Buffer (Candor Bioscience GmBH) in CBS (1x PBS + 1% BSA) +
0.05% Tween20) and added to bead mix to a final dilution factor of 1:400, before
being incubated for 2 hours at 21 °C on a thermomixer (1500rpm). Unbound
antibodies were then removed by washing with Wash buffer (1x PBS, 0.05%
Tween20). Bound antibodies were detected using RPE-conjugated human 1gG

(3 pg/mL) and TgA (5 pgfmL) (both Biozol) by incubation for 45 mins at 21 °C,
1800 rpm on a thermomixer. Following a further washing step, beads were
resuspended in 80 pL of washing buffer and shaken briefly for 3 mins at 1500 rpm.
Plates were then measured using a FLEXMAP-3D (Luminex Technology) instru-
ment running XPONENT Software (version 4.3} with the following settings: 60 pL,
805 timeout, 35 events, Gate 7500-15000 and Reporter Gain: Standard PMT. For
quality control, eight wells for each QC sample plus eight blank wells (negative
control) were included on each 384-well plate’'~*%, Additionally, control beads
coupled with human IgG, goat-anti-human IgG, human IgA and goat-anti-human
IgA were included in each well to act as controls for both sample addition and
signal system addition. To pass QC, each sample had to meet the minimum
threshold for number of beads per ID (35), have a sample and signal system control
bead value within normal range and pass plate-by-plate QC sample controls. Any
plate or sample that failed QC was re-measured (83/2,390). Normalization values
for each antigen were generated by dividing the raw median fluorescence intensity
(MFI) value by the mean plate-by-plate MFI of QC2 (IgG) or QC3 (IgA). For
SARS-CoV-2, normalization values >1 for the trimeric spike and wild-type RBD
indicate positivity. To reduce analytical variations, all samples were analyzed in the
same run. Serological analysis was performed blinded for all clinical covariables.
Technical questions regarding the MULTICOV-AB"assay should be directed to
nicole.schneiderhan@nmi.de.

Surrogate SARS-CoV-2 Neutralization Test. A subset of 385 samples were analyzed
for neutralization with the surrogate SARS-CoV-2 neutralization test (GenScript)
as per the manufacturer’s instructions and as published previously**. Briefly,
samples and controls were incubated with an HRP-conjugated RBD fragment,
Following this, the mixture was added to wells of a capture plate coated with
human ACE2 protein. The plate was then washed three times to remove any
complexes or non-bound antibodies. TMB was added and then stopped with the
addition of a stop reagent. The plate was then read by a microtiter plate reader
(POLARstar Omega) at 450 nm. The absorbance of the sample is inversely cor-
related with the amount of SARS-CoV-2 neutralizing antibodies. Positive and
negative controls served as internal assay quality controls. The test was considered
valid only if the OD450 for each control fell within the respective range
(OD450negative control >1.0, OD450positive control <0.3). For final interpreta-
tion, inhibition rates were calculated as follows: Inhibition score (%) = (1 — (OD
valuesample/OD valuenegative control) x 100%). Scores <30% were considered
negative, scores =30% were considered positive.

Cell culture. Vero E6 (African green monkey, female, kidney; CRL-1586, ATCC,
RRID:CVCL_0574) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 2.5% heat-inactivated fetal calf serum (FCS),
100 units/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium
pyruvate, and 1x non-essential amino acids. HEK293T (human, female, kidney; ACC-
635, DSMZ, RRID: CVCL_0063) cells were grown in DMEM supplemented with 10%
FCS, 100 units/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine. All
cells were grown at 37 °C in a 5% CO2 humidified incubator.

Preparation of pseudotyped particles. Rhabdoviral pseudotype particles were
prepared as previously described*. A replication-deficient VSV vector in which the
genetic information for VSV-G is replaced by genes encoding enhanced green fluor-
escent protein and firefly luciferase 3 (kindly provided by Gert Zimmer, Institute of
Virology and Immunology, Mittelhiiusern, Switzerland) was used for pseudotyping.
HEK293T cells were transfected with expression plasmids encoding SARS-CoV-2 spike
variants D614G 4 (pCG1_SARS-2-Sdel18_D614G, kindly provided by Stefan Pohl-
mann) or B.1.617.2/Delta*, containing the spike mutations T19R, G142D, E156-, F157-
» RI58G, 1452R, T478K, D614G, P68IR, DI5ON and a 19AA C-terminal deletion
(pcDNA3.1-525-IN2(B.1.617.2)a19. 24 h post transfection, cells were inoculated with
VSV vector. After 2 h incubation at 37 °C, the inoculum was removed, cells were
washed with PBS and fresh medium added. After 16-18 h, the supernatant was col-
lected and centrifuged (2,000 < g, 5 min, room temperature) to remove cellular debris.
Cell culture medium containing anti-VSV-G antibody (I1-hybridoma cells; ATCC no.
CRL-2700) was added to block residual VSV-G-containing particles. Samples were then
aliquoted and stored at —80°C.

Pseudovirus neutralization assay. A subset of 225 samples were examined by
Pseudovirus neutralization assay against Wild-type (B1 isolate) and the delta VOC
(B.1.617.2). For pseudovirus neutralization experiments, Vero E6 cells were seeded in
96-well plates one day prior. Heat-inactivated (56 °C, 30 min) sera were serially diluted

in PBS, mixed with pseudovirus stocks (1:1, viv) and incubated for 30 min at 37°C
before being added to cells. After 16-18 h, firefly luciferase activity was quantified as a
readout for transduction efficiency. For this, cells were lysed by incubation with Cell
Culture Lysis Reagent (Promega) at room temperature. Lysates were then transferred
into white 96-well plates and luciferase activity was measured using a commercially
available substrate (Luciferase Assay System, Promega) and a plate luminometer (Orion
11 Microplate Luminometer running Simplicity Software v4.2, Berthold). For analysis,
background signal of untreated cells was subtracted and values normalized to pseu-
dovirus mixed with PBS only. Results are given as serum dilution resulting in 50%
pseudovirus neutralization (PVNT50) on cells, calculated by nonlinear regression
([Inhibitor] vs. normalized response-Variable slope) in GraphPad Prism Version 9.1.1.
The upper and lower cutoff values of this assay were set at PYNT50 >81,920 and
PVNTS50 <20, respectively.

Data analysis. Initial data collection was done using Microsoft Excel and Access.
Formal data analysis was performed on RStudio (Version 1.2.5001, running R 3.6.1)
with the following additional packages: “RColorBrewer”, “beeswarm”, “gplots”,
“VennDiagram”, all of which were used solely for data depiction and not statistical
analysis. Figures were generated in RStudio and then edited for clarity in Inkscape
(Inkscape 0.92.4). Only samples for which full data for MULTICOV-AB was available
were included in the analysis. Furthermore, only samples from time point 1 were used
for all longitudinal analyses. For longitudinal analyses, only those participants for
whom both T1 and T2 samples were available were included and all participants who
were vaccinated prior to T2 were excluded. For analysis of potential cross-protection
though endemic coronaviruses, only households with a known index case were used
and the index case itself was excluded. Statistical analyses performed are described in the
figure legends. For comparison of signal distribution between sample groups,
Mann-Whitney-U tests were performed using the “wilcox.test” function from R’s
“stats” library. For correlation analysis, Spearman’s rank was calculated using the “cor”
function from R’s “stats” library. p values < 0.05 were considered to be significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked 1o this article.

Data availabi
A short version of the study protocol is available at the German Clinical Trials Register
(DRKS, www.drks.de), study 1D 00021521, The full study protocol is available from
https://www.drks.de/drks_web/navigate.do?navigationld=trial HTML&TRIAL_ID-
DRKS00021521. Individual participant data, including data dictionaries will not be
available, since we did not seek parental consent for data sharing.

Code availability

Code will be available upon reasonable request.
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Figure S1: Overview of the time points within the study population. lllustration of
study design, from exposure to study participation time points. Times shown are the

IQR for each time point. T1 — Time point 1, T2 — Time point 2.
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MULTICOV-AB Eurolmmun Siemens Roche
[ SpikeandRBD [] S1domain [] RBD ] Nucleocapsid
1gG 1gG IgG panlg

Figure S4 — Comparative performance of the different serology assays used in
this study. 4-way Venn diagrams showing how each assay classified samples as
being seropositive for T1 (a and b) and T2 (c and d) for adults (a and c¢) and children
(b and d). Samples were classified as being positive if three or more assays
classified them as being positive (shown in red). Negative samples for all assays are
indicated in the bottom left corner of the boxes. Assays are color-coded as defined by
the key including the manufacturer or name of the assay, which antigen it uses as a

target and which lg-isotype it measures. RBD - receptor binding domain.
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Figure S5 — Children have higher antibody responses than adults. Seropositive
children (orange, n=181) had significantly higher IgG antibody titres against S1 (a,
p=1.52x10-'8), receptor binding domain (RBD) (b, p=7.05x10"*) and nucleocapsid
(NC) (¢, p=7.55x10719) than seropositive adults (blue, n=414) as determined using the
commercial Eurolmmun (a), Siemens (b) and Roche (c) assays at T1. The Ig isotype
measured with each assay is indicated on the axis. Seropositive adults and children
were identified using the multi-assay definition of seropositivity explained in the
Method section. Box and whisker plots with the box representing the median, 25th
and 75th percentiles, while whiskers show the largest and smallest non-outlier
values. Outliers were identified using upper/lower quartile £ 1-5 times IQR. Statistical
significance was calculated by Mann-Whitney-U (two-sided) with *** indicating a p-

value <0-001.
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Figure S6 — Antibody decay occurs at the same rate in adults and children.
Longitudinal comparison of T1 and T2 samples using MULTICOV-AB to determine
the rate of antibody decay. The IgG antibodies against spike trimer, receptor binding
domain (RBD), S1 domain, S2 domain and nucleocapsid (NC) of SARS-CoV-2 are
shown. Samples are separated into distinct age groups: under 5 years old (n=28), 6-
11 (n=61), 12-18 (n=68), 19-24 (n=14), 25-34 (n=21), 35-44 (n=117), 45-54 (n=148)
and over 55 years old (n=31). All y-axis show the normalized MFI. Red lines indicate
mean rates of decrease; grey boxes indicate +1 standard deviation. Sr indicates
proportion of signal remaining, calculated as the ratio of the mean MFI at T2

compared to the mean MF| at T1. MFI — median fluorescence intensity.
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Figure S7 — There is no difference in antibody response between asymptomatic

and symptomatic infections in children. Box and whisker plots with the box

representing the median, 25th and 75th percentiles, while whiskers show the largest

and smallest non-outlier values. Outliers were identified using upper/lower quartile

+1-5 times IQR. Statistical significance was calculated by Mann-Whitney-U (two-

sided) with * indicating a p-value <0-05. and ns indicating a non-significant p-value

>0-05. “+” indicates a symptomatic infection while “-* indicates an asymptomatic

infection. There were no significant differences between symptomatic and

asymptomatic seropositive children (orange, n=185) in terms of antibody response

for the spike trimer (b, p=0-43), S1 domain (d, p=0-34), S2 domain (f, p=0-87) or

Nucleocapsid (NC) (h, p=0-78). Symptomatic and asymptomatic seropositive adults

(blue, n=414) showed no significant difference for the spike trimer (a, p=0-94),

although there were small significant differences in the S1 domain (c, p=0-03) and S2

domain (e, p=0-05) and NC (g, p=0-01). MFI -
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Figure S8 — Symptoms do not moderate antibody response amongst

seropositive individuals after mild COVID-19. Box and whisker plots with the box

representing the median, 25th and 75th percentiles, while whiskers show the largest

and smallest non-outlier values. Outliers were identified using upper/lower quartile

+1-5 times IQR. Within the seropositive subgroups, neither adults (blue, a, c, ) nor

children (orange, b, d, f) showed any difference in response based on presence of
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symptoms for either the spike trimer (a and b), receptor binding domain (RBD) (c and
d) or S1 domain (e and f) of SARS-CoV-2. Symptom group sizes: no symptoms —
adults n=36, children n=83, cough — adults n=221, children n=37, fever — adults
n=217, children n=66, diarrhea — adults n=75, children n=18, dysgeusia — adults

n=266, children n=28. MFI — median fluorescence intensity.
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Figure S9 — Initial HCoV infection often occurs during the first five years of life.
Box and whisker plots with the box representing the median, 25th and 75th
percentiles, while whiskers show the largest and smallest non-outlier values. Outliers
were identified using upper/lower quartile £1-5 times IQR. Single ages from 1 to 5 are
shown (1 - n=8, 2 - n=17, 3 - n=17, 4 — n=19, 5 — n=23) with age then grouped into:
6-11 (n=160), 12-18 (n=163), 19-24 (n=34), 25-34 (n=37), 35-44 (n=195), 45-54
(n=346) and over 55 years olds (n=52). For all HCoVs (a — HKU1, b — 229E, ¢ —
NL63), the majority of naive samples are children. Dashed line indicates one-tenth of
the mean response of all samples. All samples below the dashed line are considered
to be naive. HCoV — human endemic Coronavirus, MFl — median fluorescence

intensity.

15

231



Appendix

HCoV-HKU1 HCoV-229E HCoV-NL63

HCoV-0C43

S1

S1

S1

S1

o
2 2 B < g = 2 [
= Lev o Lol (=] N o A=) [al =} S =
i =L =l =L Ly L =L L
| | (2] iz i i a 2l
- - - - - - -
[+ r= - [~ - M= F=
H @ o R R s s o FR [ ) T F e voe e EEE
Fe] =] ] T~ ©© ] [ [~
© Bl B S = = [ o
(=} . =] L (=1 (=] (=1 (=3 t =1 [ =1
i Bl Bg FT Fg B Fog L
2] (2] W [zl 0 o {2 (7]
- Fi- ~ = = [ e
§z 0Z S+ O+ SO 00 §2 0Z S+ 0+ S0 00 §2 0% §¢ 0L SO 00 §2 02 § 0L S0 00 §2 0Z §b 0 50 00 §% 0z §L 01 S0 00 §Z 0Z §v 04 S0 00 §2 0z 4 00 50 00
Fzl = =l o I ™~ =
2 B 2 B 2 B & [
(=3 . =} - (=] N o N o o~ (=} ~N (=} Ly (=]
L ST i =L L Foe L s L
2 | (] (2l 12 2] ) 2
= = s = = = =
0E §2 0Z §L 01 §0 00 bE §Z 07 §L 0L G0 0O OF §2 02 &1 01 §0 00 0F §2 07 &L 0L 60 00 U §2 07 §1 01 §0 00 0% §2 07 FL OL G0 00 OF §T 0Z §L 0L §D 0D 0% GZ 0Z §1 0L §0 00
Al =] =] o =3 ) 3 =]
g E B B E B B B
o Lo o = 1= Lo |o I= L =] =
Ju =l =l =L L oL L oL
|2 2z (o} (2] z 2] ) z
= = = = = [+ =
% 0z @ o so oo 6z 0z om0 oo s 0z s o1 s 00 sz 0z s o0 s oo s az s o1 50 w0 sz 0z s oon s o stz s o1 s oo e womose 00

lspun g g

L9

8L-cl

26l

ve-Ge

i-GE

S-Sy

+GS

T2

T

™

™

T2

T

16

232



Appendix

Figure S10 — Children serorevert faster for HCoVs than adults. Longitudinal
comparison of T1 and T2 samples using MULTICOV-AB to determine the rate of
seroreversion. The S1 domain of HCoV-0OC43, HCoV-HKU1, HCoV-229E and HCoV-
NL63 are shown. Samples are separated into distinct age groups: five years old and
under (n=84), 6-11 (n=160), 12-18 (n=162), 19-24 (n=32), 25-34 (n=36), 35-44
(n=182), 45-54 (n=228) and over 55 years old (n=48). Red lines indicate mean rate of
decrease; grey boxes indicate +1 standard deviation. Sr indicates the proportion of
signal remaining, calculated as the ratio of the mean MFI at T2 compared to the
mean MFI at T1. HCoV — human endemic Coronavirus, MFI — median fluorescence

intensity.
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Figure S11 — Naive samples are present within the study, although endemic
coronavirus infections persisted during the SARS-CoV-2 pandemic. Line graphs
showing longitudinal antibody response from T1 to T2 for samples defined as naive
at T1. Individuals who remain naive are shown in grey, individuals who seroconvert
between T1 and by T2 are shown in red. Not all individuals who show increased
HCoV antibody levels at T2 compared to T1 are considered to have been infected, as
some remain within the negative range for the assay at T2. Normalized MFI is shown
on a logscale for clarity. Although there is variation in the number of naive samples
between the different HCoVs (a — HKU1, b — 229E, ¢ — NL63), new HCoV infections
are seen across all HCoVs. HCoV — human endemic Coronavirus, MFI — median

fluorescence intensity.
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Appendix

Figure S12 — HCoVs offer no cross protection towards SARS-CoV-2, nor do they
show a boost-back antibody response following SARS-CoV-2 infection.
Samples from households with a known index case were examined with MULTICOV-
AB to determine whether the antibody response to endemic coronaviruses (HCoV)
provides any protection against SARS-CoV-2. (a, ¢ and e) Box and whisker plots
demonstrating no significant difference between SARS-CoV-2 seropositive and
seronegative adults (blue, n=440) or children (orange, n=436) in terms of HCoV-
HKU1 (a, adult p=0-67, child p=0-47) or HCoV-229E (c, adult p=0-14, child p=0-99).
For HCoV-NLG63, there was a small significant difference for adults only (e, adults
p=0-01, children p=0-35). Boxes represent the median, 25th and 75th percentiles,
and whiskers show the largest and smallest non-outlier values. Outliers were
identified using upper/lower quartile + 1-5 times IQR. Statistical significance was
calculated by Mann-Whitney-U (two-sided) with *** indicating a p-value <0-001, *
indicating a p-value <0-05 and ns indicating a p-value >0-05 (b, d and f). When
comparing paired samples longitudinally within the SARS-CoV-2 seropositive
subgroup, there was no association between change in SARS-CoV-2 antibody level
and change in HCoV antibody level for HCoV-HKU1 (b), HCoV-229E (d) or HCoV-
NL63 (f) and in either adults (b - n=79, d — n=74, f — n=80) or children (b - n=117, d —
n=114, f — n=118). Change in response is presented as log2-fold change from T1 to
T2 and only samples with a log2-fold change > 1 or < -1 are shown. Spearman’s rank
was used to calculate ordinal associations between the changes in HCoV antibody
level and change in SARS-CoV-2 antibody level. MFI — median fluorescence

intensity.
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Supplementary Tables

Table S1 — Comparative seroprevalence between different assays used in the

study
Assay Seropositive Seronegative Total % of Seropositive
Eurclmmun S1 991 1245 2236 443
IgG
Roche Elecsys N 1149 1087 2236 51-4
pan Ig
Siemens RBD IgG 1067 1169 2236 477
MULTICQOV S and
RBD IgG 1142 1094 2236 51-1

Only samples that were measured with all four assays are considered. For each

assay, the manufacturer or name of the assay is stated, as well as the target antigen

and Ig-isotype detected. N — Nucleocapsid, RBD - receptor binding domain, S —

spike protein.
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Table S3 — List of antigens used in MULTICOV-AB

Disease Antigen Manufacturer Cat. No.
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD NMI -
SARS-CoV-2 S1 domain NMI -
SARS-CoV-2 S2 domain Sino 40590
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 Nucleocapsid N- NMI -

terminal domain
SARS-CoV-2 RBD alpha variant NMI -
SARS-CoV-2 RBD beta variant NMI -
HCoV-0C43 S1 domain NMI -
HCoV-0OC43 Nucleocapsid NMI -
HCoV-0OC43 Nucleocapsid N- NMI -
terminal domain
HCoV-HKU1 S1 domain NMI -
HCoV-HKU1 Nucleocapsid NMI -
HCoV-HKU1 Nucleocapsid N- NMI -
terminal domain
HCoV-NL63 S§1 domain NMI -
HCoV-NL63 Nucleocapsid NMI -
HCoV-NL63 Nucleocapsid N- NMI -
terminal domain
HCoV-229E S1 domain NMI -
HCoV-229E Nucleocapsid NMI -
HCoV-229E Nucleocapsid N- NMI -

terminal domain

List of antigens included in MULTICOV-AB in this study, including information about

their manufacturer, and if available, their category number. Full information on the

NMI produced antigens can be found at?3.
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Background. The rapid emergence of the Omicron variant and its large number of mutations led to its classification as a variant
of concern (VOC) by the World Health Organization. Subsequently, Omicron evolved into distinct sublineages (eg, BA.1 and BA.2),
which currently represent the majority of global infections. Initial studies of the neutralizing response toward BA.1 in convalescent
and vaccinated individuals showed a substantial reduction.

Methods. We assessed antibody (immunoglobulin G [IgG]) binding, ACE2 (angiotensin-converting enzyme 2) binding
inhibition, and IgG binding dynamics for the Omicron BA.1 and BA.2 variants compared to a panel of VOCs/variants of
interest, in a large cohort (N =352) of convalescent, vaccinated, and infected and subsequently vaccinated individuals.

Results.  While Omicron was capable of efficiently binding to ACE2, antibodies elicited by infection or immunization showed
reduced binding capacities and ACE2 binding inhibition compared to wild type. Whereas BA.1 exhibited less IgG binding
compared to BA.2, BA.2 showed reduced inhibition of ACE2 binding. Among vaccinated samples, antibody binding to
Omicron only improved after administration of a third dose.

Conclusions, Omicron BA.1 and BA.2 can still efficiently bind to ACE2, while vaccine/infection-derived antibodies can bind to
Omicron. The extent of the mutations within both variants prevents a strong inhibitory binding response. As a result, both Omicron
variants are able to evade control by preexisting antibodies.

Keywords. SARS-CoV-2; Omicron; antibody binding; multiplex; variants of concern.

Since its initial outbreak in late 2019, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has evolved into a
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global pandemic, characterized by multiple waves of infection
within countries and regions, Following the initial global
wave, subsequent waves were often triggered by the emergence
of variants of concern (VOCs) [1] that outcompeted earlier var-
iants. These emerging VOCs are presumed to have an increased
rate of transmission or the ability to escape vaccine and
infection-induced immunity [2-7]. Due to concerns that its nu-
merous spike protein mutations would render it able to escape
immune control and its rapid spread in South Africa, the World
Health Organization classified Omicron as a VOC on
26 November 2021 [8]. Within days of this classification,
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Omicron had already been reported in multiple other countries
and as of 26th April 2022, it is the dominant global variant [9].
The BA.2 lineage has now surpassed BA.1 [9], which is not
only genetically distinct in key regions of the spike glycoprotein
[10, 11], but has also evolved to give rise to BA.4, BA.5, and
BA.2.12.1. Early studies at the end of 2021 of neutralization
against BA.1 found a substantial reduction in neutralizing ac-
tivity, particularly in individuals who did not receive 3 vaccine
doses [12-17]. Because of the urgency of these studies to estab-
lish real-time data of whether there is an evasion toward
vaccine-induced responses or therapeutics, they often included
limited sample numbers, diversity of sample types (eg, only
those vaccinated with Pfizer BNT162b2), or only directly
compared Omicron to wild-type (WT) or a single other
VOC. Complementary to these studies, we provide here a
comprehensive analysis of the binding capacity, binding dy-
namics, and angiotensin-converting enzyme 2 (ACE2) bind-
ing inhibition of Omicron BA.1 and BA.2 against antibodies
generated either by vaccination or natural infection com-
pared to WT, currently recognized VOCs, and the Lambda
and Mu variants of interest (VOIs). We also analyzed sam-
ples from a range of vaccines and dosing schemes currently
available within the European Union, including booster vac-
cines, as well as convalescent samples from both adults and
children from the first, second, and third waves of infection
in Germany.

METHODS

Sample Cohort
Serum samples used in this study were originally collected for use
in several other studies [18-21]. The sample set was designed to

include a broad representation of samples from infected individ-
uals (hereafter referred to as “convalescent”) from the different
waves of SARS-CoV-2 within Germany, as well as vaccinated sam-
ples. We separated our cohort into 4 groups: vaccinated samples,
convalescent samples, infected and later vaccinated samples, and
prepandemic samples as controls.

Vaccinated study participants received either 2 homologous
doses of AZD1222, BNT162b2, or mRNA-1273; 2 heterologous
doses of AZDI1222 and BNTI162b2 or AZDI222 and
mRNA-1273; or 3 doses of BNT162b2. To examine how anti-
body dynamics changed over time, we included samples from
both 1-2 months post-second dose and 5-6 months post—
second dose. We also included samples from vaccinated
individuals who had a previous polymerase chain reaction
(PCR)-confirmed infection and then received a single dose of
BNT162b2 as per national guidelines. Samples from convales-
cent study participants were collected approximately 3 months
after positive PCR. To assess differences between variants of
SARS-CoV-2, we collected samples from those with a WT,
Alpha, or Delta infection. WT samples came from both adults
and children. To be considered a WT sample, the infection had
to occur during the first wave of the SARS-CoV-2 pandemic in
Germany (spring-summer 2020). Alpha samples were con-
firmed by PCR sequencing and were collected between
January and May 2021. Delta samples were either confirmed
by PCR sequencing, or where collected during a time period
when all infections in Germany were considered to be Delta
(September-November 2021). To represent naive samples,
negative prepandemic samples were obtained from Central
BioHub. An overview of the characteristics for each cohort sub-
group can be found in Table 1.

Table 1. of Sample Ch for the Study Population
No. of Median dT, Days No. (%) of Median Age, Years History of Immunosuppressive

Sample Type Subgroup Samples (IQR) Females (IQR) Condition or Medication, No. (%]
Convalescent WT fadults) 30 104 (94-119) 1447} 62 (51-69) 010

WT (children) 20 124(116-129) 7 (35) 11 (7-14) Qi

Alpha 30 88 (47-104) 12 (40} 56 (42-65) 14 (47)

Delta 6 18(10-23) 5 (83) 65 (56-73) 467
Infected and vaccinated 25 54 (23-91) 16 (64} 56 (48-59) 14
Vaccinated AJA(1-2 mo) 30 49 (48-52) 20 (67) 64 (60-66) 27

AJA (46 mo) 30 154 (146-158) 23 (77) 55 (48-60) 00

M/ (1-2 mo) 30 51 (48-54) 20 (67) 59 149-61) 143

M/M (4-8 mo) 16 139 (131-1465) 9 (56} 70 (51-83) 116

P/P (1-2 mo) 30 51 (49-54) 20 (67) 58 (52-66) 1131

P/P (4-6 mo) 30 162 (141-160) 25 (83) 38 (30-53) Qo)

AM 20 153 (150-154) 16 (80) 41 (29-56) 00

AP 20 161 (144-157) 19 (95) 48 (42-56) 0{Q

P/PIP 20 14 (14-26.5) 13 (65) 33 (26-44) 2{(12)
Negative 15 8 (53) 37 (29-41) 00

Abbreviations: A/A, 2-dose AZD1222; AM, first dose AZD1222, second dose mRNA-1273; A/P, first dose AZD1222, second dose BNT162b2; dT, time post-infectionflast vaccination dose;
I1QR, interquartile range; M/M, 2-dose mRNA-1273; P/P, 2-dose BNT162b2; P/P/P, 3-dose BNT162b2; WT, wild-type (B.1 isclate)
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Ethical Oversight

Informed written consent was obtained from all study partici-
pants. Ethical approval and oversight for the samples used in
this study was provided by the following ethics committees:
the Ethics Committee of the University Hospital Tuebingen
(293/2020B02, 764/2020/BO2 [amended 6 December 2021],
B312/2020BO1 [amended 2 June 2021], 556/2021BO1), the
Ethics Committee of the University of Tuebingen (179/2020/
BO2, 188/2020A), and the Ethics Committee of Hannover
Medical School (9086_BO_S_2020).

Receptor-binding domain (RBD) Omicron protein samples had

y of Omi Receptor-Binding Domain
their structure verified by liquid chromatography-mass spectrom-
etry (LC-MS). In brief, samples were N-deglycosylated using
PNGaseF reducing kit (New England Biolabs), diluted 1:3 with
His-NaCl buffer and analyzed by liquid chromatography coupled
to electrospray ionization quadrupole time-of-flight mass spec-
trometry. For full details, please consult the Supplementary
Methods.

MULTICOV-AB Assay

MULTICOV-AB, a previously published multiplex immunoas-
say, was performed as described previously [22]. A full list of
antigens included within the assay is shown in Table 2.
Samples were randomly allocated to plates to ensure that at least
3 samples of every sample group were included on each plate.
All samples were measured twice in 2 independent experiments.

No sample failed quality control (QC). Raw median fluorescence
intensity values were normalized to a QC sample for all antigens as
per Becker et al [23]. Please consult the Supplementary Methods
for full details.

RBDCoV-ACE2 Assay

RBDCoV-ACE2, a previously published multiplex ACE2 inhi-
bition assay [19], analyzes neutralizing antibody activity
through ACE2 binding inhibition. A full list of antigens includ-
ed in this assay can be found in Table 2. ACE2 binding inhibi-
tion was calculated as a percentage, with 100% indicating
maximum ACE2 binding inhibition and 0% indicating no
ACE2 binding inhibition. Samples with an ACE2 binding inhi-
bition <20% are classified as nonresponders [19]. Please con-
sult the Supplementary Methods for full details.

Biolayer Interferometry

Analysis of binding kinetics of RBD-specific antibodies in se-
rum samples were performed using the Octet RED96e system
(Sartorius) as per the manufacturer’s recommendations.
Purified RBDs of WT, Delta, and Omicron were biotinylated
with Sulfo-NHS-LC-LC-Biotin (Thermo Fisher Scientific) in
5 molar excess at ambient temperature for 30 minutes. Excess
of biotin was removed by size exclusion chromatography using
Zeba Spin Desalting Columns 7K MWCO 0.5 mL (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
Data were analyzed using the Octet Data Analysis HT 12.0 soft-
ware applying the 1:1 fitting model for the dissociation step.

Table 2. Overview of Antigens Used in MULTICOV-AB and RBDCoV-ACE2 Assays

202 [dy 90 uo 1s2nb Aq 611 L.99/0YZD/E/9./2101e/PId/W0d dno-olWaPEdE//:SURY WOl papeojumod

Category

Antigen Manufacturer Number Mutations Covered

Spike WT (B.1) NI

RBD WT (B.1) NI

S1 domain WT (B.1) NMI

$2 domain WT (B.1) Sino Biological 40590-V08B

Nucleocapsid WT (B.1) Aalto Bioreagents 6404-b

RBD Alpha (B.1.1.7) NMI NBO1Y

RBD Beta (B.1.351) NMI K417N, E484K, N501Y

RED Gamma (P1) NMI K417T, E484K, N50TY

RBD Delta (B.1.617.2) NMI L452R, T478K

RBD Omicron (B.1.529/ Sino Biological 40592-VOBH121 (339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, TA78K, E484A,
BA.T) Q493R, G496S, Q498R, N501Y, Y505H

Spike Omicron (B.1.1.629/  Sino Biological 40589-V08H26 AG7V, del HVB9/70, T95, G142D, del VY'Y 143-145, del N211, L212l, ins214EPE, G339D,
BA1) S371L, S373P, 8375F, K417N, N440K, G446S, 3477N, T478K, E484A, Q493R, G496S,

Q498R, N501Y, Y505H, T547K, HB55Y, NE79K, PB81H, N764K, D798Y, F817P, N856K,
AB92P, AB99P, A942P, Q954H, N969K, L981F, K9B6P, Vag7P
RBD Omicran (B.1.1.529/  Sino Biological 40592-V0BH123 (339D, S371F, §373P, S375F, T376A, D405N, RA08S, K417N, N440K, $477N, T4A78K,
BA2) E4B4A, Q493R, Q498R, N501Y, Y505H

MNucleocapsid Omicron Sine Biological 40588-VO7E35 P13L, del ERS 31-33, R203K, G204R, S413R
(B.1.1.629/BA.2)

RBD Lambda (C.37) NMI L4520, F4905

RBD Mu (B.1.621) NMI R346K, E484K, N501Y

Mutations present within each antigen are provided. Where appropriate, the manufacturer category number is provided. For details on the NM| antigen production, please see (19, 22, 23],
Abbreviations: NMI, Natural and Medical Sciences Institute; RBD, receptor-binding domain; WT, wild-type.
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The binding profile response of each sample is illustrated as the library was used to perform either Mann-Whitney U tests

mean wavelength shift in nm, For affinity determination, the (2-sided) to estimate significance of observed differences be-

L:1 global fit of the Data Analysis HT 12.0 software was used.  tween different groups, or Wilcoxon signed-rank tests

Please consult the Supplementary Methods for full details. (2-sided) to estimate significance of observed different between
antigens. Graphs were exported from RStudio and further ed-
ited in Inkscape (version 0.92.4) to generate final figures.

Statistical Analysis Biolayer inferometry graphical representation was prepared us-

Data were collated and matched to metadata in Excel 2016. ing GraphPad Prism Software (version 9.0.0).

Data visualization was done in RStudio (version 1.2.5001 run-

ning R version 3.6.1). Additional packages gplots and bees-

warm were used for specific displays. The “Im” function of RESULTS

R’s stats library was used for linear regression analyzes. Initially, we examined immunoglobulin G (IgG) binding using

Correlation analyzes were performed using the “cor” function =~ MULTICOV-AB [22], a previously published SARS-CoV-2

of R’s stats library. The “wilcox.test” function from R’s stats ~ multiplex immunoassay that was adapted to analyze binding
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Figure 1. Antibody binding response is significantly reduced for both BA.1 and BA 2. Binding response by preexisting antibodies generated through either infection or
vactination was measured with MULTICOV-AB (A) and RBDCoV-ACEZ (B) assays and Biolayer interferometry (Cand 0). A, Boxplot showing that immunoglobulin G binding
is significantly reduced for both BA.1 and BA.2 as compared to other variants of concern (VOCs)/variants of interest (VOIs) for convalescent (n = 86) and vaccinated (n =226)
samples. Negative samples are included as controls (n = 15). 8, Boxplot showing that ACEZ binding inhibition is significantly reduced for both BA,1 and BA.2 as compared to
other VOCs/VOls for both convalescent and vaccinated samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest non-
outlier values. Qutliers were determined by 1.5 interquartile range. Cand 0, Binding kinetics of receptor-binding domain (RBD}-specific antibodies from serum samples of
convalescent and vaccinated individuals (both n = 6). Binding response () and dissociation constant {0) were determined by 1:1 fitting model of the individual serum samples
between the different RBD variants. Median fold reductions for both (4) and (5) can be found as Supplementary Tables 1-3 and 5. Statistical differences between all variants
was analyzed by Wilcoxon signed-rank test for both (4) and (8) and is available as Supplementary Tables 4 and 7. The response rate for (6] is available as Supplementary
Table 6. Abbreviations: ACE2, angiotensin-converting enzyme 2; 1gG, immunaglobulin G; Inf, infected; MFI, median fluorescence intensity; Neg, negative; RBD, receptor-
binding domain; Vac, vaccinated; WT, wild-type.
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toward RBDs from VOC/VOIs (a full list of antigens analyzed
and their mutations contained within can be found in Table 2).
For both vaccinated and convalescent samples, IgG binding to-
ward both Omicron BA.1 and BA.2 for preexisting antibodies
was significantly reduced compared to WT (BA.1: 2.3-4.1 me-
dian fold reduction, P <.001; BA.2: 2.1-3.0 median fold reduc-
tion, P <.001) (Figure 1, Supplementary Tables 1-4). This is
similar to the statistically significant reduction in binding to-
ward Beta (2.8-3.5 median fold reduction, P <.001) and Mu
(3.0-36 median fold reduction, P<.001, Figure 1,
Supplementary Tables 1-4). Within Omicron, BA.1 had a sig-
nificantly increased reduction in IgG binding compared to
BA.2 (1.1-1.2 median fold reduction, P<.001) (Figure 1,
Supplementary Tables 2—4).

Next, we analyzed ACE2 binding inhibition to determine
how effective the antibodies were at blocking the RBD-ACE2
interaction, using RBDCoV-ACE2 [19], a multiplex
ACE2-RBD inhibition assay. This assay mimics the interaction
between ACE2 and the RBD, while the multiplex format allows

for the simultaneous measurement of all VOCs/VOIs in a sin-
gle well. To evaluate binding against other antigens of
SARS-CoV-2, we also include the spike and 51 domain of
WT and the spike and nucleocapsid of Omicron. In line with
IgG binding, ACE2 binding inhibition against Omicron was
significantly reduced compared to WT (Omicron BA.1: medi-
an, 15.2%-16.4% and BA.2: median, 8.0%-10.9%; WT: median,
26.1%-27.2%; both P<.001) (Figure 1, Supplementary
Table 5), with less than half as many samples considered
responsive (WT: 62.8%; BA.1: 30.1%-32.6%; BA.2: 8.4%-
14.0%) (Figure 1B, Supplementary Table 6). Interestingly,
although BA.2 revealed reduced ACE2 binding inhibition and
sample response rate compared to BA.1, this was not significant
(P=.08, Supplementary Table 7). While BA.2 had the lowest
response rate of all variants examined, the median ACE2 bind-
ing inhibition and response rate for BA.1 was greater than for
Beta (median, 8.9-11.4; response, 22.1%-31.0%), Gamma (me-
dian, 9.4-10.8; response, 25.5%-30.1%), and Mu (median, 8.1-
9.1; response, 19.8%-22.6%).
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Figure 2. Angiotensin-converting enzyme 2 (ACE2) binding inhibition and carrelations of binding capacity between BA.1, BA.2, and wild-type (WT) for different antigens
ACE2 binding inhibition (A} and immunoglobulin G {lgG) binding capacity (8—F) were compared for the Omicron BA. 1 and BA.2 receptor-binding domain (RBD), and spike (S) to
the WT RBD and S. 4, Boxplot showing that ACEZ binding inhibition is significantly reduced toward BA.1 for both RBD and §S for both vaccinated (n = 226) and convalescent
{n=86) samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Outliers were determined by 1.5
interquartile range. Statistical significance was calculated by Wilcoxon signed-rank test; ***P < .001. B, Correlation analysis of IgG binding capacity for the BA.1 spike
compared to the BA.1 RBD. Spearman rank was calculated to assess ordinal association between the variables. C-F, Linear regressions of \gG binding capacity ﬂ)r the
BA.1 S compared to WT S (), BA.1 RBD compared to wild-type RBD (0), BA.2 RBD compared to WT RBD (£), and BA.Z nucl id 1 to WT nucl d (F)
R? is included to indicate the correlation. Abbreviations: ACE2, angiotensin-converting enzyme Z; IgG, immunoglobulin G; Inf, mfel:ted IIFI, medlan fluarescence intensity;
NC, nucleocapsid; RBD, receptor-binding demain; S, spike; Vac, vaccinated; WT, wild-type.
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To investigate the RBD binding of BA.1 and BA.2 further, we
analyzed the binding kinetics of RBD-specific antibodies from
vaccinated (2 doses of BNT162b2) and convalescent (WT)
study participants by
(Figure 1C and 1D). Binding response and dissociation cons-
tant were measured for each sample as an indicator of amount
and binding strength. Binding response toward BA.1 and BA.2
was reduced compared to both WT and Delta (Figure 1C),
while most samples showed increased dissociation kinetics

biolayer interferometry analysis

for Omicron (Figure 1D). Despite high variation observed for
both the vaccinated and convalescent samples, Omicron always
showed the lowest binding response (Supplementary Figure 1,
Supplementary Table 8). When binding toward ACE2 itself was
examined, Omicron BA.l1 and BA.2 were still able to bind
ACE2 with high affinity (Supplementary Figure 2).

As mutations toward Omicron are not limited to the RBD,
we also analyzed ACE2 binding toward the full-length spike
protein. Omicron BA.1 ACE2 binding inhibition toward the

spike protein was significantly reduced compared to WT (P <
.001). Interestingly, the response rate underwent a similar
30% reduction from RBD to § for both WT (62.8% to 34.5%-
43.0%) (30.1%-32.6% to 3.5%-4.9%)
(Figure 2A, Supplementary Table 9). IgG binding capacity to-
ward spike appears to be conserved to a similar degree as the
RBD (Figure 2B-D). However, this is substantially reduced
compared to the nucleocapsid of BA.2, for which there was
no change in binding capacity compared to WT for convales-

and Omicron

cent samples, regardless with which strain they had been previ-
ously infected (Figure 2E, samples highlighted according to
strain).

Next, we analyzed whether vaccine type (AZDI1222,
mRNA-1273, or BNT162b2) and number of doses (homolo-
gous or heterologous 2 dose, or homologous 3 dose) received
resulted in differences with respect to Omicron binding
response. To analyze how this response changed as time
postvaccination increased, we also compared the responses at
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Figure 3. Differences in Omicron binding response among different populations of vaccinated samples. Binding response toward Omicron BA.2 was analyzed by either
MULTICOV-AB (A) or RBDCoV-ACEZ (B) assays for samples from different vaccine schemes (n= 230 for all samples, except for mRNA-1273 at 5-6 months (n=16), heter-
ologous vaccine schemes (both n= 20}, and infected and vaccinated (n = 25). To determine the effect of time postvaccination, samples from both 1-2 months and 5-6 months
postvaccination were included. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Outliers were de-
termined by 1.5 interquartile range. The 20% cutoff for nonresponders is indicated by the dashed line on (B). The equivalent data for BA.1 are provided as Supplementary
Figure 3. Abbreviations; A/A, AZD1222; ACEZ, angiotensin-converting enzyme 2; A/M, first dose AZD1222, second dose mRNA-1273; A/P, first dose AZD1222, second dose
BNT162b2; IgG, immunoglobulin G; Inf, infected; MFI, median fluorescence intensity; M/M, mRNA-1273; P/P, BNT162b2; RBD, receptor-hinding domain; Vac, vaccinated
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1-2 months post-second dose and 5-6 months post-second
dose for the homologous recipients, IgG binding capacity at
5-6 months was low for all recipients regardless of the admin-
istered vaccine, although homologous mRNA-based vaccina-
tion still had higher binding capacity at this timepoint than
1-2 months post-second dose for vector-based vaccination
(median of 9.16, 8.7, and 5.04 for mRNA-1273, BNT-162b2,
and AZD1222, respectively; Figure 3A). Among samples from
1-2 months postdosing, infected and then vaccinated had the
greatest IgG binding capacity (median, 36.5), followed by
2-dose mRNA-1273 (median, 27.0), BNT162b2 (median,
18.7), and AZD1222 (median, 2.3). This pattern was consistent
for both BA.1 (Supplementary Figure 3) and BA.2 (Figure 3).
ACE2 binding inhibition was consistently low regardless of
type received and timeframe postdose (Figure 3B).

To determine whether a third dose results in increased bind-
ing responses against Omicron, we analyzed samples from indi-
viduals who had received a third dose of BNTI162b2 and
compared it to those who had received their second dose in a
similar timeframe and individuals 5-6 months post-second
dose, who would be eligible to receive a third dose (Figure 4).
Further boosting was associated with higher Omicron ACE2
binding inhibition compared to 2 doses (27% and 0% of samples
were responders toward BA.1 and BA.2 post-second dose, re-
spectively; 55% and 25% were responders after boosting) sug-
gesting that boosting offers increased protection against
Omicron (Figure 4). However, this increase in protection was
not limited to Omicron and was present for all VOCs
(Figure 4). Compared to the second dose from a similar time-
point (30% and 10% responders to BA.1 and BA.2, respectively),
boosting with the third dose increased ACE2 binding inhibition,
substantially confirming this effect is generated by the third dose
itself, and not by time postvaccination alone (Figure 4C).

Last, we analyzed whether natural infection with different
variants resulted in differences in binding responses. There
was no difference in ACE2 binding inhibition between conva-
lescent individuals infected with either WT or Alpha, with both
having minimal inhibition against Omicron (Figure 54,
Supplementary Figure 3). While some samples with a previous
Delta infection showed substantially more activity compared to
WT or Alpha, they had been collected much sooner after the
infection (median dT, 18 days) than WT (median dT, 104
days) or Alpha (median dT, 88 days). To evaluate whether
children’s antibodies were more effective at binding toward
Omicron than adults, we compared convalescent samples 3-4
months post-PCR from the first wave in children (n=20), to
convalescent samples 3 months post-positive PCR from the
same wave in adults (n=30) (Figure 5B and 5C,
Supplementary Figure 4). There was no significant difference
between adults and children in ACE2 binding inhibition
(P = 48; Figure 5B), although children did have significantly re-
duced binding capacity toward Omicron (P =.01; Figure 5C).
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Figure 4. Angiotensin-canverting enzyme 2 (ACE2) binding inhibition toward
Omicron is boosted by a third vaccine dose. Changes in ACE2 binding response
following the third dose of BNT162b2 for all variants within the study. Samples
come from either boosted (n =20, A, 1-2 manths post—second dose of BNT162b2
(n=20, B). or 5-6 months post-second dose of BNT162b2 in=20, C). Individual
samples are highlighted by connected lines with bars representing medians.
The 20% cutoff for nonresponders is indicated by the dashed line. Abbreviations:
ACE2, angiotensin-converting enzyme 2; WT, wild-type.

DISCUSSION

In this study, we provide an in-depth characterization of anti-
body binding to Omicron BA.1 and BA.2 compared to WT and
all other VOCs and variants under investigation in a large, di-
verse sample cohort. The use of an ACE2 inhibition assay en-
abled the comparison of multiple variants of interest
simultaneously, while also producing comparable results to
classical virus neutralization assays [19]. Similar to others, we
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Figure 5. Differences inimmunoglobulin G (lgG) binding response and angiotensin-canverting enzyme 2 (AGE2) binding inhibition toward BA.2 among different populations
of convalescent samples. Comparative ACE2 binding inhibition (A and B and lgG binding capacity (C) between convalescent samples from different pandemic waves (A) and
adults and children (Band C) for BA.2. A, There are no differences in ACEZ binding inhibition toward BA.2 for individuals infected with wild-type (WT) {n = 30), Alpha (n = 30),
or Delta (n=46). B Children (n =20 and adults (n = 30) have similar ACEZ binding inhibition taward BA.2 following WT infection, althaugh they have significantly reduced IgG
binding capacity (P=01). C, Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Qutliers were determined
by 1.5 interquartile range. Statistical significance was calculated by Mann—Whitney U test: **P<.01; ns, P < .05. The equivalent data for BA.1 are provided as
Supplementary Figure 4. Abbreviations: ACEZ, angiotensin-converting enzyme 2; IgG, immunoglobulin G; MFI, median fluorescence intensity; RBD, receptor-binding domain;

WT, wild-type.

identified that antibody binding and ACE2 binding inhibition
toward both Omicron BA.1 and BA.2 elicited by either immu-
nization or previous infection were significantly reduced
[14, 16, 24-28]. However, we provide here additional informa-
tion on IgG binding capacity and ACE2 binding inhibition by
the inclusion of a large variety of subcohorts representing the
present diversity of immunity against SARS-CoV-2, the com-
parison of the Omicron variant to all other VOCs/VOIs, and
the comparison between BA.1 and BA.2.

We found that both IgG binding capacity and ACE2 binding
inhibition was significantly reduced for BA.1 and BA.2, similar
to reductions for Beta and Mu, with the majority of samples be-
ing classified as nonresponsive toward Omicron for ACE2
binding inhibition. Like others researchers [15, 24, 28], we
found that antibody binding responses toward Omicron were
significantly increased upon administration of a booster dose.
Boosting increases were not restricted to just Omicron IgG
binding capacity and ACE2 binding inhibition, but were pre-
sent against all VOCs/VOIs. No significant difference was pre-
sent between BA.1 and BA.2. However, data regarding the
longitudinal response post-third dose remains lacking, with
some countries now offering a fourth dose for certain groups
(eg, immunocompromised individuals). The increased re-
sponses following boosting also appear to apply for convales-
cent individuals, as seen by the increased IgG binding
capacity and ACE2 binding inhibition for previously infected
individuals who received a single dose, compared to those
who had received any 2 vaccine doses. This increase in respons-
es for individuals who have been both infected and vaccinated
is in agreement with Pajon et al [29], who found that infections
prior to vaccination resulted in a greater breadth of immune

response, while Lechmere et al [26] found that breakthrough
Delta infections among vaccinated individuals acted like a
booster dose. Thus, both reinfection and a booster dose leads
to appropriate affinity maturation of elicited antibodies.
Among those who had received 2 doses, binding responses
were consistent with other reports (eg, [16]) in identifying a sig-
nificant decrease for those who received homologous 2-dose
vector vaccination as opposed to homologous mRNA vaccina-
tion or heterologous vaccination.

We identified no significant difference in ACE2 binding in-
hibition toward Omicron for children compared to adults, al-
though IgG binding capacity was significantly reduced. This
is in contrast to previous research that has identified that child-
ren’s antibody titers are higher than adults following infection
[21]; however, a limitation of our study is that the children and
adult groups were not well-matched in terms of time post—
positive PCR (median dT, 104 for adults and 124 for children)
or disease severity (majority hospitalized adults vs asymptom-
atic/mildly symptomatic children). A larger investigation
including vaccinated samples from children is needed to inves-
tigate any possible protective effect from previous infection and
the antibody response toward Omicron itself in children in
more detail.

Similar to Carrefio et al [27], we identified that IgG binding
capacity toward Omicron was not as severely reduced as ACE2
binding inhibition. Interestingly, while BA.2 had significantly
increased IgG binding capacity to BA.1, it had reduced ACE2
binding inhibition. While mutations in BA.1 and BA.2 are
not limited to the RBD, their reduction in activity was limited
to the trimeric spike, with near-identical binding compared to
WT for the nucleocapsid. Our analysis of both the spike- and

Omicron BA.1 and BA.2 Binding Dynamics « CID 2023:76 (1 February) « €247

252

20z |udy 90 U0 153nB AQ #6¥ 1 1 99/07Z2/€19./B101ME PIojWos dno olapese/:sdyy Wolj papeojumoq



Appendix

RBD-derived ACE2 binding inhibition suggests that while both
epitopes are sufficiently conserved to enable binding, their di-
vergent mutated sequences affect their inhibitory response.
Further investigation into this pattern and particularly the
role of S1-derived antibodies in neutralization is required to
understand the inhibitory protection offered against Omicron.

Overall, our results identify that while Omicron can efficient-
ly bind ACE2 and vaccinefinfection-induced antibodies can
bind Omicron, the extent of the mutations within the RBD ap-
pear too divergent to enable RBD-directed antibodies to mount
an inhibitory response. The dramatic reductions in both IgG
binding and ACE2 binding inhibition toward Omicron, as op-
posed to other VOCs/VOIs, confirm that this variant remains
capable of immune escape and requires careful sequence mon-
itoring to identify any further sequence evolution, Importantly,
booster doses elicit a significant increase in antibody response,
which correlates with a significant increase in both IgG binding
and ACE2 binding inhibition against Omicron. Our data add
weight to a growing body of evidence that the continuous adap-
tation of vaccines toward novel highly contagious variants needs
to be considered in order to control SARS-CoV-2.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
50 questions or comments should be addressed to the corresponding
author.
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Supplementary Methods

Mass Spectrometry of omicron receptor binding domain (RBD)

The RBD omicron protein samples (5 pg) were N-deglycosylated using a PNGaseF
reducing kit (Rapid PNGaseF reducing kit, New England Biolabs, Frankfurt am Main,
Germany) by adding % of the volume of reducing buffer included in the kit and
denaturation and reduction for 5 minutes at 80 °C. Subsequently, 0.125 pL PNGaseF
enzyme preparation, included in the kit, were added and deglycosylation was
performed for 10 minutes at 50 °C. Prior to Liquid chromatography-mass
spectrometry (LC-MS) analysis, the samples were diluted 1:3 with HisNaCl buffer (20
mmM His 140 mM NaCl, pH 6.0) and analyzed by liquid chromatography (HPLC)
coupled to electrospray ionization (ESI) quadrupole time-of-flight (QTOF) MS.
Samples (0.4 ug per injection) was desalted using reversed phase chromatography
on a Dionex U3000 RSLC system (Thermo Scientific, Dreieich, Germany) using a
Acquity BEH300 C4 column (1mm x 50mm, Waters, Eschborn, Germany) at 75°C
and 150 pl/min flow rate applying a 11-min linear gradient with varying slopes. In
detail, the gradient steps were applied as follows (min/% Eluent B): 0/5, 0.4/5,
2.55/30, 7/50, 7.5/99, 8/5, 8.75/99, 9.5/5, 10/99, 10.25/5 and 11/5. Eluent B was
acetonitrile with 0.1% formic acid, and solvent A was water with 0.1% formic acid. To
avoid contamination of the mass spectrometer with buffer salts, the HPLC eluate was
directed into waste for the first 2 min. Continuous MS analysis was performed using a
QTOF mass spectrometer (Maxis UHR-TOF; Bruker, Bremen, Germany) with an ESI
source operating in positive ion mode. Spectra were taken in the mass range of 600—
2000 m/z. External calibration was applied by infusion of tune mix via a syringe pump
during a short time segment at the beginning of the run. Raw MS data were lock-
mass corrected (at m/z 1221.9906) and further processed using Data Analysis 5.3

and MaxEnt Deconvolution software tools (Bruker).
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Antigen Immobilisation on beads

SARS-CoV-2 wild-type Spike, RBD, S1 domain, S2 domain and Nucleocapsid were
immobilised on magnetic MagPlex beads (Luminex) by EDC-sNHS coupling as
previously described(1).RBDs from variants of concern and the Omicron Spike
protein were immobilised on magnetic MagPlex beads (Luminex) by Anteo coupling
(AMG Activation Kit for Multiplex Microspheres, #A-LMPAKMM-400, Anteo
Technologies) as previously described(2). Following coupling, beads were stored at
4°C. Prior to experimentation, beads were then combined into a 25x Bead Mix and
stored at 4°C until used. The antigens used in these experiments can be found in

Table 2.
MULTICOV-AB

MULTICOV-AB, a previously published multiplex immunoassay was performed as
described(1). A full list of antigens included within the assay are listed in Table 2.
Samples were randomly allocated to plates to ensure that at least three sample of
every sample group was included on each plate. Briefly, samples were thawed at
room temperature, vortexed and then diluted 1:200 in assay buffer before being
mixed 1:1 with 1x Bead Mix in a 96-well plate (final dilution 1:400). Samples were
then incubated in darkness on a Thermomixer (20°C, 750 rpm, 2 hours) before being
washed three times to remove unbound antibodies. To ensure retention of beads, a
magnetic plate washer was used. To detect bound 1gG, 3 pg/mL RPE-goat anti-
human IgG was added to each well and then incubated for a further 45 mins on a
Thermomixer. After another washing step, beads were resuspended in 100 pL of
wash buffer, shaken for 3 mins at 1000 rpm, and then measured on a FLEXMAP3D
instrument (No Timeout, Gate 7500-15000, Reporter Gain Standard PMT, 50

events). 3 Quality control samples were included in duplicate on each plate. All
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samples were measured twice in two independent experiments. No sample failed
QC. Raw median fluorescence intensity (MFI) values were normalized to a QC

sample for all antigens as per(3) .
RBDCoV-ACE2

RBDCoV-ACEZ2, a previously published multiplex ACE2 inhibition assay(2), analyzes
neutralizing antibody activity through ACE2 binding inhibition. A full list of antigens
included in this assay can be found as Table 2. Briefly, 1:25 diluted samples from
MULTICOV-AB, were further diluted to 1:200 in ACEZ2 buffer(2), which contains 300
ng/mL biotinylated ACE2. Samples were then mixed 1:1 with 1x VOC bead mix in 96
well plates and incubated for 2 hours in darkness on a thermomixer (750 rpm, 20°C).
Following this initial incubation, samples were washed to remove unbound ACE2
using an automated magnetic plate washer. Bound ACEZ2 was detected by adding 2
pg/mL RPE-labelled streptavidin and incubating for a further 45 mins. After washing
to remove unbound fluorophores, beads were resuspended in 100 pL washing buffer
and shaken for 3 mins at 1000 rpm. Plates were measured once on a FLEXMAP3D
instrument (No Timeout, Gate 7500-15000, Reporter Gain Standard PMT, 50
events). As controls, 3 wells with 150 ng/mL ACE2, 2 blank wells and 3 wells with a
QC sample were included. ACE2 binding inhibition was calculated as a percentage,
with 100% indicating maximum ACE2 binding inhibition and 0% indicating no ACE2
binding inhibition. Samples with an ACE2 binding inhibition less than 20% are

classified as non-responders(2).
Biolayer Interferometry (BLI)

Purified RBDwi, RBDs, RBDosa1 and RBDoga2 Were biotinylated with Sulfo-NHS-LC-
LC-Biotin (Thermo Fisher Scientific) in 5 molar excess at ambient temperature for 30

min. Excess of biotin was removed by size exclusion chromatography using Zeba™
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Spin Desalting Columns 7K MWCO 0.5 ml (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Analysis of binding kinetics of RBD specific antibodies in
serum samples were performed using the Octet RED96e system (Sartorius) as per
the manufacturer's recommendations. In brief, 5 pg/ ml of each biotinylated RBD
diluted in Octet buffer (PBS, 0.1% BSA, 0.02% Tween20) was immobilized on
streptavidin coated biosensor tips (SA, Sartorius) for 20 s. In the association step,
serum samples at a 1:100 dilution were reacted for 720 s followed by dissociation in
Octet buffer for 1200 s. Every run was normalized to a healthy control sample (pre-
pandemic) lacking RBD specific antibodies and for each sample technical duplicates
(n = 2) were performed. Data were analyzed using the Octet Data Analysis HT 12.0
software applying the 1:1 fitting model for the dissociation step. The binding profile
response of each sample is illustrated as the mean wavelength shift in nm. Binding
kinetics for ACE2 were performed by immobilizing 5 ug/ ml of each biotinylated RBD
diluted in Octet buffer on streptavidin coated biosensor tips (SA, Sartorius) for 20 s.
Dilution series ranging from 50 to 6.25 nM of ACEZ2 (Sino Biological) were applied for
300 s and one reference was included per run, followed by a dissociation step in
Octet buffer (480s). For affinity determination, the 1:1 global fit of the Data Analysis
HT 12.0 software was used.

Data Analysis

Data was collated and matched to metadata in Excel 2016. Data visualisation was
done in RStudio (Version 1.2.5001 running R version 3.6.1). Additional packages
“gplots” and “beeswarm” were used for specific displays. The “Im” function of R’s
“stats” library was used for linear regression analyzes. Correlation analyzes were
performed using the “cor” function of R’s “stats” library. The “wilcox.test” function from
R'’s “stats” library was used to perform both Mann-Whitney-U Tests (two-sided) in

order to estimate significance of observed differences between different groups, and
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Wilcoxon Signed Rank Analysis (two-sided) to estimate the significance of observed
differences between antigens for the same samples. Graphs were exported from
RStudio and further edited in Inkscape (Version 0.92.4) to generate final figures.
Biolayer inferometry graphical representation was prepared using GraphPad Prism

Software (Version 9.0.0).
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Supplementary Figures

Supplementary Figure 1: Binding kinetics of RBD specific antibodies from serum

samples of vaccinated and convalescent individuals.
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Biotinylated RBDwt, RBDs, RBDosa1, RBDoaz were immobilized on streptavidin
biosensor tips and binding kinetics of serum samples from vaccinated (n = 5, Vac) and
convalescent (n =5, Inf) individuals were analyzed using BLI. All sensograms are

illustrated as mean of technical duplicates (n = 2).
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Supplementary Figure 2: Binding kinetics of ACE2 to RBDwt, RBD5s, RBDosa1 and

RBDogA2 using BLI.
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For biolayer interferometry (BLI)-based affinity measurements, biotinylated RBDwt,

RBDs, RBDoa1 and RBDoea2z were immobilized on streptavidin biosensors. Kinetic

measurements were performed using four concentrations of purified ACE2 ranging

from 6.25nM to 50nM (illustrated with gradually lighter shades). The table

summarizes affinities (Ko), association (ken), and dissociation constants (ko) of ACE2

determined for the different RBD variants.
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Supplementary Figure 3: IgG binding capacity and ACE2 binding inhibition for

vaccinated samples towards BA1.
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Binding response towards omicron was analyzed by either MULTICOV-AB (a) or
RBDCoV-ACE2 (b) for samples from different vaccine schemes (n=30 for all sample
groups, except for mRNA-1273 5-6 months (n=16), heterologous vaccine schemes
(both n=20) and infected and vaccinated (Inf+vac, n=25). To determine the effect of
time post-vaccination, samples from both 1-2 months and 5-6 months post-
vaccination were included. A/A = AZD1222. M/IM = mRNA-1273. P/P = BNT162b2.
A/M = first dose AZD1222, second dose mRNA-1273. A/P = first dose AZD1222,
second dose BNT162b2. Boxes represent the median, 25" and 75" percentiles,

whiskers show the largest and smallest non-outlier values. Outliers were determined
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by 1.5 IQR. The 20% cut off for non-responders is indicated by the dashed line on b.

The equivalent data for BA2 is shown in the main manuscript file as Figure 3.
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Supplementary Figure 4: Differences in IgG binding response and ACE2 binding

inhibition towards BA1 among different populations of convalescent samples.
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Comparative ACE2 hinding inhibition (a and b) and IgG binding capacity (c) between
convalescent samples from different pandemic waves (a) and adults and children (b
and c) for Omicron BA1. (a) ACEZ2 binding inhibition towards BA1 for individuals
infected with WT (n=30), alpha (n=30) or delta (n=6). (b) There is no significant
difference (p=0.18) in ACE2 binding inhibition between adults (n=30) and children
(n=20). (c) Adults have significantly higher IgG binding capacity (p=0.01) towards
BA1 than children. Boxes represent the median, 25" and 75" percentiles, whiskers
show the largest and smallest non-outlier values. Outliers were determined by 1.5

IQR. Statistical significance was calculated by two-sided Mann-Whitney U.
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Supplementary Table 1: Median fold reduction in IgG binding capacity from wild-

type to respective variant

Group

Vaccinated

Convalescent

WT

1

1

alpha

1.19 (1.06 — 1.32)

1.17 (0.95 — 1.39)

beta

2.84 (1.80 — 3.88)

3.46 (1.24 — 5.67)

gamma

1.65 (1.17 — 2.13)

1.96 (1.03 — 2.90)

delta

1.21 (1.03 - 1.38)

1.25 (0.95 — 1.55)

omicron BA1

2.32 (0.96 — 3.68)

4.09 (1.31 - 6.87)

omicron BA2

2.99 (0.93 — 5.05)

lambda

(
2.14 (0.96 — 3.32)
1.73 (1.24 — 2.20)

2.03(1.29 - 2.76)

mu

3.01 (1.60 — 4.42)

3.62 (1.25 — 5.99)

Median fold change in reduction towards WT for all other variants included within the
MULTICOV-AB assay. The IQR is shown in brackets. Values are shown for both
vaccinated (n=226) and convalescent (n=86) samples. WT — wild-type (B.1. isolate).
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Supplementary Table 2: Median fold reduction in IgG binding capacity from

omicron BA1 to respective variant

Group

Vaccinated

Convalescent

WT

2.32 (0.96 — 3.68)

4.09 (1.31-6.87)

alpha

1.91 (0.85 — 2.96)

3.16 (0.40 — 5.91)

beta

0.83 (0.62 — 1.04)

0.99 (0.67 — 1.32)

gamma

1.39 (0.97 — 1.81)

1.76 (1.07 — 2.45)

delta

1.91 (1.03 — 2.80)

3.00 (1.27 - 4.73)

omicron BA1

1

1

omicron BA2

1.10 (1.03 = 1.17)

1.18 (1.02 — 1.34)

lambda

1.31(0.79 — 1.83)

1.69 (0.73 — 2.66)

mu

0.78 (0.57 — 1.00)

0.94 (0.50 — 1.38)

Median fold change in reduction towards omicron BA1 for all other variants included
within the MULTICOV-AB assay. The IQR is shown in brackets. Values are shown for
both vaccinated (n=226) and convalescent (n=86) samples. WT — wild-type (B.1.

isolate).
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Supplementary Table 3: Median fold reduction in IgG binding capacity from

omicron BA2 to respective variant

Group

Vaccinated

Convalescent

WT

2.13(0.95 — 3.32)

2.99 (0.93 — 5.05)

alpha

1.72 (0.86 — 2.58)

2.47 (0.53 — 4.41)

beta

0.76 (0.58 — 0.93)

0.84 (0.63 — 1.04)

gamma

1.26 (0.91 — 1.61)

1.45 (0.90 — 2.00)

delta

1.71 (1.00 — 2.43)

2.30 (0.87 — 3.74)

omicron BA1

0.91(0.85-0.97

0.85 (0.73 — 0.96)

omicron BA2

1

1

lambda

1.18 (0.74 — 1.62)

1.32(0.62 — 2.01)

mu

0.72 (0.54 — 0.90)

0.80 (0.52 — 1.09)

Median fold change in reduction towards omicron BAZ2 for all other variants included
within the MULTICOV-AB assay. The IQR is shown in brackets. Values are shown for
both vaccinated (n=226) and convalescent (n=86) samples. WT — wild-type (B.1.

isolate).
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Supplementary Table 5: Median ACE2 binding inhibition of the respective variant

Group Vaccinated Convalescent
WT 26.11 (38.7) 27.25 (45.55)
alpha 20.63 (30.37) 30.23 (36.32)
beta 11.38 (18.48) 8.87 (14.52)

gamma 10.81 (17.34) 9.41(17.19)

delta 16.67 (27.97) 15.72 (34.75)
omicron BA1 15.26 (11.26) 16.44 (11.54)
omicron BA2 8.03 (9.92) 10.88 (12.65)
lambda 18.79 (33.09) 16.13 (27.63)
mu 9.12 (15.08) 8.07 (12.16)

Median ACE2 binding inhibition for all RBD variants included within the RBDCoV-
ACE2 assay. The IQR is shown in brackets. Values are shown for both vaccinated
(n=226) and convalescent (n=86) samples. WT — wild-type (B.1. isolate).
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Diminishing Immune Responses
against Variants of Concern in
Dialysis Patients 4 Months after
SARS-CoV-2 mRNA Vaccination

Alex Dulovic,' Monika Strengert,' Gema Morillas Ramos,"” Matthias Becker, Johanna Griesbaum,
Daniel Junker, Karsten Liirken, Andrea Beigel, Eike Wrenger, Gerhard Lonnemann, Anne Cossmann,
Metodi V. Stankov, Alexandra Dopfer-Jablonka, Philipp D. Kaiser, Bjoern Traenkle,

Ulrich Rothbauer, Gérard Krause,? Nicole Schneiderhan-Marra,? Georg M.N. Behrens?

Patients undergoing chronic hemodialysis were amaong
the first to receive severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) vaccinations because of
their increased risk for severe coronavirus disease and
high case-fatality rates. By using a previously reported
cohort from Germany of at-risk hemodialysis patients and
healthy donors, where antibody responses were examined
3 weeks after the second vaccination, we assessed sys-
temic cellular and humoral immune responses in serum
and saliva 4 months after vaccination with the Pfizer-BioN-
Tech BNT162b2 vaccine using an interferon-y release as-
say and multiplex-based IgG measurements. We further
compared neutralization capacity of vaccination-induced
IgG against 4 SARS-CoV-2 variants of concern (Alpha,
Beta, Gamma, and Delta) by angiotensin-converting en-
zyme 2 receptor-binding domain competition assay. Six-
teen weeks after second vaccination, compared with 3
weeks after, cellular and humoral responses against the
original SARS-CoV-2 isolate and variants of concern were
substantially reduced. Some dialysis patients even had no
detectable B- or T-cell responses.

Persistence of vaccination-induced  cellular
and humoral immune responses is crucial
to prevent severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection or at least

provide protection against severe coronavirus dis-
ease (COVID-19) that requires hospitalization. As in
many other countries, the SARS-CoV-2 vaccination
strategy in Germany was based on prioritization
by occupation, underlying medical conditions, or
advanced age (I). Although those priority groups
have been vaccinated, a debate has emerged as to
whether a third booster dose may be necessary to
maintain or raise levels of protection within some of
these groups. Decisions on whether to recommend
a third dose needed to be made within a short time-
frame, because SARS-CoV-2 infection case numbers
were expected to increase again in the upcoming
cold season, as previously observed in late 2020 (2).
To date, however, data are lacking regarding the
longevity of vaccination responses, and most pub-
lished studies only provide follow-up data until 3
months after the second dose (3). Only 2 studies
report data on extended time frames of 6 months
after a completed 2-dose scheme (4,5), and, to our
knowledge, no studies have considered follow-ups
in patients receiving chronic hemodialysis. Data on
the actual effect of a third dose are equally scarce
and, so far, limited to organ transplant recipients,
where a third dose substantially increased antibody
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J. Griesbaum, D. Junker, P.D. Kaiser, B. Traenkle, U. Rothbauer,
N. Schneiderhan-Marra); Helmholtz Centre for Infection Research,
Braunschweig, Germany (M. Strengert, G. Krause); TWINCORE
GmbH Centre for Experimental and Clinical Infection Research,
Hannover, Germany (M. Strengert, G. Krause); Hannover

Medical School, Hannover (G. Morillas Ramos, A. Cossmann,
M.V. 8tankov, A. Dopfer-Jablonka, G.M.N. Behrens); Dialysis
Centre Eickenhof, Langenhagen, Germany (K. Lirken, A. Beigel,

Emerging Infectious Diseases + www.cdc.gov/eid « Vol. 28, No. 4, April 2022

281

E. Wrenger, G. Lannemann); German Centre for Infection
Research, Hannover—-Braunschweig, Germany (A. Dopfer-Jablonka,
G. Krause, G.M.N. Behrens); University of Tiibingen Pharmaceutical
Biotechnology, Tiibingen (U. Rothbauer); Centre for Individualized
Infection Medicine, Hannover (G.M.N. Behrens)

DOI: https://doi.org/10.3201/eid2804.211907

'"These authors contributed equally to this article.
*These authors contributed equally to this article.

743



Appendix

RESEARCH

responses (6). In addition, protection offered by
first-generation vaccines is reduced for SARS-CoV-2
variants of concern (VOCs) (7), which now account
for most infections worldwide (8), making the deci-
sion of whether a third dose is advisable even more
critical for those with underlying conditions, immu-
nodeficiencies, or an increased exposure risk (e.g.,
healthcare workers).

One particular risk group for SARS-CoV-2 infec-
tion and severe COVID-19 disease is hemodialysis
patients; currently, =80,000 persons requiring regu-
lar renal replacement therapy in Germany (9). Their
various underlying medical conditions and dialysis
therapy often lead to a state of generalized immu-
nosuppression (10). At the same time, these patients
bear a continuous exposure risk because of the regu-
lar need for in-center hemodialysis therapy, which
prevents them from self-isolating or reducing con-
tacts to avoid infection. We and others have iden-
tified impaired cellular and humoral responses to-
wards several viral vaccinations (e.g., SARS-CoV-2,
influenza A, or hepatitis B) (10-13); however, there
is a lack of longitudinal vaccination response stud-
ies against SARS-CoV-2 within this population. To
guide future vaccination strategies as to whether
additional booster vaccinations for at-risk groups to
prevent severe COVID-19 are required, we provide
follow-up data for a previously reported cohort of
76 persons receiving hemodialysis and 23 healthcare
workers with no underlying conditions (13) for sys-
temic and mucosal B- and T-cell responses 16 weeks
after full BNT162b2 vaccination and the neutralizing
potency of vaccination-induced antibodies. Because
of the emergence of VOCs, and because all currently
licensed vaccines are formulated against the origi-
nal wild-type isolate (B.1), we also examined anti-
body binding and neutralization toward the Alpha

(B.1.1.7), Beta (B.1.351), Gamma (P.3) and Delta
(B.1.617.2) VOCs,

Methods

Study Design and Sample Collection

We collected blood samples by using vascular ac-
cess before the start of dialysis or by venipuncture
for the control population 16 weeks after the stan-
dard 2-dose vaccination with a 21-day interval of
BNT162b2 (Pfizer-BioNTech, https://www.pfizer.
com) was completed (T2). An analysis of samples
from this population that were collected 3 weeks
after the second dose of BNT162b2 (T1) has been
published previously (13). A total of 76 patients on
maintenance hemodialysis and 23 healthcare work-
ers from the same dialysis center participated in the
longitudinal follow-up (13). Demographic charac-
teristics (e.g., age and sex), body mass index, time
on dialysis, use of immunosuppressive medica-
tions, and anti-S1 domain IgG levels at T1 of persons
who did not provide a sample at T2 were not sub-
stantially different compared with persons included
in this analysis (Table; Appendix Table 1, 2, https://
wwwnc.cde.gov/EID/article/28/4/21-1907-Appl.
pdf). We obtained plasma by using an S-Monovette
lithium heparin blood collection kit (Sarstedt,
https:/ /www.sarstedt.com). We used whole-blood
samples immediately for an interferon-y (IFN-y)
release assay (IGRA). To inactivate potential patho-
gens, we treated collected saliva samples with Tri
(n-butyl) phosphate for a final concentration of 0.3%
and Triton X-100 for a final concentration of 1%.

Ethics Considerations
The study was approved by the Internal Review
Board of Hannover Medical School (approval number

Table. Characteristics of participants in a study of immune response against variants of concern in dialysis patients 4 months after

SARS-CoV-2 mRNA vaccination*

Characteristic

Nondialysis control group Hemodialysis group

p value for difference
between groups

No. (%) patients 23 (100) 76 (100) NA
Median age, y (IQR) 55 (14) 70.5 (18.25) 2.78 x 10
Sex 1.01 x 107+
M 6 (26.09) 43 (56.58)
F 17 (73.91) 33 (43.42)
Median days since start of hemodialysis (IQR) NA 1,337 (1,686.5) NA
Using immunosuppressive medication 0 10 (13.16) 6.77 x 1072
Underlying condition
Obesity, BMI >30% 4 (17.39) 16 (21.05) 8.68 x 107"
Diabetes mellitus 0 19 (25) 7.30x 107
Cardiovascular disease 35 (46.05) 293 x10°

*“Values are no. (%) except as indicated. Percentages are for total group. BMI, body mass index; IQR, interquartile range; NA, not applicable; SARS-CoV-

2, severe acute respiratory syndrome coronavirus 2.

Tp value reflects difference in male-to-female ratios between the two groups, not differences explicitly for either male or female persons.

+BMI for 1 person was not known.
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8973_BO-K_2020). We obtained written informed con-
sent from all participants before the start of the study.

Bead Coupling

We coupled antigens to spectrally distinct MagPlex
beads (Luminex, https:/ / www luminexcorp.com) by
using EDC/s-NHS coupling for all standard (MULTI-
COV-AB) antigens (14). We coupled receptor-binding
domains (RBDs) from VOCs by using Anteo coupling
(AnteoTech, https:/ / www .anteotech.com) according
to the manufacturer’s instructions (15).

MULTICOV-AB

We analyzed IgG and IgA binding and levels by
using MULTICOV-AB, a multiplex coronavirus im-
munoassay, as previously described (14). For our
study, we used a panel of recombinant proteins as
antigens (Appendix Table 3). In brief, we immobi-
lized antigens on spectrally distinct populations of
MagPlex beads either by EDC/s-NHS coupling (14)
or by Anteo coupling according to the manufac-
turer instructions (15). We then incubated the com-
bined MagPlex beads with samples. After conduct-
ing a wash step to remove unbound antibodies, we
detected IgG or IgA with either R-phycoerythrin
labeled goat anti-human IgG (Jackson ImmunoRe-
search, https:/ /www jacksonimmuno.com) or IgA
(Jackson ImmunoResearch)as secondary antibod-
ies. After conducting another wash step and bead
resuspension, we measured samples once on a
FLEXMAP 3D instrument (Luminex) by using the
following settings: timeout, 80 s; gate, 7,500-15,000;
reporter gain, standard photomultiplier tube; 40
events. Raw median fluorescence intensity (MFI)
values or normalized values (MFI/MFI of qual-
ity control [QC] samples) (15) are reported. Three
QC samples were measured per individual plate
to monitor MULTICOV-AB performance. We mea-
sured all samples once.

Angiotensin-Converting Enzyme 2 Receptor Binding
Domain Competition Assay

We carried out an angiotensin-converting enzyme
2 receptor-binding domain (ACE2-RBD) competi-
tion assay as previously described (15; D. Junker
et al., unpub. data, https://doi.org/10.1101/202
1.08.20.21262328) to determine IgG neutralization
capacity against SARS-CoV-2 wild-type and the
VOCs. For this assay, we combined biotinylated
ACE2 with individual samples (and as a control,
ACE2 alone) and incubated with the previously de-
scribed MULTICOV-AB bead mix. Before and after
ACE2 detection with Streptavidin-PE (Moss, Fisher
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Scientific, https://www fishersci.com), we con-
ducted washes. We measured samples once on a
FLEXMAP 3D instrument with the same settings as
MULTICOV-AB and analyzed them by using nor-
malization of MFI values against the control. We
considered samples with a neutralization ratio <0.2
as nonneutralizing. This cutoff is based on compar-
ison to a classic virus neutralization test (D. Junker
et al., unpub. data).

Euroimmun ELISA QuantiVac

As a control for the MULTICOV-AB results, we also
analyzed plasma samples by using the Anti-SARS-
CoV-2 QuantiVac ELISA IgG (Euroimmun, https://
www.euroimmun.com). Samples were measured as
previously described (13). We measured all samples
once.

IGRA

We analyzed SARS-CoV-2-specific T-cell responses
from whole blood by measuring IFN-y production
after stimulation with a peptide pool from the
SARS-CoV-2 spike S1 with the SARS-CoV-2
Interferon Gamma Release Assay (Euroimmun)
and the IFN-y ELISA (Euroimmun), as previously
described (13). We subtracted background signals
from negative controls and calculated final results
in milli-IU (mIU) per milliliter by using standard
curves, Results from positive and negative controls
were not statistically significantly different be-
tween timepoints T1 and T2. We considered IFN-y
concentrations >200 mIU/mL as reactive. We de-
fined this arbitrary cutoff by using average back-
ground IFN-y activity without antigen-stimulation
in all samples of T1 multiplied with 10 for the
threshold for IGRA positive. Using this cutoff, we
found negative IGRA results in all of the 15 control
samples (prepandemic persons) (16). The upper
limit of reactivity was 2,000 mIU/mL.

Data Analysis and Statistics

We matched sample metadata and collected results
from different assay platforms in Microsoft Excel
2016 (https:/ /www.microsoft.com). We used Graph-
Pad Prism 8.4.3 (https://www.graphpad.com) for
statistical analysis. We generated figures in RStudio
1.2.5001 running R 3.6.1 (https:/ / www.rstudio.com).
We used the beeswarm add-on package to visualize
data as strip charts with overlaying boxplots and to
create nonoverlaying datapoints and used the Rcol-
orBrewer add-on to generate specific colors for plots.
We then edited the figures by using Inkscape 0.92.4
(https:/ /inkscape.org).
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Results

Substantial Decrease in Antibody Titers from 3

Weeks to 4 Months Postvaccination

Because antibody levels are considered a proxy for
protection, we initially examined the seroreversion
rate by using MULTICOV-AB (14), a previously
published bead-based multiplex immunoassay that
simultaneously analyses >20 different SARS-CoV-2
antigens, including the RBDs of VOCs and the en-
demic human coronaviruses. Similar to findings
from our previous report (13), RBD IgG respons-
es within the dialysis group (median normalized
MFI 4.26 among 76 patients) toward SARS-CoV-2
wild-type RBD were significantly reduced com-
pared with those for the control group (median
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normalized MFI 13.6 among 23 persons; p<0.001)
(Figure 1, panel A) 16 weeks after complete vacci-
nation (T2). Compared with titer levels at 3 weeks
after the second dose (T1), at 16 weeks after (T2),
antibody titers had significantly decreased, by 61%
in the control group and 75% in the dialysis group
(p<0.001) (Figure 1, panel A). RBD IgG levels mea-
sured by MULTICOV-AB were additionally verified
with a commercial quantitative in vitro diagnostic
antibody test (Spearman rank 0.956) (Appendix Fig-
ure 1). Although none of the samples of the control
group were classified as seronegative (titer below
the cutoff) (Appendix Figure 2), 19.7% (15/76) of di-
alysis samples were defined as such 16 weeks after
the second dose (T2), which constitutes a substantial
increase from 3 weeks after second vaccination (T1),
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Figure 1. Significant decrease in humoral and cellular responses induced by Pfizer-BioNTech vaccine BNT162b2 (https://www.pfizer.
com) against SARS-CoV-2 from 3 weeks to 16 weeks after second vaccination, observed in a study of immune response against
variants of concern in dialysis patients 4 months after SARS-CoV-2 mRNA vaccination. A) IgG response in plasma; B) IgG response
in saliva; C) neutralizing capacity toward SARS-CoV-2 wild type B.1; D) T-cell response measured by IFN-y release assay. Blue

circles indicate dialysis patients (n = 76) and red circles controls (n

= 23). Samples were taken 3 weeks (T1) and 16 weeks (T2) after

vaccination. Saliva (panel B) has reduced sample numbers in both groups because of issues in sample collection (T1 control, n = 22; T1
dialysis, n = 69; T2 control, n = 23; T2 dialysis. n = 71). T1 timepoint data has been published previously (73) and is reproduced here for
clarity. Horizontal lines within boxes indicate medians; box tops and bottoms indicate the 25th and 75th percentiles; whiskers show the
largest and smallest nonoutlier values. Outliers were determined by 1.5 times interquartile range. Statistical significance was calculated
by Wilcoxon matched-pairs signed rank test when comparing T1 and T, and 2-sided Mann-Whitney—U test when comparing control and
dialysis groups. ACE2, angiotensin-converting enzyme 2; IFN-y, interferon y; MFI; median fluorescence intensity; NS, not significant;
RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T1, timepoint 1; T2, timepoint 2.
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Figure 2. Reduced neutralizing capacity against SARS-CoV-2 variants of concern observed in a study of immune response against
variants of concern in dialysis patients 4 months after SARS-CoV-2 mRNA vaccination. Neutralizing capacity of plasma IgG toward
SARS-CoV-2 variants of concern Alpha (A), Beta (B), and Gamma and Delta (C) in the dialysis (blue circles, n = 76) and control

(red circles, n = 23) groups 16 weeks after second vaccination with Pfizer-BioNTech vaccine BNT162b2 (https://www.pfizer.com).
Neutralization capacity is displayed as ratio, where 1 indicates maximum neutralization and 0 no neutralization. Horizontal lines within
boxes indicate medians; box tops and bottoms indicate the 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier
values. Outliers were determined by 1.5 times interquartile range. Statistical significance was calculated by 2-sided Mann—Whitney—U
test. ACE2, angiotensin-converting enzyme 2; NS, not significant; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T1,

timepoint 1; T2, timepoint 2.

at which point only 53% (4/76) of samples were
seronegative. When examining plasma titers against
nucleocapsid, we did not observe any dialysis pa-
tients, other than one who had a PCR-confirmed
infection before the first dose, having a value above
the cutoff that would indicate infection.

To evaluate whether this reduction in plasma RBD
IgG was also present at the mucosal site, we profiled
the local antibody response in saliva by using MULTI-
COV-AB. As observed in plasma, a significant reduc-
tion occurred in saliva RBD IgG titers in the dialysis
(median 143 among 71 patients) compared with the
control group (median 313.5 among 23 persons) (p =
0.02) (Figure 1, panel B). When comparing saliva RBD
1gG levels at T1 to those at T2, we observed a statisti-
cally significant decline in both groups (p<0.001) (Fig-
ure 1, panel B), suggesting that the antibodies have
potentially lost competence to prevent transmission
if infected. When examining RBD IgA, we observed a
significant difference in titers between persons in the
control and dialysis groups (p = 0.003) (Appendix Fig-
ure 3, panel A); 47.8% of controls and 75% of dialysis
patients were classified as seronegative. This more pro-
nounced reduction in IgA versus IgG levels most likely
represents the shorter IgA half-life. Saliva RBD IgA
tended to be higher in the dialysis group, although not
significantly (p = 0.051) (Appendix Figure 3, panel B).

Decreased Neutralization Capacity as Time
Postvaccination Increased

We next examined whether neutralization potential
was also hindered because solid evidence exists on the
protective role for neutralizing serum antibodies (17).
By using an ACE2-RBD competition assay, which as-
sesses neutralization potency toward SARS-CoV-2
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wild-type and the circulating Alpha, Beta, Gamma,
and Delta VOCs, we found that neutralization against
wild-type SARS-CoV-2 RBD was significantly reduced
in the dialysis group compared with the controls
(p<0.001) (Figure 1, panel C) 16 weeks after complete
vaccination. We found that 82.6% (19/23) of control
samples and 89.5% (68/76) of dialysis patient samples
were below the 0.2 threshold, which indicates the ab-
sence of neutralizing activity (Appendix Figure 2), a
threshold is based on information provided for other
available ACE2 competition assays (18). This differ-
ence represents a substantially significant reduction
(p<0.001 for both groups) in neutralizing activity com-
pared with 3 weeks after second vaccination, at which
pointonly 4.3% (1/23) of the control samples and 50.0%
(38/76) of the dialysis patient samples were below the
threshold (Figure 1, panel C; Appendix Figure 2).

Reduced T-cell Response after Vaccination in

Dialysis Patients and Decrease Over Time

Because some persons might be able to control and
clear SARS-CoV-2 infections with a strong T-cell
response alone, we examined spike-specific SARS-
CoV-2 T-cell responses by using a commercially
available IGRA. Although absolute mean IFN-y
responses in the dialysis group compared with the
control group tended to be lower (median 370 vs.
651 mIU/mL), this difference was not significant (p =
0.13) (Figure 1, panel D). In the control group, IFN-y
release after restimulation declined significantly from
the first timepoint (median 1,505; p<0.001) (Figure 1,
panel D), whereas for dialysis patients, this decline
was not significant (median 580; p = 0.13) (Figure 1,
panel D). This difference is probably attributable to
most control samples being at the assay’s upper limit
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of detection at the first timepoint, when the dialy-
sis samples already showed reduced IFN-y release.
Overall, the number of nonresponders was higher
in the hemodialysis group (40.8% [31/76]) than the
control group (21.7% [5/23]) (Appendix Figure 2). A
lack of serologic response appears to be more driven
by T-cell immunity than B-cell immunity; 2.6% (2/76)
of the dialysis group having a T-cell response but no
B-cell response, compared with 23.6% (18/76) who
had a B-cell response but no T-cell response. In total,
17.1% (13/76) of the dialysis group were classified as
complete nonresponders because of the absence of
detectable SARS-CoV-2 wild-type B- and T-cell re-
sponses, compared with none in the control group.

Significantly Reduced Antibody Binding and
Neutralization Capacity against VOCs

Having characterized response against wild-type
SARS-CoV-2, we then assessed humoral response
against the VOCs Alpha, Beta, Gamma, and Delta.
As shown with classical cell-culture based virus neu-
tralization assays (7), neutralization responses were
also reduced for all VOCs compared with wild-type
when we used the previously described ACE2-RBD
competition assay. Compared levels at with the ini-
tial timepoint, neutralization decreased significantly
for the Alpha and Beta VOCs (p<0.001 for both) (Fig-
ure 2, panel A, B). We were unable to determine these
changes for Gamma and Delta because these variants
were not measured in the initial analysis. In a com-
parison between the dialysis and the control cohort,
dialysis patients had significantly reduced neutral-
ization against Alpha (p<0.001) (Figure 2, panel A),
Gamma (p = 0.014) (Figure 2, panel C), and Delta (p
=0.002) (Figure 2, panel C) but not for Beta (p = 0.08)
(Figure 2, panel B). The number of nonresponders
was variable between the different strains although
consistently high; 87.0% of the control group and
93.4% of the dialysis group were considered nonre-
sponders against Alpha, 95.7% of the control group
and 100% of the dialysis group against Beta and Gam-
ma, and 95.7% of the control group and 96.1% of di-
alysis group against Delta.

Discussion

After our initial study (13), which focused on hu-
moral and cellular responses 3 weeks after adminis-
tering the second BNT162b2 vaccination, we provide
longitudinal data for 4 months after the second dose.
In comparison with other vaccine studies, which
have mostly examined peak humoral response with-
in 1 month or alternative prime-boost vaccination
schedules with BNT162b2 (12), our data reveal a
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substantial decrease in the subsequent months in
hemodialysis patients and healthy controls. Overall,
the decline in neutralizing anti-spike RBD antibod-
ies was comparable in both groups, and the difference
between groups was mostly driven by differences in
the magnitude of the initial humoral response. Al-
though this decrease is expected and can be attributed
to the memory phase, the extent of the reduction was
unpredicted because it resulted in a substantial pro-
portion of persons being classified as seronegative.
The reduction of salivary antibodies is particularly
important because their presence has been linked to
reduced transmission potential (15). This pattern of
reduced antibody binding with increasing time post-
vaccination was also reflected in diminishing neutral-
ization potential.

Most persons tested were classified below our de-
fined neutralization threshold for wild-type RBD with
an almost complete nonresponder rate against Delta,
which was the dominant strain in many parts of the
world at the time of our analysis (8). Although this
finding does not automatically translate to a failure of
vaccine efficacy, given that any active challenge of the
immune system should result in expansion of mem-
ory B- and T-cell populations along with increased
(neutralizing) antibody titers, it does suggest never-
theless that active protection against infection may be
reduced. Although a recent study by Pfizer (4) indi-
cated that BNT162b2 vaccine efficacy did only slight-
ly decrease 6 months postvaccination in the study
cohort (from 95% to 91%) in fully immunocompetent
persons, data from vaccinations in Israel identified a
reduction in efficacy to 40% (19). In combination with
our data, where 17.1% of the dialysis cohort were clas-
sified as having no evidence for vaccine-elicited T-
and B-cell immunity after 4 months, the Pfizer study
findings suggest that vaccine efficacy may be even
further reduced within this patient group. For dial-
ysis patients, this finding is particularly concerning
because they often have underlying conditions that
put them at additional risk for severe COVID-19 (10).
The lack of a considerable SARS-CoV-2 specific T-cell
response in dialysis patients may result from chronic
inflammatory conditions, leading to T-cell exhaus-
tion and suppression of IFN-y levels (20). Differences
in anti-SARS-CoV-2 T-cell kinetics between groups
presumably reflect difference in the magnitude of
T-cell responses after boost and during the contrac-
tion phase. To what extent T-cell immunity contrib-
utes to protection from COVID-19 and whether our
IGRA results below a cutoff provide evidence for the
lack of effective adaptive T-cell immunity, requires
further investigation. However, we should state that
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although we see reductions in titer, neutralizing ac-
tivity, and T-cell responses, we did not see any new
infections by T2 within our cohort.

Our study is limited by the relatively small sample
size of persons, who were not matched by age or sex.
However, the sample number and compromised match-
ing is consistent with similar studies on dialysis vaccine
responses (12). Although studies have indicated that
differences exist in protection and antibody responses
(21) after different COVID-19 vaccination schedules,
our study of Pfizer's BNT162b2 represents a real-world
situation for most dialysis patients. Because of reduced
anti-spike responses 4 weeks postvaccination in patients
with other chronic conditions (6), these groups should
undergo careful monitoring to determine whether their
responses also decrease substantially over time.

Taken together, our results strongly argue that
all persons undergoing chronic hemodialysis should
be preferably administered a third dose of the
BNT162b2 vaccine. Recent studies on administering
a third dose to dialysis patients and transplant re-
cipients has identified strong increases in humoral
responses after vaccination, and a reduced percent-
age of recipients are considered nonresponders (22-
25). However, longitudinal follow-up studies will be
needed in early 2022 to monitor the rate of antibody
decay after administration of a third dose in these
and other vulnerable groups.
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Diminishing Immune Responses against
Variants of Concern in Dialysis Patients 4
Months after SARS-CoV-2 mRNA
Vaccination

Appendix

Appendix Table 1. Therapeutic indication for hemodialysis*

Diagnosis No. patients (%) in hemodialysis group
Total 76 (100)

Autosomal dominant polycystic kidney disease 11 (14.47)

Chronic glomerulonephritis 6 (7.90)

Diabetic nephropathy 11 (14.47)

Focal segmental glomerulosclerosis 5(6.59)

IgA nephropathy 8 (10.53)

Interstitial nephropathy 6 (7.90)

Nephrosclerosis 16 (21.05)

Acute toxic tubular epithelial damage syndrome 1(1.32)

Primary amyloidosis 1(1.32)

ANCA-associated vasculitis 1(1.32)

Cardiorenal syndrome 2(2.64)

Medullary cystic kidney disease 1(1.32)

Membranous glomerulonephritis 1(1.32)

Kidney dysplasia 1(1.32)

Obstructive nephropathy 1(1.32)

Reflux nephropathy 1(1.32)

Septic organ failure 1(1.32)

Cystic kidney disease 1(1.32)

Cyclosporin intoxication 1(1.32)

“ANCA, antineutrophilic cytoplasmic autoantibody.
A dix Table 2. Medication of vaccination cohort

No. (%)

Medication Nondialysis contral group Hemodialysis group
Total 23(100) 76 (100)
Angiotensin-converting enzyme inhibitors 2(8.70) 22 (28.95)
Statins 0(0) 45 (59.21)
Angiotensin |l Receptor Blockers 5(21.74) 25 (32.89)
Vitamin D Supplements 12 (52.17) 75 (98.68)
Immunosuppressants (dosing range per day)*

Prednisolone (2-7.5 mg) 0 5 (6.59)
Prednisclone (50 mg) day 6—14 post 2nd vaccination 0 1(1.32)
Prednisolone (5 mg), Tacrolimus (0.5-2 mg) 0 2(2.64)
Prednisclone (5 mg), Tacrolimus (12 mg), Mycophenolatmofetil (500 mg) 0 1(1.32)

Hydrocortisone (20 mg) 0 1(1.32)

*Therapeutic indication for immunosuppression were in four patients a kidney transplant (one had received an additional liver transplant),
polymyositis, polyarthritis, vasculitis and chronic obstructive pulmonary disease.
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Appendix Table 3. MULTICOV-AB antigen panel

Virus Antigen Manufacturer Product number
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD B.1 (wild-type) NMI -
SARS-CoV-2 Nucleocapsid Aalto 6404—b
SARS-CoV-2 S1 domain NMI -
SARS-CoV-2 S2 domain NMI -
SARS-CoV-2 RBD B.1.1.7 (Alpha) NMI -
SARS-CoV-2 RBD B.1.351 (Beta) NMI -
SARS-CoV-2 RBD P.3 (Gamma) NMI -
SARS-CoV-2 RBD B.1.617.2 (Delta) NMI -
hCoV-0C43 S1 domain NMI -
hCoV-OC43 Nucleocapsid NMI -
hCoV-HKU1 S1 domain NMI -
hCoV-HKU1 Nucleocapsid NMI -
hCoV-NL63 S1 domain NMI -
hCoV-NL63 Nucleocapsid NMI -
hCoV-229E S1 domain NMI -
hCoV-229E Nucleocapsid NMI -
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Appendix Figure 1. Quantitative plasma IgG titers 16 weeks after vaccination with Pfizer BNT162b2. A)
Spike S1-specific plasma IgG (RU/mL) from control group (red, n = 23) and dialysis group (blue, n = 76)
were analyzed 16 weeks post-second dose of Pfizer BNT162b2 using the QuantiVac-ELISA
(Euroimmun). Samples above upper or below the ELISA’s limits of detection are shown at the
corresponding limit. Boxes represent the median, 25" and 75" percentiles, whiskers show the largest and
smallest non-outlier values. Outliers were determined by 1.5 times IQR. Statistical significance was
calculated by two-sided Mann-Whitney-U test. Significance was defined as ***<0.001. B) Correlation of
MULTICOV-AB wild-type RBD B.1-IgG and QuantiVac Spike S1-lgG across the study population.

Spearman’s rank was used for correlation analysis.
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Haemodialysis patients respond poorly to vaccination and continue to be at-risk
for severe COVID-19. Therefore, dialysis patients were among the first for which a
fourth COVID-19 vaccination was recommended. However, targeted information
on how to best maintain immune protection after SARS-CcoV-2 vaccinations in at-
risk groups for severe COVID-19 remains limited. We provide, to the best of our
knowledge, for the first time longitudinal vaccination response data in dialysis
patients and controls after a triple BNT162b2 vaccination and in the latter after a
subsequent fourth full-dose of mMRNA-1273. We analysed systemic and mucosal
humoral IgG responses against the receptor-binding domain (RBD) and ACE2-
binding inhibition towards variants of concern including Omicron and Delta with
multiplex-based immunoassays. In addition, we assessed Spike S1-specific T-cell
responses by interferon vy release assay. After triple BNT162b2 vaccination, anti-
RBD B.1 IgG and ACE2 binding inhibition reached peak levels in dialysis patients,
but remained inferior compared to controls. Whilst we detected B.1-specific ACE2
binding inhibition in 84% of dialysis patients after three BNT162b2 doses, binding
inhibition towards the Omicron variant was only detectable in 38% of samples and
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declining to 16% before the fourth vaccination. By using mRNA-1273 as fourth
dose, humoral immunity against all SARS-CoV-2 variants tested was strongly
augmented with 80% of dialysis patients having Omicron-specific ACE2 binding
inhibition. Modest declines in T-cell responses in dialysis patients and controls after
the second vaccination were restored by the third BNT162b2 dose and significantly
increased by the fourth vaccination. Our data support current advice for a four-
dose COVID-19 immunisation scheme for at-risk individuals such as haemodialysis
patients. We conclude that administration of a fourth full-dose of mRNA-1273 as
part of a mixed mRNA vaccination scheme to boost immunity and to prevent
severe COVID-19 could also be beneficial in other immune impaired individuals.
Additionally, strategic application of such mixed vaccine regimens may be an
immediate response against SARS-CoV-2 variants with increased immune
evasion potential.

KEYWORDS

dialysis, mRNA vaccination, Omicron variant of concern, protective immunity,
immunocompromised, longitudinal response, mixed mRNA vaccination, COVID-19

Introduction

To date, SARS-CoV-2 vaccinations reassuringly provide
some degree of protection from severe COVID-19
independent of the currently circulating variants of concern
(VoC) for the majority of healthy individuals (1). However,
weaker immunogenicity and a faster decline in protection levels
to standard two-dose or three-dose booster SARS-CoV-2
immunisation schemes have been widely demonstrated in
immunocompromised individuals such as solid organ
transplant recipients (2), dialysis patients (3) or patients
suffering from other severe chronic conditions such as cancer
(4). Starting in mid-2021 and more widely since the beginning of
2022, several countries recommended a fourth dose of SARS-
CoV-2 mRNA vaccines for immunosuppressed populations at-
risk for severe COVID-19 disease and older individuals to
maintain levels of immune protection (5-8). This was driven
by weaker peak vaccine responses and waning immunity in
those individuals as well as continued evolution of SARS-CoV-2
variants with increasing levels of immune evasion potential as
demonstrated for Omicron VoC subspecies BA.1, BA.4, BA5,
and BA.2.12.1 (9-12).

Recent studies reported improved SARS-CoV-2 humoral and
cellular responses not only towards the original SARS-CoV-2 B.1
isolate but also Delta and Omicron VoC after a fourth vaccination
in haemodialysis patients receiving either mRNA vaccines or
vector-based formulations in combination with mRNA vaccines
(13-15). However, targeted data on the most efficient dosing and

Frontiers in Immunology
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vaccination scheme or even predictors of vaccination success in
haemodialysis patients at-risk of severe COVID-19 and its
associated mortality is limited. We aimed to comprehensively
examine the magnitude and kinetics of both cellular and humoral
immunity towards the most recently dominating Delta and
Omicron variant’s in a well-controlled longitudinal cohort of
haemodialysis patients. These patients received a triple dose of
BNT162b2 followed by a full-dose of mRNA-1273. Healthcare
workers vaccinated three times with BNT162b2 served as
controls. Qur data provide preliminary evidence that in addition
to heterologous vector- and mRNA-based vaccination schemes also
heterologous mRNA vaccine regimens may become strategically
beneficial for achieving efficient immunity against SARS-CoV-2 in
immunosuppressed patients.

Methods
Study design and sample collection

This is a follow-up study in haemodialysis patients and
control individuals, for which the results for haemodialysis
patients after a complete two-dose BNT162b2 vaccination (16)
and subsequent decline (17) have been previously reported.
Blood samples were taken before start of dialysis treatment
(n=50) or from healthcare workers (n=33), who participated
in the COVID-19 contact (CoCo) study served (18) as non-
dialysed control population. To be included in the study,
participants had to be over the age of 18 and able to give
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written informed consent. For the current analysis, we only
considered dialysis patients for which results from all time
points after either three or four vaccine doses were available.
All participants received the standard two-dose regimen of
BNT162b2 three weeks apart, followed by a third BNT162b2
vaccination about six (dialysis) or 8.5 months (controls) after the
second vaccination. Only dialysis patients were vaccinated a
fourth time with 100 pg mRNA-1273 four months after the last
BNT162b2 vaccination. The vaccination schedule and blood
collection time points are depicted in Figure 1 and Figure S1.
Participants with SARS-CoV-2 infection diagnosed by either
PCR or anti-nucleocapsid [gG determined by MULTICOV-AB
multiplex measurement (19) were excluded from the analysis.
Demographic characteristics and medical information are listed
in Tables 1, S1, S2. Plasma was obtained from lithium heparin
blood (S-Monovette Plasma, Sarstedt, Germany). Whole blood
samples were used immediately for interferon 7y release assay
(IGRA). For saliva collection, all individuals spat directly into a
collection tube. To inactivate replication-competent SARS-CoV-
2 virus particles potentially present in saliva samples, Tri(n-
butyl) phosphate (TnBP) and Triton X-100 were added to final
concentrations of 0.3% and 1%, respectively (20). Both plasma
and saliva samples were frozen and stored at —80°C until
further use.

MULTICOV-AB

IgG binding and levels were analysed using MULTICOV-
AB, a multiplex coronavirus immunoassay which contains the
trimeric Spike B.1, its subdomains (S1, $2, RBD), nucleocapsid
B.1and RBDs of Delta and Omicron BA.1 antigens as previously
described (9, 19). Briefly, antigens were immobilised on
spectrally distinct populations of MagPlex beads (Cat
#MCI10XXX-01, Luminex Corporation) either by EDC/s-NHS

10.3389/fimmu.2022.1004045

coupling (21) or by Anteo coupling (Cat #A-LMPAKMM-10,
Anteo Tech Reagents) following the manufacturer’s instruction
(19). The combined MagPlex beads were then incubated with
samples at an effective dilution of 1:3200 for plasma and of 1:12
for saliva. After a wash step to remove unbound antibodies, IgG
was detected with R-phycoerythrin labelled goat-anti-human
IgG (Jackson ImmunoResearch Labs, Cat #109-116-098, Lot
#148837, RRID: AB_2337678) as secondary antibody. After
another wash step and bead resuspension, samples were
measured once on a FLEXMAP 3D instrument (Luminex
Corporation) using the following settings: Timeout 80 sec,
Gate: 7500-15000, Reporter Gain: Standard PMT, 50 events.
Raw median fluorescence intensity (MFI) values or normalised
values (MFI/MFI of quality control (QC) samples (19, 22) are
reported. Three QC samples were measured per individual plate
to monitor MULTICOV-AB performance.

RBDCoV-ACE2

RBDCoV-ACE2, a multiplex competitive inhibition assay,
was performed as previously described (23) as surrogate assay to
determine immunoglobulin neutralisation capacity against
SARS-CoV-2 B.1 isolate and variants of concern. For this,
biotinylated ACE2 was combined with individual samples (and
as a control, ACE2 alone) and incubated with the above
mentioned MULTICOV-AB bead mix. Before and after ACE2
detection with Strep-PE (Cat #SAPE-001, Moss), washes were
carried out. Samples were measured once on a FLEXMAP 3D
instrument with the same settings as MULTICOV-AB and
analysed by normalisation of MFI values against the control.
100% ACE2 binding inhibition indicates maximum binding
inhibition. Responders for ACE2 binding inhibition are
classified as above a 20% ACE2 binding threshold as described
in Junker et al. (23).
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TABLE 1 Characteristics of study population.

Characteristics

Age (years), median (IQR)
Sex (female: n, %)
Days since start of haemodialysis (median, IQR)

Immunosuppressive medication (n, %)

Haemodialysis group Non-dialysis control group
(n = 50)

69.5 (60-79)

19 (38.0)

1263 (753-2314)

2021 (Vaccine dose 1-3)* 7(14.0)
2022 (Vaccine dose 4)* 6(12.0)
Co-morbidities
Obesity (BMI, >30) 12 (24.0)
Diabetes mellitus (n, %) 14 (28.0)
Cardiovascular disease (n, %) 21 (42.0)
Cancer (n, %) 1(2.0)
Chronic conditions (n, %)
Ulcerative colitis (n, %) 0(0.0)
Goiter (n, %) 0(0.0)
Hashimoto's thyroiditis (n, %) 0(0.0)
Hypothyroidism (n, %) 0(0.0)
Other 0(0.0)

“Farticipants on medication when vaccinated and sampled.

10.3389/fimmu.2022.1004045

p-value for difference between groups

(n =33)

42 (32-55) 1.08*107""
23 (69.7) 9.26*107
na. n a.
0(0.0) n.a
na. na
NA noa

1(3.0) 927710
2(6.1) 8.69°10°"

0(0.0) na
1(3.0) na
1(3.0) na
1(3.0) na
1(3.0) n.a
1(3.0) na

IQR, Inter Quartile Range; BMI, Body Mass Index; n, absolute numbers per group; NA, Information not available; n. a., not applicable.

Anti-SARS-CoV-2 QuantiVac ELISA

Plasma samples were additionally analysed using the Anti-
SARS-CoV-2-QuantiVac-ELISA IgG (Cat #EI 2606-9601-10G,
Euroimmun) as previously described (16).

Interferon v release assay

SARS-CoV-2-specific T-cell responses from whole blood
were analysed by measuring IFNy production after stimulation
with a peptide pool from the SARS-CoV-2 Spike S1 with the
SARS-CoV-2 Interferon Gamma Release Assay (Cat #ET-2606-
3003, Euroimmun) and the [FNy ELISA (Cat #EQ-6841-9601,
Euroimmun) according to the manufacturer’s description and as
previously evaluated against alternative assays for antigen-
specific T-cell reactivity using intracellular cytokine staining or
enzyme linked immuno spot assay (24, 25). Background signals
from negative controls were subtracted and final results
calculated in mIU/mL using standard curves. IFNy
concentrations >200 mIU/mL were considered as reactive. We
defined this arbitrary cut-off by using average background IFNy
activity without antigen-stimulation in all samples multiplied
with 10 for the threshold for IGRA-positive. Using this cut-off,
we found in all of the 15 controls taken from independent

Frontiers in Immunology

04

individuals before the COVID-19 pandemic negative IGRA
results (26). The upper limit of reactivity was 16,000 mIU/mL.

Data analysis and statistics

RStudio (Version 1.2.5001), with R (version 3.6.1) was used
for data analysis and figure generation. Additionally, the R add-
on package “beeswarm” was utilised to visualise data as
stripcharts with overlaying boxplots and to create non-
overlaying data points. A second R add-on package “gplots”
was used to generate specific colours for plots. Figures were
exported from RStudio and then edited using Inkscape
(Inkscape 1.2). Spearman’s rho coefficient was calculated to
determine correlation between IGRA results and ACE2
binding inhibition using the “cor” function from R’s “stats”
library. Mann-Whitney-U test and Wilcoxon test were used to
determine difference of signal distributions between dialysed and
control groups for unpaired and paired samples, respectively
using the “wilcox.test” function from R’s “stats” library. To
assess differences in the study population, Pearson’s Chi-
squared test with Yates’ continuity correction was used for
categorical characteristics using the “chisq.test” function from
R’s “stats” library and Mann-Whitney-U test as above was used
for difference in age. The type of statistical analysis performed
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(when appropriate) is listed in the figure legends. Pre-processing
of data such as matching sample metadata and collecting results
from multiple assay platforms was performed in Excel 2016.

Results

Inferior humoral responses in
haemodialysis patients after triple
BNT162b2 vaccination

To characterise the vaccination response after the third
BN162b2 vaccination in 50 patients on maintenance
haemodialysis, we had followed immunoglobulin levels
longitudinally after the second dose of BNT162b2 using
MULTICOV-AB, a multiplex immunoassay containing antigens
from the Spike protein of SARS-CoV-2 and selected variants of
concern (9). As a novel control group, 33 samples from healthcare
workers with triple BNT162b2 vaccination were used for
comparison. Detailed information on the study populations can
be found in Tables 1, §1, 2. Consistent with our previous reports
(16, 17), IgG responses towards the original B.1 isolate in vaccinated
dialysis patients were significantly reduced (p=4.68"10°, Mann-
‘Whitney-U test) when compared to the control group and declined
after the second vaccination to comparable levels in both groups
(p=7.33*10"7, Mann-Whitney-U test, Figure 2A). A third
BNT162b2 vaccination about six to eight months after the second
increased the peak IgG RBD B.1 response in both groups but with
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FIGURE 2
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higher variability in dialysis patients (p=4.02*10"%, Mann-Whitney-
U test, Figure 2A). As an additional control, quantitative S1 1gG
titres were measured using a commercial assay (Figure S2), which
led to a very similar pattern of significantly diminished antibody
responses in dialysis patients compared to non-dialysed individuals
after the second BNT162b2 dose, declining titres and a robust peak
response increase after the third vaccination. There was no
significant difference in male or female individuals and we did
not find any association to age. Regarding the decline in anti-S 1gG
after the third dose, we were able to measure this in only n=10 of the
control group at a comparable time point after vaccination to the
haemodialysis group (Figure 53). Dialysis patients showed a mean
3-fold reduction in anti-S IgG levels 121 days (range 119-129 days)
after the third vaccination (from mean 2,314 BAU/mL to mean 771
BAU/mL). This was almost identical to the 3.2-fold decline in
healthy controls (from mean 5,430 BAU/mL to mean 1, 662 BAU/
mL), although the time point for the follow up was somewhat later.

For a functional characterisation of vaccine-induced
antibodies towards the original B.1 RBD isolate, we used
RBDCoV ACE2 - a multiplex competitive inhibition assay
(23). ACE2 binding inhibition was significantly reduced in
dialysed compared to non-dialysed individuals (p=2.4210"°,
Mann-Whitney-U test) after the second vaccination
(Figure 2B). Responses were comparably diminished in both
groups four to eight months after the second vaccination, with
only 12% and 6% of samples being above the 20% responder
threshold in patients on haemodialysis and controls,
respectively. However, comparable to IgG binding levels, the

B
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Humaral immune response in haemodialysis patients after a triple vaccination with BNT162b2. 19G response (A) and ACE2 binding inhibition (B)

towards the SARS-CoV-2 B.1 RBD isolate

were measured in plasma from haemodialysis patients (blue circles, n = 50) and controls (orange

circles, n=33) using MULTICOV-AB (A) or an ACE2-RBD competition assay (B) after double or triple vaccination with BNT162b2 at the indicated

time points. Data is displayed as normalised median flucrescence intensity (MFI) signal (A) for IgG binding or as % A
© inhibition (B). Samples with an ACE2 binding inhibition of less than 2
= median, 25th and 75th perc
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o-dose BNT162b2 vaccination as At is displayed on the x-axis.

P-values for relevant comparisons are given above the sample

groups. Significance was defined as p < 0.05, Response data from dialysed individuals from day 21 and day 113 after the second BNT162b2 dose
were already published before as part of Strengert et al. (16) and Dulovic et al. (17}
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third BNT162b2 vaccination restored and even augmented
ACE2 binding inhibition against the B.1 variant in
both populations.

Strong immune responses after a fourth
mRNA-1273 vaccination in haemodialysis
patients

Next, we followed the anti-Spike RBD IgG levels in
haemodialysis patients after the third vaccination over time
and after a fourth vaccination with a full 100 pg dose of
mRNA-1273, which was considered by German guidelines for
immunocompromised individuals. As expected, IgG responses
against the original B.l isolate had again declined within
approximately 4 months after the third vaccination
(Figure 3A; Figure 52) as did the ACE2 binding inhibition
activity as a surrogate for virus neutralisation (Figure 3B).
Whilst the decline was not as severe as after the second
BNT162b2 dose with now 64% of samples remaining above
the 20% ACE2 binding inhibition threshold, only the fourth
vaccination with mRNA-1273 markedly raised both anti-Spike
RBD IgG levels (Figures 3A, S2; Table S3 for a complete

10.3389/fimmu.2022.1004045

statistical evaluation) and ACE2 binding inhibition (Figure 3B)
towards the B.1 isolate above levels seen at peak response after
the second and third dose of BNT162b2. 96% of samples from
individuals on haemodialysis were now classified as above the
20% ACE2 responder threshold. Further, we also analysed the
longitudinal development of ACE2 binding inhibition towards
the dominantly circulating SARS-CoV-2 of 2021 (Delta) and
2022 (Omicron) (Figures 3C, D). ACE2 binding inhibition
towards the Delta variant was slightly reduced over time
compared to levels observed with the B.1 isolate. Overall, the
third dose resulted in a clear increase in Delta ACE2 responder
rates from 24% after two-dose BNT162b2 scheme to 64%, which
was further increased to 94% after the subsequent dose of
mRNA-1273 (Figure 3C). Importantly, neutralisation against
the Omicron BA.1 variant, which was largely absent after the
second vaccination and only transiently above threshold in 38%
of dialysis patients after the third vaccination, reached high
levels of ACE2 binding inhibition with an 80% responder rate at
peak response after the fourth vaccination with mRNA-1273.
This coincided with Omicron being the dominant SARS-CoV-2
variant circulating in Germany (Figure 3D).

We also analysed IgG binding longitudinally after a triple
dose of BNT162b2 towards the RBD of B.1, Delta and Omicron
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BA.l VoC in saliva of haemodialysis patients to determine
protection levels at the primary side of SARS-CoV-2
replication. Although anti-RBD specific IgG was readily
detectable both in the peak and plateau response phase
following the complete two-dose and the third booster dose of
BNT162b2, IgG binding towards the Delta and Omicron BA.1
RBD was significantly reduced compared to the B.1 RBD across
all time points (Figure $4). Interestingly, saliva responses across
vaccinated individuals were much more widespread in saliva
than in plasma.

As clinical studies suggested that both cellular and humoral
response can confer protection from COVID-19 (27), we also
assessed vaccination-induced T-cell responses by IFNY release
assay longitudinally. Overall, these responses were more stable
over time (Figure 4A). After two BNT162b2 vaccinations, [FNY
release after in vitro re-stimulation was readily detectable in
haemodialysis patients, but declined slightly thereafter. The
third BNT162b2 vaccination increased cellular responses to
levels comparable to after the second vaccination. Similar to
the humoral responses, the fourth vaccination with mRNA-1273
further increased IFN7Y release after Spike S1 peptide
restimulation of T-cells (Figure 4A; Table 3 for a complete
statistical evaluation).

Finally, we correlated B- and T-cell responses after each
vaccination within our longitudinal cohort of haemodialysis
patients. We overall observed moderate correlation between
peak T-cell responses (measured by IGRA) and B-cell
responses [determined by % ACE2 binding inhibition of the
B.1 variant (Spearman’s rho=0.561, Figure 4B, upper panel)],
which did not increase after the third (Spearman’s rho=0.405)
and fourth (Spearman’s rho=0.371) vaccination. We further
described responder rates for T- and B-cell response by a
combined cut-off as displayed in Figure 4B. Notably,
responder rates among haemodialysis patients strongly
increased to 72% after the triple BNT162b2 dose and further
to 86% after the fourth full-dose mRNA-1273. Importantly,
whilst we observed a similar trend for the correlation
coefficient between Delta and Omicron BA.1 % ACE2 binding
inhibition and T-cell responses (Figure 4B; middle and lower
panel, Table S3 for a complete statistical evaluation), dual
cellular (>200mIU/mL) and humoral (>20% ACE inhibition)
responders levels equally strongly increased for both VoC after
the third and fourth vaccination to a final 84% and
74%, respectively.

Discussion

Although overall case mortality rates for SARS-CoV-2 have
significantly decreased since the initial wave of the pandemic,
maintaining high levels of vaccine-induced protection is of
paramount importance for at-risk individuals for severe
COVID-19 such as haemodialysis patients. Ensuring that these
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and other similarly vulnerable individuals are sufficiently
protected remains challenging, with high case numbers
throughout 2022 as a result of successive occurrence of
Omicron subvariants. Despite clear recommendations on the
need for a fourth dose, worryingly this fourth dose uptake
among haemodialysis patients has decreased compared to the
first three doses, with disparities among demographic groups
remaining in place (28). At present, recommendations by the
German Standing Committee on Vaccination (STIKO) clearly
endorse a fourth SARS-CoV-2 vaccine dose including a full dose
of mRNA-1273 for immunocompromised individuals (5), which
contrasts WHO guidelines recommending 50 pg mRNA-1273
for fourth vaccinations (29).

Several studies report of superior immunity after initial
mRNA-1273 prime/boost vaccination when compared to
BNT162b2 in haemodialyis patients (30, 31) or in the general
population (32-34) and further improved humoral responses
after triple vaccination in dialysis patients (35-39). Third dose
vaccination with mRNA-1273 or BNTI162b2 provided
comparable protection against symptomatic SARS-CoV-2
infection in the general population, although differences
between both vaccines were observed after the second dose
(40). Finally, Caillard et al. found that a four-dose mRNA-
1273 compared to a four-dose BNT162b2 results in increased
levels of binding antibodies in kidney transplant recipients (41).
In general, COVID-19 vaccine-induced humoral immune
responses tend to be higher in females and lower in elderly
people. Differences in anti-S IgG were prominent after the
second but not after the third vaccination, whilst males
remained to have inferior neutralisation activity even after the
third vaccination (42). We did not find such association most
likely due to the smaller samples size of our cohort.

Two studies found more durable neutralising antibody titers
four or six months after a third dose of mRNA vaccine compared
to two doses (43, 44). For the BNT162b2 vaccine the decline was
L.6-fold at four months. These findings indicate robust long-
lived antibody production after three doses, but the durability of
neutralising activity against different SARS-CoV-2 variants
could be variable (43). In a third study in an Israeli population
receiving the BNT162b2 vaccine, the decline over approximately
four months after the third dose was much higher (5.5-fold). We
observed an about 3-fold decline in both groups, which is in line
with the current literature and indicates that the peak anti-S IgG
responses are the main drivers for the differences between
groups over time and that the anti-S IgG kinetics are likely
similar in dialysis patients and controls. However, conclusions
about durability of antibody responses after 3-doses mRNA
vaccination remain uncertain, particularly after combination of
different vaccines (45). With regard to the T-cell responses, we
(24, 25, 46, 47) and others (48, 49) have described that Spike-
specific T-cell responses (CD4+ or CD8+ T-lymphocytes) after
infection or prime/boost vaccination are more stable as
compared to the respective humoral responses in healthy
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individuals. Thus, vaccine-induced long-lasting T-cell memory
after two or three COVID-19 vaccination are most likely not a
specific response in dialysis patients COVID-19 (45). The IGRA
employed in this study reliably detects vaccine-induced Spike-
specific T-cell responses and showed good correlation to other
techniques for studying post-vaccination T-cell immunity
including ELISpot and intracellular cytokine staining (24, 26).

Potential causes for our observations may include the higher
dose of mRNA-1273. Similar doses of mRNA-1273 (25 pg) to the
BNT162b2 dose (30 pg) generated comparable Spike-specific
memory CD4 T-cell frequencies to natural infection and about
half as strong as those seen with high-dose vaccination (100 pg)
indicating that differences between cellular and humoral immunity
after two mRNA vaccines most likely result from the different
doses of the vaccine (48). In addition, Spike and RBD IgG+
memory B-cell frequencies increase between 3 and 6 months
after immunisation with mRNA vaccine (50) and germinal
centers appear to be central to the immune responses to
COVID-19 vaccines (45). Kidney transplant recipients, unlike
healthy subjects, presented deeply blunted SARS-CoV-2-specific
germinal center B-cell responses coupled with severely hindered
neutralising antibody responses. These data indicate impaired
germinal center-derived immunity in immunocompromised
individuals (51). Germinal centers can persist and be productive
for more than six months after two doses of COVID-19 mRNA
vaccines and that the quality of neutralising antibodies can
improve over three to six months (52). We speculate that
diminished B-cell memory generation and germinal center
formation is one feature of the immune dysfunction in dialysis
patients and that repetitive vaccination, mix of mRNA vaccines or
increase in vaccine dose may help to overcome these limitations.
Finally, we specifically looked at dialysis patients with IGRA
results below threshold after the third vaccination (n=12), of
which almost all were among individuals with lowest IGRA
results also after the second and fourth vaccination. We
classified these as “low responders”, since also their anti-S IgG
responses were persistently very low. These low responders
comprised all patients with organ-transplantation (n=4) and 7
out of 8 individuals with immunosuppressive therapy at the time
of the third vaccination. We found no other association to co-
morbidities or clinical conditions in the low responder subgroup.
Thus, immunosuppression as listed in Table S2 is a further
explanation for the inferior humoral and cellular vaccine
response in many of the low responders.

We can only speculate about the effects of mixing mRNA-
based vaccines. Janssen et al. compared heterologous and
homologous mRNA-1273 and BNT162b2 vaccination after the
respective first vaccination in a randomised trial (53). They found
the geometric mean titers of anti-Spike IgG antibodies for each
heterologous regimen to be higher relative to the corresponding
homologous regimen. This is consistent with data from Israel (54)
and the COV-BOOST study (55), in which even half-dose
mRNA-1273 as fourth dose after triple BNT162b2 vaccination
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appeared to have higher immunogenicity than full-dose
BNT162b2. The authors suggested that this result might be due
to a heterologous schedule effect or the vaccine dose. Interestingly,
differences between both mRNA vaccines could be more complex,
since mRNA-1273 is reported to induce higher concentrations of
RBD- and N-terminal domain-specific IgA and more antibodies
eliciting neutrophil phagocytosis and natural killer cell activation
as compared to BNT162b2 (56).

Our study is, to our knowledge, the only study examining the
longitudinal humoral and cellular immune response towards the
most recent SARS-CoV-2 isolates in haemodiaylsis patients after
administration of consistent vaccination regimens starting with
a triple dose of BNT162b2 followed by a fourth full-dose of
mRNA-1273. Whilst other studies principally support the
beneficial impact of a fourth vaccination dose on both
antibody titers and neutralising potency towards SARS-CoV-2
B.l and VoC isolates, often various vaccination regimens
including heterologous vector-based/mRNA regimens were
pooled in cohorts (14) or vaccine dosages not provided (13).

Our data provide solid evidence that the triple vaccination
resulted in mean antibody concentration and neutralising
activity above levels to after the second vaccination.
Interestingly, we identified significant further increases in both
humoral and cellular response rates following the fourth dose,
compared to the second and third. The increase in response rate
from 30% to 74% from third to fourth dose for Omicron is
particularly important considering it comprises almost all
currently circulating variants of SARS-CoV-2. We consider
this as a valid argument for a fourth vaccination in at-risk
patients, especially, since T-cell immunity elicited by current
vaccines is also effective against VoC including Omicron (57—
59). The large range in both humoral and cellular responses
illustrates however the variable nature of SARS-CoV-2
vaccination responses in dialysis patients and may be of
relevance for identifying individuals with inferior responses in
need for further doses.

Our study has several limitations. The number of
participants within our cohort was limited, with only 50
patients on haemodialysis and a further 33 control
participants, although our sample size is larger than similar
studies examining the effect of the fourth dose within
haemodialysis patients (15). The use of longitudinal cohort
also allows us to directly identify the responses and their
decline following each individual dose. Unfortunately, we were
unable to obtain samples post-fourth dose for our control
population, since many individuals were meanwhile infected
with Omicron, additional booster vaccinations are not generally
recommended and a full dose mRNA-1273 vaccination would be
the unlikely regimen for the healthy controls. Although our
control group was well-matched for sample collection at peak
antibody levels after the second and third vaccination, they were
not optimally matched for age and gender. A potential limitation
of our study is that we used only peptides from a single SARS-
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CoV-2 $1 protein for T-cell analysis, not taking into account
reactivity against other variants including Omicron. To
investigate the extent to which substitutions in spike and non-
spike proteins affect T-cell recognition, several studies examined
T-cells in vaccinated and convalescent individuals (49, 60-62).
Overall, these studies show a high degree of preservation of T-
cell epitopes between the ancestral strain, Omicron and other
variants of concern. However, the degree of cross-reactivity
varied among individuals, possibly as a consequence of genetic
aspects of antigen presentation. Finally, it would have been
interesting to directly compare homologous fourth BNT162b2
dose to mRNA-1273 in haemodialysis patients and to assess the
reactogenicity, but this would have required a prospective study
design for an interventional study.

QOverall, a fourth full-dose of the mRNA-1273 vaccine elicits
improved cellular and humoral responses compared to the triple
BNT162b2 vaccination and appears to be an advisable strategy
for immunocompromised patients, such as haemodialysis
patients. Nevertheless, the decline after fourth vaccination and
the effectivity against emerging SARS-CoV-2 variants will have
to be monitored to assess the immune response duration and
requirement for further booster vaccinations.
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Figure S1. Sampling time points after COVID-19 vaccination in the study population.

Graphic display of median and absolute range of sampling times after the indicated vaccination of haemodialysis
patients (n=50, blue circles) and healthcare workers (n=33, orange circles), who served as controls. Controls were
triple-vaccinated with BNT162b2 (vaccination 1-3) whereas haemodialysed individuals received an additional
full-dose of mMRNA-1273 (vaccination 4).
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Figure S2. Development of quantitative plasma IgG titres after COVID-19 vaccination,

Spike subdomain 1 (S1)-plasma IgG from haemodialysis patients (blue circles, n=50) and controls (orange circles,
n=33) were analysed using the QuantiVac-ELISA from Euroimmun (BAU/mL) after a triple vaccination with
BNT162b2. For haemodialysed individuals, S1 1gG titres are additionally shown after a fourth 100 pg (full) dose
of mRNA-1273. Mean sampling time in days after the respective vaccination is displayed as At on the x-axis.
Boxes represent the median, 25th and 75th percentiles, whiskers show the largest and smallest non-outlier values.
Outliers were determined by 1.5 times IQR. Statistical significance was calculated by two-sided Mann-Whitney-
U test. P-values for relevant comparisons are given above the sample groups. Significance was defined as p<0.05.
Response data from dialysed individuals from day 21 and day 113 after the second BNT162b2 dose were already
published before as part of Strengert et al. (1) and Dulovic et al. (2).
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Figure S3. Decline in anti-S1 IgG after the third vaccination.

Spike subdomain 1 (S)-plasma IgG of dialysis patients (n=50) and a subgroup of healthy controls (n=10) after
the third vaccination. Note that the second time point was slightly different with mean 121 days (range 119-129
days) for dialysis patients and mean 164 days (range 112-223 days) in healthy controls. Reduction mean anti-S1
IgG in dialysis patients and the control group was 3-fold and 3.2-fold, respectively. Statistical significance was
calculated by two-sided paired Wilcoxon rank test. Significance was defined as p<0.05.
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Figure S4. Mucosal immune response in haemodialysis patients after triple vaccination with BNT162b2.
IgG response in saliva of haemodialysis patients (n=29) towards the SARS-CoV-2 RBD of B.1, Delta and Omicron
BA.1 isolates were measured using MULTICOV-AB. Data is displayed as median fluorescence intensity (MFI)
signal for IgG binding. Sampling time points in days after a completed standard two-dose BNT162b2 vaccination
is stated on the x-axis. Statistical significance was calculated by two-sided paired Wilcoxon rank test. Significance
was defined as p<0.05. P-values for relevant comparisons are given above the sample groups. Response data from
dialysed individuals from day 21 and day 113 after the second BNT162b2 dose were already published before as
part of Strengert e al. (1) and Dulovic et al. (2).
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Table S1. Indication for haemodialysis in the study population.

Characteristics

Haemodialysis group
(n=50)

Diagnosis (n, %)

Autosomal dominant polycystic kidney disease 7(14.0)
Chronic glomerulonephritis 3 (6.0)
Diabetic nephropathy 8 (16.0)
Focal segmental glomerulosclerosis 3(6.0)
IgA nephropathy 7(14.0)
Interstitial nephritis 4(8.0)
Nephrosclerosis 11(22.0)
Acute toxic tubular epithelial damage syndrome 1(2.0)
Anti-Neutrophilic Cytoplasmic Autoantibody (ANCA)-associated vasculitis 1(2.0)
Medullary cystic kidney disease 1(2.0)
Membranous glomerulonephritis 1(2.0)
Kidney dysplasia 1(2.0)
Obstructive nephropathy 1(2.0)
Cystic kidney disease 1(2.0)
Cyclosporin intoxication 1(2.0)
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Table S2. Medication of study participants. NA - Information not available.

Medication (n, %)

Haemodialysis group

Non-dialysis control group

(n=50) (n=33)

Angiotensin-converting enzyme inhibitor 15(30.0) 2(6.1)
Statins 28 (56.0) 0(0.0)
Angiotensin II Receptor Blocker 16 (32.0) 1(3.0)
Vitamin D Supplements 49 (98.0) NA
L-Thyroxine 0(0.0) 3(9.1)
Ca®" channel antagonist 0(0.0) 2(6.1)
5-aminosalicylic acid 0(0.0) 1(3.0)
DPP4 inhibitor + metformin 0(0.0) 1(3.0)
Factor Xa inhibitor 0(0.0) 1(3.0)
Immunosuppressants (dosing range per day)

Prednisolone (2 mg; every second day ) 1(2.0) 0(0.0)

Prednisolone (5 mg)* 2 (4.0) 0(0.0)

Prednisolone (7.5 mg) 1(2.0) 0(0.0)

Prednisolone (5 mg), Tacrolimus (1-2 mg) | 2 (4.0) 0(0.0)

Prednisolone (5 mg), Tacrolimus (12 mg), | 1(2.0) 0(0.0)

Mycophenolatmofetil (500 mg)**

Hydrocortisone (20 mg) 1(2.0) 0(0.0)

5-Fluorouracil*** 1(2.0) 0(0.0)

* One patient discontinued prednisolone 128 days after the second and 68 days before the third BNT162b2 dose.
** Mycophenolatmofetil discontinued 166 days after the second and 30 days before the third BNT162b2 dose.

*** First treatment cycle started 63 days before the fourth vaccination with mRNA-1273.
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Table S3. Statistical comparison of longitudinal cellular and humoral vaccination responses in
haemodialysis patients.

Assay Variant Figure | Sample 1vs 2 | Sample | vs 3 | Sample 3 vs 4 | Sample 3 vs 5
MULTICOV-AB | B.1 3a 1.51*10* 1.61*10° 2.44*10° 1.05*10°
RBDCoV-ACE2 | B.1 3b 0.005 7.79%10°1° 4.38%10° 7.79*%101°
RBDCoV-ACE2 | Delta 3¢ 0.013 1.15*10° 1.20%10* 7.79%101
RBDCoV-ACE2 | Omicron 3d 0.002 3.52%107 8.48%107 1.15%10°
BA.1
IGRA B.1 4a 1.38%10° 0.564 NA 0.0005
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Results: Surrogate neutralisation against all tested sublineages was reduced in patients
with IBD who were treated with anti-TNF biologics compared to patients treated with
non-anti-TNF biologics and healthy controls (each p <0.001) at visit 1. Anti-TNF ther-
apy (odds ratio 0.29 [95% Cl 0.19-0.46]) and time since vaccination (0.85 [0.72-1.00])
were associated with low, and mRNA-1273 vaccination (1.86 [1.12-3.08]) with high
wild-type surrogate neutralisation in a fi-regression model. Accordingly, higher pro-
portions of patients treated with anti-TNF biologics had insufficient surrogate neu-
tralisation against omicron sublineages at visit 1 compared to patients treated with
non-anti-TNF biologics and healthy controls (each p = 0.015). Surrogate neutralisation
against all tested sublineages decreased over time but was increased by breakthrough
infection. Anti-spike 1gG concentrations correlated with surrogate neutralisation.

Conclusions: Patients with IBD who are treated with anti-TNF biologics show im-
paired neutralisation against novel amicron sublineages BQ.1.1 and XBB.1.5 and may

benefit from prioritisation for future variant-adapted vaccines.

1 | INTRODUCTION

SARS-CoV-2 vaccines have proven to be effective and powerful
tools in the combat against the COVID-19 pandemic by saving mil-
lions of lives.>* However, the increase in SARS-CoV-2 immunisation
world-wide positively selected for new virus subvariants which can
overcome vaccine-elicited immune defences and have increased
transmissibility.>~ Therefore, it is important to continue the surveil-
lance of immune responses against such subvariants in the popula-
tion in order to identify and protect vulnerable patient groups with
an impaired response to SARS-CaoV-2 vaccines.

One of such groups are patients with inflammatory bowel dis-
eases (IBD), a multifactorial immune disorder that often requires
treatment with immunomodulatory biologic agents.® It was shown
that patients with IBD who are treated with biologics that antag-
onise the proinflammatory cytokine TNF-alpha (anti-TNF), such
as infliximab or adalimumab, have impaired humoral immunity fol-
lowing SARS-CoV-2 mRNA vaccination, when compared to healthy
controls.”~** In contrast, immunogenicity is not altered by treatment
with other biologics such as vedolizumab or ustekinumab which an-
tagonise a4 fi7-integrin and interleukin-12 and -23, respectively.>1012
Recently, we and others demonstrated that impaired immune re-
sponses in anti-TNF-treated patients with IBD manifest even after
a third dose of SARS-CoV-2 mRNA vaccines.**-%¢ This impaired hu-
moral vaccine response correlates with a higher rate of SARS-CoV-2
breakthrough infections in anti-TNF-treated patients with IBD, high-
lighting the increased risk faced by these patients.’*% Vaccination
with a fourth dose of omicron-adapted bivalent vaccines can pro-
tect from severe COVID-19 and is recommended for at risk immu-
nosuppressed patients including anti-TNF-treated patients with
IBD.*® Such vaccines were shown to induce substantial neutralisa-
tion against omicron sublineages BA.1 and to a lesser extent against
BA.5 in healthy individuals.**?® However, vaccination hesitancy is
high and vaccine fatigue poses a threat to further containment of
the SARS-CoV-2 pandemic.?*?* Moreover, the novel SARS-CoV-2

omicron sublineages BQ, XBB, and their derivatives display alarm-
ing levels of neutralisation escape and caused recent surges of
COVID-19 infections worldwide.?*7

To this date, no data on neutralisation against these subvariants
in patients with IBD are available. Therefore, it remains unknown
it the conventional three dose SARS-CoV-2 vaccination scheme
sufficiently protects patients with IBD on immunosuppressive
treatment during current COVID-19 waves. To our knowledge, this
collaborative study between several Swiss tertiary IBD centres,
NMI Reutlingen, and the University of Oxford is the first study to
assess neutralisation against the novel omicron sublineages BQ.1.1
and XBB.1.5 in patients with IBD and in anti-TNF-treated patients
in general.

2 | METHODS

21 | Studydesign

STAR SIGN (Systemic and T cell-Associated Responses to SARS-
CoV-2 booster Immunisation in Gut iNflammation) is a national
multi-centre case-control study investigating the impact of bio-
logic treatment in patients with IBD on immunogenicity towards
SARS-CoV-2 vaccination.®® It is designed as an observational trial
combining prospective data from patient guestionnaires and blood
sample analysis with retrospective data collected manually from
electronic medical records. The study protocol received approval
by the Ethics Committee of Eastern Switzerland under the project-
ID 2021-02511.

2.2 | Study population

Patients were recruited during regular hospital visits at the IBED
outpatient clinic of the Cantonal Hospital St. Gallen, the outpatient
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clinic Rorschach, and the IBD outpatient clinic of the Inselspital
Bern University Hospital. Healthy subjects were recruited from
staff of the Cantonal Hospital St. Gallen, excluding those who
are directly involved in the study. Inclusion criteria were age of
18vyears or older and third dose SARS-CoV-2 mRNA vaccination
2-16weeks before study inclusion. For patients, a diagnosis of UC,
CD or indeterminate colitis and therapy with either anti-TNF- (inf-
liximab, adalimumab, golimumab, and certolizumab pegol), or non-
anti-TNF-targeting (vedolizumab and ustekinumab) biologics were
additional requirements. Absence of IBD was required for healthy
subjects. Study exclusion criteria were incapability to answer the
questionnaire, absence of signed consent, pregnancy at the time
of SARS-CoV-2 third dose vaccination or between vaccination and
study inclusion, and administration of SARS-CoV-2 vaccines other
than BNT162b2 or mRNA-1273. Furthermore, study exclusion cri-
teria for control subjects were use of immunosuppressive medica-
tion (steroids, immunomodulators, and biologics) within 6months
before third-dose vaccination, or between vaccination and study
inclusion. Upon study inclusion, participant information on vac-
cine type (BNT162b2, mRNA-1273). demographics (age, gender,
ethnicity, education, BMI, smaking status, and comorbidities), IBD
diagnosis (CD, UC, and indeterminate colitis), disease duration, age
at disease diagnosis, concomitant medication, disease activity, and
SARS-CoV-2 infection status based on PCR or antigen testing were
recorded. Study population characteristics are described in Table 1.

2.3 | Studyoutcomes

The primary outcome was to determine if surrogate neutralisation

against SARS-CoV-2 wild-type and omicron sublineages BA.1, BA.5,

BQ.1.1, and XBB.1.5 following third-dose vaccination differs in anti-

TNF-treated patients with IBD compared to patients with IBD who

are treated with non-anti-TNF biologics and healthy controls.
Secondary outcomes were:

(i) proportion of participants having non-inhibitory surrogate neu-
tralisation of less than 20% against SARS-CoV-2 wild-type and
omicron sublineages, stratified by study group,

(i) impact of omicron breakthrough infection on surrogate neutral-
isation against SARS-CoV-2 wild-type and omicron sublineages.
and

(iiii) correlation of serum anti-spike 1gG concentrations with surro-
gate neutralisation against SARS-CoV-2 wild-type and omicron
sublineages.

2.4 | Definitions of SARS-CoV-2 infection status,
severe infection, and steroid use

Individuals with no detectable anti-nucleocapsid IgG antibodies who
did not report PCR- or antigen-test confirmed SARS-CoV-2 infection
were considered SARS-CoV-2-naive.

WOELFEL ET AL

Third dose breakthrough infection was based on several param-
eters and was considered proven in participants who:

(i) reported infection between 12 days post third-dose vaccination
and visit 1 or between visits 1 and 2 based on positive PCR- or
antigen-test,

(if) had detectable anti-nucleocapsid 1gG at visit 2 but not at visit 1,

(it} or had higher anti-spike IgG concentrations at visit 2 compared
to visit 1, if data were available.

Infection before vaccination was based on reported positive
SARS-CoV-2 PCR- or antigen-test before third vaccination.

Severe COVID-19 was based on reported hospitalisation due to
SARS-CoV-2 infection.

Steroid use was defined as the application of systemic or topical
steroids at the time of SARS-CoV-2 vaccination.

2.5 | Measurement of SARS-CoV-2 spike
protein- and nucleocapsid-reactive antibody
concentrations

Antibody measurements were performed in the ISO/IEC accredited
Center of Laboratory Medicine in St. Gallen, Switzerland, by trained
laboratory staff. Serum of study participants was isolated after coagu-
lation for 20min by centrifugation for 10min at 2800g. SARS-CoV-2
spike protein-reactive 1gG was quantified using the chemilumines-
cence immunoassay LIAISON® SARS-CoV-2 TrimericS 1gG assay
(DiaSorin Inc.) in accordance with manufacturer's instructions and as
described earlier.® Briefly, serum anti-spike 1gG antibodies bind to
trimeric spike protein immobilised on magnetic particles and are de-
tected using isoluminol-conjugated anti-human IgG antibodies. Bound
IgG are quantified by measuring the Relative Light Units released by
the conjugated luminol in a flash chemiluminescence reaction. For
conversion of Relative Light Units to the WHO international standard
BAU/ml (BAU =binding antibody units), the numerical factor 2.6 was
used, as recommended by the manufacturer. Where needed, samples
were diluted 1:20 in LIAISON® TrimericS IgG Diluent Accessory.
SARS-CoV-2 nucleocapsid-reactive IgG in participant sera was
qualitatively measured using the Biomerica COVID-19 1gG/1gM Rapid
Test (Biomerica) in accordance with manufacturer's instructions and
as described before.r? Briefly, this lateral flow chromatographic im-
munoassay is based on binding of serum antibodies by a SARS-CoV-2
nucleocapsid antigen-gold conjugate, and subsequent reaction with
human-directed IgM and IgG upon membrane migration.

2.6 | Determination of surrogate neutralisation
against SARS-CoV-2 wild-type and omicron
sublineages

Surrogate neutralisation against SARS-CoV-2 wild-type and
BA.1, BA.5, BQ.1.1, and XBB.1.5 subvariants was determined as
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TABLE 1 Baseline characteristics of participants included in the analyses of this study.

Variable
n

Type of vaccine (%)

Age, years (mean (SD))
Gender (%)

Ethnicity (%)

Education (%)

BMI, kg/m? (mean (SDJ)
Smoking (%)

Diagnosis (%)

Disease duration, years (median [IQR])
Age at diagnosis, years (median [IQR])
Steroids (%)

Immunomodulator (%)

ASA-5 (%)
Disease activity (PRO2) (%)

Faecal calprotectin concentrations within
two months before SARS-CoV-2
vaccination in pg/g (median [IQR])

Faecal calprotectin concentrations
within two months after SARS-CoV-2
vaccination in pg/g (median [IQR])

Heart disease (%)

Hypertension (%)

Pulmonary disease (%)

Kidney disease (%)

Level

BNT162b2
(Pfizer-BioNTec)

mRNA-1273 (Moderna)

Female
Male
European
Asian
African
Other
Primary
Secondary
Tertiary

Current

Former

Never

Crohn's Disease
Indeterminate Colitis

Ulcerative Colitis

Remission
Mild
Moderate

Severe

Anti-TNF-treated IBD
patients

59

44 (74.6)

15 (25.4)
44.39(14.71)

28 (47.5)

31(52.5)

56(949)

0(0.0)

1(1.7)

2(3.4)

10(16.9)

28 (47.5)

21(35.6)

24.45 (3.63)
11(18.6)

24(40.7)

24 (40.7)

44(74.6)

0(0.0)

15(25.4)

11.00 [6.00, 21.00]
26,00 [20.00, 39.00]
15 (25.4)

44 (74.6)

1(1.7)

58(98.3)

12(20.3)

40(69.0)

10(17.2)

2(13.8)

0(0.0)

73.50[38.50, 166.25]
n=22

105.50[33.25, 373.75]
n=28

2(3.4)
57(96.6)
4(6.8)
55(93.2)
1(17)
58(98.3)
2(3.4)
57(96.6)
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Non-anti-TNF-treated Healthy
IBD patients controls
39 48
30(76.9) 44(917)
9(23.1) 4(8.3)
5015 (17.03) 4777 (11.61)
12(30.8) 28(58.3)
27 (69.2) 20(41.7)
39 (100.0) 46(95.8)
0(0.0) 1(21)
0(0.0) 0(0.0)
0(0.0) 121
3(727) 1(2.1)
19 (48.7) 11(22.9)
17 (43.6) 36(75.0
25.81(5.32) 24.34 (3.42)
5(12.8) 10(20.8)
16 (41.0) 12(25.0
18 (46.2) 26(54.2)
24 (61.5)

1(2.6)

14(35.9)

11.506.25, 21.50]
29.00 [21.25, 49.75)
7(179)

32(821)

1(2.6)

38(97.4)

13(33.3)

23(59.0)

8(20.5)

7(17.9)

1(2.6)

218.50 [68.75, 448.25]
n=20

361.00 [54.00, 803.00]
n=21

4(10.3)
35(897)
9(23.1)
30(76.9)
3(7.7)
36(92.3)
3(77)
36(92.3)

(Continues)
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TABLE 1 (Continued)

Variable Level
Diabetes (%) Yes
No
Hyperlipidemia (36) Yes
No
Arthritis (%) Yes
No

Reported infection before vaccination (%)  Yes
Breakthrough infection between visits 1 Yes
and 2 (%) No

Breakthrough infection between visits 1 Yes
and 2 resulting in severe COVID-19

No

(%)
Fourth vaccination between visits 1 and Yes
2(%) No

Neutralisation measurements for both
visits 1 and 2 (%)

described before using the ACE2-RBD inhibition assay REDCoV-
ACE2.%8%% This assay quantifies antibody-mediated blockage of
ACEZ2-spike protein-protein interaction as a surrogate for virus
neutralisation. In detail, thawed serum samples were diluted 1:25
in assay buffer (Low Cross Buffer diluted 1:4 in CBS (1xPBS+1%
BSA)+0.05% Tween20)) and further 1:8 in ACE2 buffer (assay
buffer containing 342.9ng/mL biotinylated human ACE2 (Sino
Biological); final concentration: 300ng/pL). MagPlex beads
(Luminex) with distinct spectral properties and coupled to RBD
proteins of SARS-CoV-2 wild-type, BA.1, BA.5, BQ.1.1, or XBB.1.5
were pooled to achieve a bead mix with a concentration of 40
beads/pL per bead population. 25 pL of diluted serum were mixed
1:1 with bead mix in wells of a 96 well plate (Corning). Duplicate
wells containing 300ng/mL ACE2 in assay buffer without added
serum were used as normalisation control. Two quality control
samples were measured in duplicate wells of each 96 well plate.
Two wells containing 25 pL assay buffer instead of diluted serum
served as blanks. After incubation for 2h at 21°C and 750 rpm
agitation, beads were washed three times with 100 pL wash buffer
(1xPBS+0.05% Tween20) using a microplate washer (Biotek
405TS, Biotek Instruments GmbH). 30 pL of streptavidin-RPE con-
jugate were added to each well, followed by incubation for 45 min
at 21°C and 750rpm agitation. After washing three times as de-
scribed earlier, the plate was agitated for 3min at 1000 rpm. For
quantification of bead-attached biotinylated ACE2, mean fluores-
cence intensity (MF1) emitted by conjugated RPE was measured
using a FLEXMAP 3D instrument (Luminex) with the following
settings: 80pL (no timeout), 50 events, gate: 7500-15,000, re-
porter gain: standard PMT. ACE2-binding inhibition was defined
as percentage of sample MFI relative to normalisation control MFI

WOELFEL ET AL

Anti-TNF-treated IBD Non-anti-TNF-treated Healthy
patients IBD patients controls
1(1.7) 0(0.0)

58(98.3) 39 (100.0)

0(0.0) 1(2.6)

59 (100.0) 381(974)

7(119) 0(0.0)

52(88.1) 39 (100.0)

6(10.2) 2(51) 7(14.6)
53(89.8) 37(94.9) 41(854)
31(52.5) 20(51.3) 20(41.7)
28 (47.5) 19 (487) 28 (58.3)
1(1.7) 0(0.0) 0(0.0)
58(98.3) 39 (100.0) 48 (100.0)
3(5.1) 0(0.0) 1(21)
56(94.9) 39 (100.0) 47 (979)
29(49.2) 21(53.8) 28(58.3)

deducted from 100%. Negative MFI values were considered as
zero. ACE2 binding inhibition was validated as a surrogate of virus
neutralisation in numerous studies.*®-32 Therefore, in this study,
ACE2-binding inhibition is referred to as surrogate neutralisation.
Participant sera with surrogate neutralisation of <20% were con-
sidered non-inhibiting, which has been validated with virus neu-
tralisation assays for the tested SARS-CoV-2 subvariants.®

2.7 | Statistical analysis

Surrogate neutralisation against SARS-CoV-2 wild-type and omicron
sublineages BA.1, BA.5, BQ.1.1, and XBB.1.5 was compared be-
tween study groups using Kruskal-Wallis and Holm corrected Dunn's
post-hoc tests. The proportion of participants with non-inhibitory
surrogate neutralisation was compared between the study groups
with Holm corrected Fisher's exact tests. For the intra-individual
comparison of wild-type, BA.1, BA.5, BQ.1.1, and XBB.1.5 surrogate
neutralisation, Wilcoxon signed rank tests were performed with
Holm correction for each of ten comparisons. Likewise, for the intra-
individual comparison of non-inhibitory surrogate neutralisation,
Holm corrected McNemar tests were performed. A p-regression
model with logit link function was fitted for wild-type surrogate
neutralisation. The following predictors were included: type of
biologic treatment, infection status before vaccination, time since
vaccination, age, smoking status, type of IBD, time between second
and third vaccination, and type of vaccination. No p-regression was
run for the omicron sublineages, as there were many zero values.
However, for BA.1, a logistic regression was calculated with non-
inhibitory surrogate neutralisation as a dependent variable and all
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the predictors that proved to be significant in the p-regression as in-
dependent variables. For other omicron sublineages, the number of
patients with inhibitory surrogate neutralisation was too low to run
logistic regressions. For the comparison of visits 1 and 2 measure-
ments, Wilcoxon signed-rank tests were used. Spearman's rho was
calculated for pairwise correlation of logarithmized anti-spike 1gG
and surrogate neutralisation against wild-type and omicron subline-
ages. Except for analyses where SARS-CoV-2 naive individuals were
compared to individuals with SARS-CoV-2 breakthrough infection,
participants with breakthrough infection and fourth vaccination
were excluded. All analyses were performed in the R programming
language (version 4.2.2; R Core Team, 2022). Packages “tableone”,
“dunn. test”, and "betareg” were used to compute descriptive statis-
tics, calculate Dunn's post-hoc tests, and calculate the beta regres-
sion model, respectively.

3 | RESULTS
3.1 | Study population

The STAR SIGN study includes a total of 225 study participants
who were recruited from the outpatient clinics and hospital staff
of Cantonal Hospital St. Gallen, Ambulatorium Rorschach, and
Inselspital Bern between January 2022 and April 2022. Of those,
SARS-CoV-2 neutralisation data were available for 98 patients with
IBD and 48 healthy controls who were used for the analyses of this
study (Figure 51). Among patients with IBD, 59 received anti-TNF
treatment with infliximab, adalimumab, or golimumab and 3% re-
ceived non-anti-TNF biologic treatment with vedolizumab or usteki-
numab. The STAR SIGN study protocol s summarised in Figure 1.
Detailed characteristics of participants used for the analyses of this
study are listed in Table 1. Baseline characteristics of participants
who were excluded due to missing neutralisation data were compa-
rable to those of included participants (Table S2).
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3.2 | Anti-TNF-treatment impairs functional
immunity against BQ.1.1 and XBB.1.5 following
SARS-CoV-2 vaccination

When comparing surrogate neutralisation against SARS-CoV-2 wild-
type, BA.1, BA.5, BQ.1.1, and XBB.1.5 in sera from participants with-
out breakthrough infection, surrogate neutralisation against each
tested strain was reduced in anti-TNF-treated patients with IBD
compared to patients under non-anti-TNF therapy (p < 0.001 for each
strain) and healthy controls (p <0.001 for each strain) (Figure 2A and
Table 2). Treatment with non-anti-TNF biologics had no effect on
surrogate neutralisation compared to healthy controls (p>0.05 for
each strain). Interestingly, wild-type surrogate neutralisation was
higher than surrogate neutralisation against each tested omicron
sublineage (each p<0.001), and BA.1 surrogate neutralisation was
higher than BA.5, BQ.1.1, and XBB.1.5 surrogate neutralisation (each
p<0.001) in each study group (Table 3). In anti-TNF treated patients
with IBD, BQ.1.1 surrogate neutralisation was lower compared to
XBB.1.5 surrogate neutralisation (p=0.005) (Table 3). At visit 2
(22-40weeks after vaccination), similar trends were observed, and
anti-TNF-treated patients with IBD had the lowest neutralisation
against tested subvariants (Figure 52). However, interpretation is
aggravated by limited availability of data points. The negative as-
sociation of anti-TNF-treatment with surrogate neutralisation was
confirmed in a p-regression model with wild-type surrogate neu-
tralisation at visit 1 as outcome which included several potential
confounders (odds ratio 0.29 [95% Cl 0.19-0.46] p<0.001). This
model also identified a positive effect on wild-type surrogate neu-
tralisation for vaccination with mRNA-1273 versus BNT162b2 (1.86
[1.12-3.08] p=0.016} (Figure 2B) but no effects for infection before
vaccination, age per decade, current smoker (vs. former and never
smokers), Crohn's disease (vs. ulcerative colitis), and time between
second and third vaccination. Similarly, no effect was found for age
above 60years and steroid use when adjusting for these factors in
a separate p-regression model (Table S3). Within our study cohort,

2-16 weeks
PR post3Tdose 22-40 weeks
post 3" dose
R e T T e »
I f |
37 SARS-CoV-2 Visit 1 Visit 2
vaccine dose .
Fr E
FIGURE 1 Participant recruitment 5 o o
strategy and outline of study procedures. .. ‘».

Study protocol of the STAR SIGN study.
Patients were enrolled at visit 1, 2-
16 weeks after third dose SARS-CoV-2

wvaccination. Visit 2 was 22-40weeks
after third-dose vaccination. At each wisit,
blood was drawn for analysis of surrogate
neutralisation, anti-spike IgG, and anti-
nucleocapsid 1gG, and questionnaires
were filled.

—* SARS-CoV-2 surrogate
neutralisation

— Anti-spike and anti-
nucleocapsid lgG

=+ Study questionnaire

322

—+ SARS-CoV-2 surrogate
neutralisation

— Anti-spike and anti-
nucleocapsid lgG

= Study questionnaire



Appendix

684
—LWI LE Y- APT Alimentary Pharmacology & Therapeutics

(A) p=0.827 =0.829
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Age (per decade) ) - 0.88 (0.76-1.02)  0.094
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FIGURE 2 Functional immunity based on surrogate neutralisation against BQ.1.1 and XBB.1.5 is impaired in anti-TNF-treated patients

with IBD. (A) Surrogate neutralisation against wild-type and omicron

sublineages BA.1, BA.5, BQ.1.1, and XBB.1.5 at visit 1 (2-16weeks) after

SARS-CoV-2 vaccination, stratified by study group. Thick lines indicate the median, and statistical analysis is based on Dunn's post-hoc test

with Holm correction. Dotted line represents the threshold for inhibi

or SARS-CoV-2 infection before or after vaccination were excluded f

tory surrogate neutralisation (=20%). Individuals with fourth vaccination
rom this analysis. (B) p-regression model with wild-type surrogate

neutralisation as outcome. Coefficients and 5% confidence intervals were exponentiated. The analysis population consisted of patients with
Crohn's disease or ulcerative colitis without breakthrough infection. A total of 14 individuals were not included due to missing data.

SARS-CoV-2 Healthy Anti-TNF-treated IBD

variant controls (n=48) patients (n=59)

Wild-type 7371[60.71,83.54]  42.28 [24.83,71.15]
(median
[1QR])

BA1 (median 19.60[13.23, 32.22] 7.00 [4.00,13.20]
[1QR])

BA_5 (median 15.52 [5.88,28.89] 1.34 [0.00, 11.21]
[1QR])

BQ.1.1 median 8.56[2.23,22.02] 0.00 [0.00, 3.16]
[IQR])

XBB.A1.5 (median  10.16[5.39, 22.01] 2.01[0.00, 6.86]
[1QR])

one anti-TNF-treated patient with [BD had a breakthrough infection
that resulted in severe COVID-19 (Table 1).

3.3 | Anti-TNF-treated patients with IBD

face increased risk of non-inhibitory surrogate
neutralisation against BQ.1.1 and XBB.1.5 following
SARS-CoV-2 vaccination

A greater propertion of anti-TNF-treated patients with IBD showed
non-inhibitory surrogate neutralisation against omicron sublineages

TABLE 2 Surrogate neutralisation
against wild-type and omicron
sublineages, stratified by study group and
72125881, 89.95] presented in percentages.

Non-anti-TNF-treated
IBD patients (n=39)

25.88 [9.00, 47.06]
17.28 [0.63, 43.67]
1048 [4.06, 30.83]

16.27 [3.82, 28.74]

(BA.1 47/59 [79.7%]; BA.5 50/59 [84.7%]; BQ.1.1 55/59 [93.2%];
XBB.1.5 55/59 [93.2%]) when compared to patients receiving non-
anti-TNF biologic therapy (BA.1 17/39 [43.6%] p=0.001; BA.S
22/39 [56.4%] p=0.007; BQ.1.1 25/39 [64.1%] p=0.001; XBB.1.5
24/39 [61.5%] p<0.001), and healthy controls (BA.1 25/48 [52.1%]
p=0.007; BA5 29/48 [60.4%] p=0.015; BQ.1.1 35/48 [72.9%]
p=0.013; XBB.1.5 33/48 [68.8%] p=0.003) (Figure 3). The propor-
tion of participants with non-inhibitory wild-type surrogate neu-
tralisation was similar in anti-TNF-treated patients (0/48 [0.0%])
when compared to non-anti-TNF-treated patients with IBD (vs. 1/39
[2.6%] p=0.096) but was smaller when compared to healthy controls
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TABLE 3 Multiple comparisons of

Anti-TNE- Non-anti-TNF- surrogate neutralisation against SARS-
=iy freated IBD freated CoV—g wild-type and omicgron sublineages
controls patients IBD patients tvi 'tl(ﬂ—‘l{f ks aft inati ?

SARS-CoV-2 varlant {n=48) {(n=59) n=39) atvisit- Weeks aller vaccination

in individuals without breakthrough

Wild-type vs. BA.1 (p-value) <0.001 <0.001 <0.001 infection. Statistical analysis is based on
Wild-type vs. BA.5 (p-value) <0.001 <0.001 <0.001 Wilcoxon signed rank tests with Holm
Wild-type vs. BQ11 (p-value) <0.001 <0.001 <0.001 correction for each of ten comparisons.
Wild-type vs. XBB.1.5 (p-value) <0001 <0.001 <0.001

BA.1vs. BA.5 (p-value) <0.001 <0.001 <0.001

BA.1vs. BQ.1.1 (p-value) <0.001 <0.001 <0.001

BA.1vs. XBB.1.5 (p-value) <0.001 <0.001 <0.001

BA.5 vs. BQ.1.1 (p-value) <0001 <0.001 <0.001

BA.5 vs. XBB.1.5 (p-value) <0001 0.083 0.011

BQ.1.1 vs. XBB.1.5 (p-value) 0.22 0.005 0.147

p=0.448 p=0513 p=0827  _ p=0485  _ p=0505

p=0.012 p=0096 p=0.007 p=0.001 p=0.015 p=0.007 p-DU13 p=0.001 p=0.003 p<0.001

£
100+
£
13‘ 754 = Healthy
23 = Anti- TNF
88 ¢l = Non-anti-TNF
sg %0
c3
§ >
gg 254
&E
§ o
Wild- XBB.1.5
type

FIGURE 3 Risk of developing non-inhibitory surrogate neutralisation against BQ.1.1 and XBB.1.5 following SARS-CoV-2 vaccination is
increased in anti-TNF-treated patients with IBD. Proportion of individuals with non-inhibitory surrogate neutralisation against wild-type and
omicron sublineages BA.1, BA.5, BQ.1.1, and XBB.1.5 at visit 1 (2-16weeks) after SARS-CoV-2 vaccination, stratified by study group. Error bars
represent 95% confidence intervals based on exact Clopper-Pearson method. Statistical analysis is based on Fisher's exact post-hoc test with
Holm correction. Individuals with fourth vaccination or SARS-CoV-2 infection before or after vaccination were excluded from this analysis.

Anti-TNF- Non-anti-TNE- TABLE 4 Multiple comparisons of
Healthy treated IBD treated proportions of individuals with non-
controls patients IBD patients inhibitory surrogate neutralisation against
SARS-CoV-2 variant (n=48) (n=59) (n=39) SARS-CoV-2 wild-type and omicron

sublineages at visit 1 (2-16 weeks after

Wild-type vs. BA.L (p-value) <0.001 <0.001 0.001 vaccination) in individuals without
Wild-type vs. BA5 (p-value) <0.001 <0.001 <0.001 breakthrough infection. Statistical analysis
Wild-type vs. BQ11 (p-value) 20.001 20.001 <0.001 is based on McNemar tests with Holm
Wild-type vs. XBB.1.5 (p-value) <0.001 <0.001 <0.001 correction for each comparison.

BA.1vs. BA.5 (p-value) 0.686 0.248 0.294

BA1vs. BQ.1.1 (p-value) 0.027 0.067 0.080

BA1vs. XBBE.1.5 (p-valug) 0.134 0.067 0116

BA.5vs. BQ.11 (p-value) 0.308 0221 0744

BA.5vs. XBB.1.5 (p-value) 0.402 0221 1.000

BQ.1.1 vs. XBB.1.5 (p-value) 0.666 NA 1.000
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FIGURE 4 Vaccine-elicited surrogate neutralisation against BQ.1.1 and XBB.1.5 wanes over time but is increased by omicron
breakthrough infection. (A) Surrogate neutralisation against wild-type and omicron sublineages BA.1, BA.5, BQ.1.1, and XBB.1.5 at visit 1
(2-16weeks) and visit 2 (22-40weeks) after SARS-CoV-2 vaccination, in SARS-CoV-2 naive study participants (light teal) and participants
with SARS-CoV-2 breakthrough infection between visit 1 and 2 (dark teal). Individuals with fourth vaccination, SARS-CaoV-2 infection before
wvaccination, or with breakthrough infection before visit 1 were excluded from this analysis. Dotted line indicates threshold for inhibitory
surrogate neutralisation (=20%). Statistical analysis is based on Wilcoxon signed rank test (B) Proportions of individuals with non-inhibitory
surrogate neutralisation against indicated SARS-CoV-2 variants at visit 2 in individuals without (light teal) and with (dark teal) breakthrough

infection between visits 1 visit 2.

(vs. 9/59 [15.3%] p = 0.012). No difference was observed for patients
with IBD treated with non-anti-TNF biologic agents when compared
with healthy controls (wild-type p=0.448; BA.1 p=0.519; BAS
p=0.827; BQ.1.1 p=0.485; XBB.1.5 p=0.505). Greater propor-
tions of participants from each study group showed non-inhibitory
surrogate neutralisation against omicron sublineages compared to
wild-type (each p<0.001), while proportions were comparable be-
tween the tested omicron sublineages in patients with IBD inde-
pendent of treatment {each p=0.05; Figure 3 and Table 4). At visit
2 (22-40weeks after vaccination), while limited availability of data
points limits interpretation of results, similar trends were observed
(supplementary Figure S3). Logistic regression modelling with non-
inhibitory BA.1 surrogate neutralisation as dependent variable and
confounders identified in the p-regression model (Figure 2B) as inde-
pendent variables, confirmed that anti-TNF treatment increases the
risk of developing non-inhibitory surrogate neutralisation {odds ratio
6.467 [95% Cl 2.410, 18.970] p <0.001) following SARS-CoV-2 vac-
cination (Table $4). No association was found for vaccination with
mRNA-1273 (0.350 [0.105-1.090]) and time since vaccination (1.007
[0.995-1.020]).

3.4 | SARS-CoV-2 breakthrough infection
counteracts waning surrogate neutralisation against
BQ.1.1 and XBB.1.5 following vaccination

Looking at study participants from all study groups, SARS-CoV-2
naive individuals had reduced wild-type and omicron sublineage
surrogate neutralisation at visit 2 (22-40weeks after vaccination)

compared to visit 1 (2-16weeks after vaccination) (each p<0.001),
indicating waning of virus neutralisation over time (Figure 4A).
However, in patients who experienced SARS-CoV-2 breakthrough
infection between visits 1 and 2, surrogate neutralisation against
each tested virus strain was increased at visit 2 compared to visit
1 (wild-type p=0.008; BA.1 p<0.001; BA.5 p<0.001; BQ.1.1
p=0.035; XBB.1.5 p=0.003) (Figure 4A and Table 5). Nevertheless,
62.5% (25/40) and 57.5% (23/40) of participants with breakthrough
infection had non-inhibitory surrogate neutralisation against BQ.1.1
and XBB.1.5, respectively (Figure 4B).

3.5 | Anti-spike IgG strongly correlates with
surrogate neutralisation against SARS-CoV-2
wild-type and omicron sublineages

In order to assess the contribution of serum anti-spike IgG antibod-
ies to SARS-CoV-2 wild-type and omicron sublineage surrogate neu-
tralisation, Spearman's rho was calculated for pairwise correlation
of anti-spike 1gG and the rate of surrogate neutralisation against
each SARS-CoV-2 strain. When assessing the correlation between
anti-spike |gG concentrations and wild-type surrogate neutrali-
sation, at visit 1 (2-16 after vaccination) and visit 2 (22-40weeks
after vaccination) in our study population, a strong positive correla-
tion was found at both timepoints (visit 1 r, =0.81 p, <0.001; visit
2r,=0.87, p,<0.001; Figure 5). Similarly, anti-spike 1gG concentra-
tions correlated with surrogate neutralisation against BA.1 (r,=0.73
p,<0.001; r,=0.76 p,<0.001), BA.S {r,=0.73 p,<0.001; r,=0.77
p,<0.001), BQ.1.1 (r, =0.66 p, <0.001; r,=0.68 p,<0.001), and
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TABLE 5 Surrogate neutralisation against SARS-CoV-2 wild-type and omicron sublineages BA.1, BA.5, BQ.1.1, and XBB.1.5 at visit 1
(2-16weeks after vaccination) and visit 2 (22-40weeks after vaccination) in participants with and without breakthrough infection between

visits and measurements for each visit.

Visit 1

Visit 2

SARS-CoV-2 variant Infection: yes (n=40)

Wild-type (median [IQR]) 7218 [54.39, 81.98]

BA 1 (median [IQR]} 13.87 [5.66, 30.38]
BA.5 (median [IQR]) 9.68[0.65, 26.38]
BQ.1.1 (median [IQR]) 57210.00,13.72]

XBB.1.5 (median [IQR]) 6.94[0.97,17.62]

Infection: no (n=37)

64.82[41.97, 84.53]

16.46[7.86, 30.28]
946[0.15,23.12]
491[0.00, 10.95]
6.11[1.94,18.04]

Infection: yes (n=40) Infection: no (n=37)
8093 [63.10, 90.07]
33.49 [16.33, 53.32]
31.67[7.25,48.97]
5.63 [0.00, 26.20]

11.18[3.54, 30.48]

3174 [16.19, 66.03]
8.27 [0.24,17.38]
0.00[0.00, 10.74)
0.00[0.00, 0.00]
0.96[0.00, 7.79]
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FIGURE 5 Correlation of systemic anti-spike IgG concentration with surrogate neutralisation against SARS-CoV-2 wild-type and
omicron sublineages following vaccination. Pairwise correlation of anti-spike IgG and surrogate neutralisation against wild-type and omicron
sublineages BA.1, BA.5, BQ.1.1, and XBB.1.5 at visit 1 (2-16 weeks; top) and visit 2 (22-40weeks; bottom) after SARS-CoV-2 vaccination.
Healthy control subjects, anti-TNF-, and non-anti-TNF-treated patients with IBD are depicted in green, red, and blue, respectively.
Individuals with fourth vaccination or SARS-CaoV-2 infection before or after vaccination were excluded from this analysis. Spearman's rho (r)

and p-values are displayed.

XBB.1.5 {r, =0.67 p, <0.001;r,=0.72p, «<0.001) at both timepoints
(Figure 5). Interestingly, however, correlation coefficients were lower
in omicron sublineages compared to wild-type, suggesting that anti-
spike 1gG antibodies elicited by SARS-CoV-2 vaccination are less ef-
ficient in neutralising omicron sublineages compared to wild-type.

4 | DISCUSSION
Novel SARS-CoV-2 omicron subvariants such as XBB.1.5 are
predominant in most countries and display alarming potential of
vaccine-elicited immune evasion with unknown implications for
immunosuppressed patient groups.*-%¢

Here, we show that neutralisation against BQ.1.1 and XBB.1.5
is impaired in anti-TNF-treated patients with IBD, compared to pa-
tients treated with non-anti-TNF biologics and healthy controls.
Wild-type surrogate neutralisation was associated negatively with
anti-TNF therapy and time since vaccination, and positively with
mRNA-1273 vaccination. In line with previous research, no associ-
ation was found for steroid use.*” Contrasting previous research, no

impact of age on SARS-CoV-2 neutralisation was found.”” However,
this study was not primarily designed to evaluate the influence of
old age on vaccine efficacy. Therefore, this finding may be related to
the limited number of study participants older than 60years (n=18).

Although our study focuses on neutralising antibodies target-
ing SARS-CoV-2 wild-type and omicron sublineages, reduced hu-
moral wild-type immunity in anti-TNF-treated patients with IED
following second and third dose vaccination has been reported
before 2121313183738 |nterestingly, similar effects were observed
for the JAK inhibitor tofacitinib.****7 During SARS-CoV-2 waves
with pre-omicron variants, neutralising antibody titres were strong
predictors of protection against symptomatic SARS-CoV-2 infec-
tion.**4? Since emergence of the omicron variant, robust protection
correlates are yet to be established. Due to its high immune-evasive
potential, vaccine-elicited neutralising antibodies may be less potent
in protecting individuals from omicron infection and severe dis-
ease.* It is suggested that a combination of neutralising antibodies,
robust CD8+ T cells, and virus-directed mucosal IgA play a role in
protection against omicron.*®**** Recently, low concentrations of
neutralising NT50s against BA.4/5 were associated with a shorter

326



Appendix

688
—LWI LE Y- APT Alimentary Pharmacology & Therapeutics

time to breakthrough infection in patients with IBD.” Therefore,
our results indicate a potentially elevated risk for anti-TNF-treated
patients with IBD during ongoing BQ.1.1 and XBB.1.5 waves. Given
that in patients with IBD neutralisation against BQ.1.1 was reduced
compared to BA.5 and BA.1 independent of treatment, infection
risk could be higher compared to previous COVID-1% waves. It will
be interesting to see if our findings translate into increased infec-
tion risk or altered infection severity in anti-TNF-treated patients
during ongoing COVID-19 waves. Previous research suggests that
anti-TNF treatment is not associated with increased disease sever-
ity after SARS-CoV-2 infection but with an increased risk of SARS-
CoV-2 infection during omicron waves."*"** However, according to
a recent systematic review and meta-analysis, 43% of SARS-CoV-2-
infected individuals suffer from symptoms related to long COVID.*
Therefore, in addition to the immediate personal impact on the qual-
ity of life of affected individuals, increased infection rates in anti-
TNF-treated individuals may pose a substantial burden to economies
and healthcare systems worldwide.*® In contrast to previous studies,
our study fundamentally improves the current state of knowledge
about SARS-CoV-2 humoral immunity in two ways. First, the inclu-
sion of a healthy control group enables the assessment of potential
|BD-specific confounders of SARS-CoV-2 neutralisation other than
type of biologic treatment. Second, this is the first study to demon-
strate impaired vaccine-elicited immune responses towards the
novel omicron sublineages BQ.1.1 and XBB.1.5 in patients with |IBD
and anti-TNF-treated patient groups in general.

Consistent with previous research in healthy individuals, high
proportions of each study group showed insufficient surrogate
neutralisation against BA.1, BA.5, BQ.1.1, and XBB.1.5 2-16 weeks
post-vaccination” This finding could explain recent surges in
COVID-19 infections caused by XBB and BQ derivatives and is fa-
cilitated by their strong capability to evade vaccine-elicited immune
responses.?® Among anti-TNF-treated patients with 1BD, 93.2% had
non-inhibitory surrogate neutralisation against BQ.1.1 and XBB.1.5
‘which was a greater proportion than in healthy individuals and pa-
tients with IBD treated with non-anti-TNF biologics. Accordingly,
anti-TNF therapy was associated with a higher risk of non-inhibitory
BA.1 surrogate neutralisation in a logistic regression model.
Calculation of comparable models for BA.5, BQ.1.1, and XBB.1.5
was hindered by the low percentage of individuals with inhibitory
surrogate neutralisation against these subvariants. Interpretation
of neutralisation data at visit 2 {22-40weeks after vaccination) was
limited by the small number of available data points. However, the
trend that anti-TNF-treated patients with IBD are least protected
against most tested subvariants holds true at visit 2. Insufficient
SARS-CoV-2 immunity in immunosuppressed patients bears the risk
of virus evolution towards new variants with increased transmissibil-
ity and unpredictable severity.**** Considering our findings, it may
be advised to foster approaches to increase BQ.1.1- and XBB.1.5-
targeting neutralising antibodies, especially in anti-TNF-treated pa-
tient groups. Previous research showed that fourth dose vaccination
with bivalent emicron-adapted mRNA vaccines potently increases
breadth of virus neutralisation and improves BQ.1.1 neutralisation

WOELFEL ET AL

in haemodialysis patients with impaired virus neutralisation after
three vaccine doses.’®5! Furthermore, the STOP COVID-19 in IBD
study reported an increase of anti-spike 1gG concentrations in pa-
tients with IBD vaccinated with a fourth dose of BNT-162b2 or
mRNA-1273.> Despite recommendations of fourth dose vaccina-
tion in immunosuppressed patients with IBD, only four out of 144
participants received a fourth vaccine dose by the end of the study,
which highlights the urge of continued vaccination campaigns. It will
be interesting to see whether bivalent fourth dose vaccination will
result in reduced clinically relevant infection rates and disease sever-
ity. Importantly, bivalent fourth dose vaccination increased protec-
tion against BQ.1.1 but not against XBB.1.5 in immunocompromised
hematologic and solid cancer patients, which indicates that contin-
uous vaccine adaptation to novel variants might be required to fully
protect at risk patient groups. Recently, the first country reached
emergency approval of a trivalent vaccine targeting XBB, BA.5, and
delta.® Moreover, Pfizer and BioNTech submitted applications to
FDA for approval of an XBB.1.5-adapted monovalent COVID-19 vac-
cine. Our results support prioritisation of anti-TNF-treated patients
with IBD for such variant-adapted vaccines.

We show that neutralisation against BQ.1.1 and XBB.1.5 wanes
over time but is increased by breakthrough infection during the
2022 omicron wave. Nevertheless, even among individuals with
breakthrough infection, over 50% had nen-inhibitory surrogate
neutralisation against the novel omicron sublineages BQ.1.1 and
XBB.1.5 22-40weeks after vaccination, while surrogate neutralisa-
tion against BA.1 and BA.5 was efficient in most participants. This is
in line with previous studies in healthy individuals showing that lev-
els of neutralisation antibodies against BQ.1.1 and XBB-derivatives
are lower than against BA.5 after omicron breakthrough infection,
with neutralisation antibodies targeting XBB-derivatives being low-
est.*>2 An explanation for poor XBB.1.5 and BQ.1.1 neutralisation
after breakthrough infection might be that most participants were
infected with BA.1, BA.2, or BA.5 during the study period, while
XBB.1.5 and BQ.1.1 emerged only after data collection was finished
(supplementary Figure 54). As BQ.1is a sublineage of BA.5 and XBB
emerged via genetic recombination of BA.2.10.1 and BA.2.75, neu-
tralisation against these subvariants is increased, albeit less strongly,
by breakthrough infections with their parent subvariants BA.2 and
BA.5.% It will be interesting to see if breakthrough infection with
BQ.1.1 and XBB.1.5 will further increase surrogate neutralisation
against these subvariants.

Whether anti-spike or anti-RED IgG concentrations elicited by
wild-type-based vaccines are a reliable predictor of omicron, neu-
tralisation is still controversial and depends on the magnitude of
neutralisation antibody escape by the tested SARS-CoV-2 subvar-
jant.3*3% |n ur study population, we found a strong pairwise cor-
relation between anti-spike IgG concentrations and surrogate virus
neutralisation against all tested SARS-CoV-2 subvariants at both
timepoints. Spearman's rho was greater at visit 2 compared to visit
1 for all subvariants and greater for wild-type than for each omi-
cron sublineage, respectively. These findings are in line with previ-
ous research and might be explained by antibody maturation over
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time and the increased potential of omicron sublineages to evade
vaccine-elicited neutralising antibodies, respectively.>%5” Strong
positive correlation between surrogate neutralisation and anti-spike
1gG antibodies reassuringly suggests validity of the utilised surro-
gate neutralisation assay.

We acknowledge the lack of patients on combination therapy
with anti-TNF biologics and immunomodulators, the small number
of participants with fourth dose vaccination, and the small sample
size of our cohort as limitations of this study.

In conclusion, our findings highlight the importance of contin-
ued vaccine efficacy surveillance, targeted vaccination campaigns,
and adaptation of vaccines to novel omicron sublineages. Recently,
WHO and FDA recommended the use of XBB.1.5-specific SARS-
CoV-2 vaccines in preparation of upcoming COVID-1% waves. Our
study demonstrates the first proof of concept that even three doses
of conventional mRNA vaccines provide minimal protection against
XBB.1.5, with particularly poor outcomes for anti-TNF-treated pa-
tients with IBD. Our results support the current recommendation of
bivalent fourth dose vaccination in patients treated with anti-TNF bio-
logics and indicate that these patients may benefit from prioritisation
for XBB-specific and future variant-adapted SARS-CoV-2 vaccines.
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Abstract

Purpose: The broad variety of vaccination schemes against SARS-CoV-2 and waves of
breakthrough infections have led to a heterogenous immune landscape. This study aims to
assess and identify potential differences in humoral immunity following diverse vaccination

schema and breakthrough infections

Methods: As part of an ongoing longitudinal cohort study in Southwest Germany
(TUSeRe:exact), healthcare workers and medical researchers who had been vaccinated
against SARS-CoV-2 were followed from September 2021 until September 2022 for IgG titer
and ACEZ2 binding inhibition (pseudoneutralization).

Results: Humoral immunity was highly diverse and individualistic. Boosting only temporarily
increased humoral immunity among individuals who had low responses after two doses.
Breakthrough infections resulted in durable, broader humoral immune responses, regardless

of how many prior doses had heen received.

Conclusion: The humoral immune landscape towards SARS-CoV-2 is highly variable,
although breakthrough infections do result in a broad sustained humoral response,
regardless of the number of vaccine doses also received, indicating sustained protection.
Future vaccination campaigns should target specific groups (e.g. low responders, those
without breakthrough infections). Investigating differences between individuals who revert
compared to those who can sustain their humoral response are of particular interest in

designing future vaccines.

Trial Registration: TiSeRe:exact is registered in the German Clinical Trial Register
(https://drks.de, registration number: DRKS00029013).
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Introduction

Since the outbreak of SARS-CoV-2 in late 2019 (1), the virus has continued to mutate into
variants and sub-variants of concern (2, 3), resulting in subsequent local, national and global
waves of infection. At the same time, unprecedented research efforts have led to the
development of several different vaccines against SARS-CoV-2 (4-6), the use of which have
led to significant reductions in mortality(7, 8). However, vaccine recommendations have
consistently changed over time in response to safety concerns (9, 10), vaccine availability
and diminishing immune protection against new SARS-CoV-2 variants (11, 12), while the
presence of large numbers of breakthrough infections with several different variants(13, 14)
means that immunity towards SARS-CoV-2 is largely heterogenous. While humoral immunity
is only part of the immune response, given the continual evolution of new viral variants each
of which could potentially escape pre-existing immunity, it is important to determine if there
are significant differences within the current humoral immunological landscape. For this
purpose, we analysed humoral responses (antibody titre and ACE2 binding inhibition (as a
proxy for virus neutralization)) in individuals with and without breakthrough infections, and

with and without a booster (3'%) vaccination, as part of an ongoing prospective cohort study.
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Methods
TuSeRe:exact

This study is part of TuSeRe:exact (Tlbinger Monitoring Studie zur exakten Analyse der
Immunantwort nach Vakzinierung), a non-interventional, prospective longitudinal cohort
study. TiSeRe:exact aims to investigate the longitudinal changes in antibody levels following
SARS-CoV-2 vaccination. Employees from the University Hospital Tubingen, the Center for
Clinical Transfusion Medicine, and the Natural and Medical Sciences Institute at the
University of Tilbingen were invited by email to participate. Ethical approval for the study was
obtained from the ethics committee of the Medical Faculty of the Eberhard Karls University
Tubingen and the University Hospital Tibingen under the study number 556/2021BO1
(granted on 08.09.21 to TB). The study protocol was amended to include additional
timepoints for blood collection following booster vaccination (556/2021B0O2 granted on
03.12.2021 to TB). TiiSeRe:exact is registered in the German Clinical Trial Register
(https://drks.de, registration number: DRKS00029013).

The following inclusion criteria applied to be eligible to enrol within the study.

- Employment relationship with one of the above listed medical institutes

- Age between 18 and 75 years at time of enrolment

- Must have received either at least two approved vaccine doses against SARS-CoV-2
(for naive individuals) or at least one approved vaccine dose against SARS-CoV-2

(for convalescent individuals)
The following exclusion criteria was applied.

- Being pregnant or breastfeeding at time of enrolment
- Body weight <50 kg
- Have been vaccinated with a non-approved vaccine in Germany

All participants completed an online questionnaire (see Supplementary Information) which
collected basic demographic information (e.g. age, gender), SARS-CoV-2 vaccination history
(dates and types of vaccines received), SARS-CoV-2 infection history (date and method
used to detect infection), basic medical history (medications, conditions etc) and side effects
post-vaccination (this part of the study has already been published as (15)). Participants
were invited to submit a blood sample on at least three occasions. At each timepoint,
participants were asked to update their online questionnaire to account for new vaccinations,
infections or changes in medical history. Blood samples were collected by venepuncture,
with serum separated on the same day by centrifugation, aliquoted and then frozen at -80°C

until used.
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For use in this manuscript, samples were only used from individuals that fulfilled the following

criteria:

- At least three samples available

- Consistent metadata free from discrepancies

- Not participated in any vaccine trial

- Not received the Janssen vaccine

- Had received at least three vaccine doses or two doses and been infected

- No evidence of unknown prior infection (Nucleocapsid titre value >0.5)

An overview of how samples were considered for inclusion in this manuscript is provided as
Supplementary Figure 1. All samples used in this manuscript were collected between
28.09.21 and 19.09.22.

Primary and secondary outcomes

The primary outcome of this study was to measure the humoral immune response
longitudinally following vaccination. Antibody effect (binding and inhibition) towards newly
emergent variants were evaluated in addition to the overall response. The secondary
outcome was to investigate antibody interaction with platelets following vaccination, which is

beyond the scope of the current publication.
Laboratory Analysis

Antibody binding titre and ACE2 binding inhibition as a proxy for neutralization were analysed
using MULTICOV-AB and RBDCoV-ACEZ2. Both assays are multiplex bead-based assays
that either detect antibody titre towards a range of different SARS-CoV-2 antigens
(MULTICOV-AB) (16) or ACEZ2 binding inhibition towards the RBD of various SARS-CoV-2
variants of concern (RBDCoV-ACE2) (17). The full list of analytes used in both assays can
be found as Supplementary Table 1. Both assays were performed as previously described
in a semi-automated format using a Biomek i7 pipetting robot (18). For a subset of samples
used in Figures 1 and 2, IgG avidity measurements were performed. A full method is
included within the Supplementary Information. Investigators were blinded when

performing the laboratory analysis.
Statistical Analysis

Metadata was merged with analytical data in Excel, after which statistical analysis and data
visualization was performed in RStudio (version 2022.7.1, running R v4.2.1), using functions
from the “stats” package. Neutralizing breadth index, a measure of how effective antibodies
are at inhibiting a wide range of variants, (19) was manually calculated by dividing WT ACE2
binding inhibition, by the average of beta, delta and BA2 binding inhibition. To avoid including
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non-neutralizing values, values for all variants within a sample had to be >20%. The exact
statistical test used is stated in each figure legend. Assessment of significant differences
between groups was analysed using either One-way ANOVA “aov”, with Tukey HSD post-
HOC *“TukeyHSD” or Mann-Whitney-U “wilcox.test”. Linear models were generated using “Im”
to estimate peak response and decay over time and estimate interaction effects between
groups, with Spearman p statistic was used to estimate a rank-based association of two
variables using “cor”. “gplots” and “beeswarm” were used for data visualization only. Analysis
code is available from the authors upon request and will be made publically available upon

acceptance.
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Results

Initially, we evaluated how humoral responses changed following booster vaccination, and
whether individuals who had low responses to two doses (hereon referred to as “non-
sustained responders”), would remain so after boosting (Figure 1).

Figure 1 - Humoral immunity reverts for non-sustained responders even after booster

vaccination
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Longitudinal samples from 117 individuals were collected at three timepoints (T1= 126-189
days post 2™ dose, T2= 14 to 42 days post 3" dose and T3= 182 to 238 days post 3" dose),
see Supplementary Figure 2 for further details. RBD antibody titre (a) and ACE2 binding
inhibition towards WT SARS-CoV-2 (b) are shown to assess the humoral response. The
bottom 25% (“non-sustained responders”) are coloured blue, the middle 50% grey and the
top 25% orange. Non-sustained responders had the largest fold change increase in titre
(displayed as %) directly after booster vaccination, but also the largest decrease in titre 6
months after booster vaccination (c). (d) IgG antibody avidity at all timepoints was analysed
for a subset of sustained (n=15) and non-sustained (n=15) responders. Immunisation
scheme received (e), age (f) and use of painkillers after vaccination (g) were assessed as
potential indicator of non-sustained response. Keys within each panel (e-g) indicate the
differing groups depicted. (a, b and d) box and whisker plots with where boxes represent the
1%t to 3" quartiles, whiskers represent 1.5 IQR and the line represents the median. Outliers
are shown. Median are depicted above the box. Statistically significant differences in d were
determined by MWU with Tukey Adhoc significance testing. ** indicates p<0.01, *** indicates
p<0.001 and n.s. indicates a non-significant value >0.05.

To enable this, we defined a sub-cohort which had three longitudinal samples with similar
dTs post vaccination (Supplementary Figure 2). While boosting did significantly increase
titre and ACEZ2 binding inhibition directly following booster vaccination (Figure 1a and b),
non-sustained responders 4-6 months post-2" dose largely reverted 6 to 8 months post-3"
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dose, with a strong significant negative correlation (Spearman = -0.39, p<0.001, Figure 1c)
between how much antibody titres increased directly following boosting versus the long-term
change in titre. Avidity was analysed for a subset of samples at each timepoint, with no
significant difference in avidity between sustained and non-sustained responders at each
timepoint (Figure 1d). We then evaluated whether being a non-sustained responder was
associated with either vaccination scheme (Figure 1e). While individuals who had received
AZD1222 for their primary immunisation were only present within the non-sustained or
normal (15 to 3™ quartile) responder groups, there was no significant difference in titre 5-7
months post-3" dose between those who received two doses of AZD1222 and those who
received 1 (p=0.88) or none (p=0.09) (Supplementary Figure 3). We also examined non-
sustained responders in relation to age (Figure 1f) or use of painkillers following vaccination
(Figure 1g), finding no significant association between any of them.

Figure 2 — Breakthrough Infections led to increased breadth and longevity of the
humoral response
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Antibody titre (a), ACEZ2 binding inhibition towards WT (b) and BAS5 (c), neutralizing breadth
index (d) were compared in samples from individuals with or without a breakthrough infection
following 3 vaccine doses. Samples were compared at two timepoints: 14 to 42 days post
most recent immunizing event to capture the peak response and 150 to 200 days to capture
the long term “lag” response (see Supplementary Figure 4 for further details on sample
selection). For a subset of samples with a breakthrough infection, 1gG avidity was also
analysed (e). To evaluate how NBI changed over time, NBI was plotted as days post
immunizing event increased (f), with Spearman’s rank used to determine the correlation. The
equation of the line and R? value are included within the panel. The same plot was produced
for RBD titre and is available as Supplementary Figure 5. (a-e¢) box and whisker plots

341



Appendix

210
211
212
213
214

215

217
218
219
220

240
241
242
243
244
245
246
247

where boxes represent the 1%t to 3™ quartiles, whiskers represent 1.5 IQR and the line
represents the median. Outliers are shown. MWU was used to identify statistically significant
differences between the two groups with *** indicating p<0.001 and n.s. indicating a non-
significant p value >0.05. N's and medians for each group are included within the figure
panels.

We then examined how infections in addition to vaccination changed the humoral response,
by examining antibody titre as well as ACE2 binding inhibition towards omicron variants that
were not present when the samples were collected. To analyse how these antibody
dynamics changed over time, we evaluated samples collected 14 to 42 days (for peak
response) and 150 to 200 days (for lag response) post the most recent immunizing event
(Supplementary Figure 4). At the peak response time, while antibody titre was significantly
higher for vaccinated only individuals (median RBD titre 29.79+£3.92 vs 25.00+3.71, p<0.001,
Figure 2a), ACE2 inhibitory responses towards WT and BAS were significantly lower
(median ACE2 binding inhibition WT 0.97+0.11 vs 0.99£0.09, p<0.001, Figure 2b, BA5
0.4840.22 vs 0.77+0.23, p<0.001 Figure 2c). Antibodies from individuals who had also been
infected had significantly increased breadth of inhibitory activity (median NBI 1.05+£0.17,
p<0.001, Figure 2d) than those from vaccinated only individuals (median NBI 1.21+0.22). In
contrast to the peak response, antibody titre at the lag response was significantly higher in
infected individuals (median RBD titre 26.95+6.24) than vaccinated individuals (18.4146.71,
p<0.001, Figure 2a), with vaccinated only individuals having a significantly faster rate of
antibody waning (p<0.001, Supplementary Figure 5). In line with the peak response, ACE2
binding inhibition for WT (0.54+0.25 vs 0.95+0.25, p<0.001, Figure 2b) and BA5 (0.18+0.16
vs 0.49+0.25, p<0.001, Figure 2c) were all significantly higher in infected and vaccinated
individuals compared to those who had only been vaccinated at the lag response, while NBI
indicated broader neutralisation (1.49+0.29 vs 1.16+0.25, p<0.001, Figure 2d). IgG avidity
for infected individuals did not change from peak response (median 0.91+0.03) to lag
response (median 0.91+0.03, Figure 2e). While the NBI was significantly higher for
vaccinated individuals, it waned at the same rate as that for infected individuals (Figure 2f,
p=0.36).

Lastly, as some individuals were not recommended to receive a booster vaccination due to
having had a previous infection, we investigated whether there were differences in humoral
response between individuals who had received two doses and had an infection (hereon
referred to as “hybrid immunity”) and individuals who had received three vaccine doses
(Figure 3). Much like responses following an infection and three vaccine doses, antibody titre
for hybrid immunity samples were decreased compared to vaccine-only samples directly
following the most recent immunizing event, however they wane at a significantly slower rate

(Spearman hybrid =-0.22, Spearman vaccine =-0,54, p=0.001, Figure 3a). ACEZ2 binding
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inhibition for WT (Spearman hybrid = -0.52, Spearman vaccine =-0.61, p=0.03, Figure 3b)
also followed the same pattern, with hybrid immunity responses being more durable as time
post-immunizing event increased. ACE2 binding inhibition for BA5 was significantly higher for
hybrid immunity than for vaccine immunity (p<0.001, Figure 3c), although decay was
technically faster for hybrid than vaccine immunity (p=0.03), largely due most samples
becoming non-inhibiting. Hybrid immunity also had increased breadth of inhibitory responses
compared to vaccine immunity directly following the latest immunizing event, although this

difference did decline as time post immunizing event increased (Figure 3d).

Figure 3 — Hybrid immunity confers increased antibody function compared to vaccine-
elicited immunity
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Antibody titre (a), ACE2 binding inhibition against WT (b) and BA5 (c) and NBI (d) were
compared between individuals who had received three immunisations (either three vaccine
doses (n=674, gold) or two vaccine doses and an infection (n=67, green)), as time post last
immunizing event increased. Changes in humoral response are depicted as linear
regressions, with Spearman’s rank calculated to show the correlation, and linear modelling
used to determine significant differences between the two lines. The equations of the line

and R?value are included within each panel.
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Discussion

In our study, we found that the humoral response to SARS-CoV-2 vaccination appears to be
self-limiting, with individuals who had low titre and activity post-2™ dose, also having low titre
and activity post-3" dose. Although a booster dose did as expected temporarily increase
antibody levels, inhibitory activity and avidity, most non-sustained responders reverted long-
term post booster immunisation. While this direct increase post booster for non-sustained
responders has been reported previously (20, 21), to our knowledge this is the first-time
report investigating them for more than 3 months post boosting. Low titres were previously
found to be linked to fewer SARS-CoV-2 specific B cells and a reduced T cell repertoire,
implicating that premature lymphocyte aging may contribute to a less effective humoral
response (21). While these parameters were not investigated within this manuscript, our
results would appear to agree, as those with low responses reverted as time increased post
immunisation. Interestingly we found no link between age and being a non-sustained
responder, even though increased age is implicated in accelerated waning of immunity and
decreased humoral responses (22, 23). However, this may be due to our cohort consisting of
healthcare workers and those engaged in medical research, meaning most participants were
young and middle-aged adults (only 11% over the age of 60 with a maximum age of 69).
While there were no individuals with the highest humoral responses who received AZD1222
for primary immunisation and only 17% of non-sustained responders received mRNA
vaccines only, it is unlikely that this was a key factor, as we saw no significant difference in
titre or ACE2 binding inhibition 5-7 months post-booster between different vaccine regimens.
Further investigation into the specific characteristics of non-sustained responders,
particularly if they continue to revert following further vaccine doses, will be of interest for
developing both more effective future vaccines as well as individualised vaccine plans for
SARS-CoV-2.

In line with other studies (24-27), humoral responses generated from both infection and
vaccination had significantly higher inhibitory activity than those elicited by vaccination only.
Breakthrough infection with Omicron variants, which contain over 30 spike protein
mutations(28), unsurprisingly led to a broader inhibitory response. Interestingly however,
antibody titre themselves were significantly higher directly post-immunising event in those
who had only been vaccinated, as opposed to those who had also been infected. This
suggests that infection does not result in a significant increase in titre, rather a significant
broadening of the antibody repertoire. Further antibody titre and avidity remained stable over
5 months post-immunising event, suggesting continual replenishment by B cells. It should be
noted that while antibody levels themselves are considered generally correlative with
protection (29), there remains no clearly defined threshold for infection so we can only
speculate whether these individuals who have been infected once are likely to be infected
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again in the future. However, as reports of double breakthrough infections remain rare, it
appears that breakthrough-generated immunity provides ongoing protection against SARS-
CoV-2.

When examining the direct difference in humoral response following three immunising events
(either 3 vaccine doses or two doses and an infection), we found that while hybrid humoral
responses produced a lower antibody titre, they had significantly increased ACEZ2 inhibition
towards omicron, significantly increased breadth of neutralizing response and significantly
reduced waning. While investigations into long-lasting hybrid immunity are limited, it has
been shown that breakthrough rates were significantly reduced for these individuals
compared to those who had received three vaccine doses (30). Our results therefore also
appear to confirm the recommended strategy from the RKI, that individuals who had received
two doses plus had an infection need not have received an additional vaccination in late
2021. It is particularly interesting that these hybrid individuals had significant increased ACE2
inhibition for BAS5, given the majority had infections with either the delta variant or earlier

variants.

Our study has several limitations. Firstly, as all participants were either healthcare workers or
those working actively in medical research, the majority were female, younger and healthier
than the general population. A large proportion also received AZD1222 as their primary
immunisation which is in contrast to the rest of the German population. Samples were also
collected based upon defined dates of subject availability, as opposed to consistent
timepoints post-immunisation, meaning that we could only use subsets of the cohort for
certain analyses (e.g. Figure 1). However, this also means that we have a highly
comprehensive and wide-ranging dataset, with data available for the majority of days for up
to day 303 post-third dose. The collection of metadata for this study was also performed
using an online questionnaire, which led to issues with quality control. To correct for this, we
excluded any samples from this publication that contained false or incomplete metadata. This
however led to a substantial reduction in the number of available samples. Our study also
only considers humoral immune responses in the form of antibody titre, avidity and inhibitory
function, and does not inform about cellular immunity or mucosal IgA, both of which are
involved in the immune response to infection. Lastly, our study also only examines data up to
approximately 8 months after the initial booster dose. While booster vaccinations did
significantly increase both the immune response (31-33) and vaccine efficacy compared to
the second dose (8), the longevity of this response also significantly decreased over time
leading to recommendations at the end of 2022 for a second booster dose, making some of

our data unrepresentative of the current immunological landscape.
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Conclusions

This cohort study found that humoral responses towards SARS-CoV-2 following vaccination
and infection are highly individualistic. Given their lack of sustained response following
boosting, our results suggest that further investigation into non-sustained responders is
warranted to develop mare effective future vaccines, as well as personalized vaccine
regimens to optimise efficacy and protection. Our study also found that breakthrough
infection resulted in a broad durable humoral response, regardless of number of vaccine
doses received, suggesting that this group may not need continual re-vaccination. However,
given the continuous mutation of SARS-CoV-2, tracking antibody quantity, quality and
function change as time post-immunizing event increases, will be of importance to identify

whether further vaccinations are required.
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Supplementary Methods
IgG avidity assay

For a subset of samples used in Figure 1 and 2, IgG avidity was assessed using a modified
version of MULTICOV-AB. Briefly, serum samples were diluted 1:800 in assay buffer and
mixed with beads coated with WT RBD to a final dilution factor of 1:1600. Samples were then
incubated for 2 hours on a thermomixer (750 rpm, 20°C) to enable antibody binding to the
beads. Following washing with a magnetic plate washer to remove unbound antibodies, the
beads were separated into two plates, with either 100uL of PBS or 100uL of 6M Urea added
to each well. The plates were then incubated for 10 mins on a thermomixer under the same
conditions and then washed. Bound antibodies were detected by adding 3mM Strep-PE
conjugated IgG to each well and incubating under the same conditions for 45 mins. Unbound
detection antibody was then removed by washing, the beads resuspended in 100uL of wash
buffer and then analysed using a FLEXMAP 3D instrument under the following settings:
standard PMT, volume 60uL, gating 7000-15000, timeout 60 secs. A minimum of 40 beads
per well were analysed. Median fluorescence intensity (MFI) was used to assess antibody
binding to the beads. To calculate avidity of each sample, the MFI from the urea-treated
beads was divided by the MFI of the PBS-treated beads. Samples were measured twice in
two independent experiments. Avidity is displayed as a mean percentage of both
experiments.
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Supplementary Table 1 - List of analytes used in MULTICOV-AB and RBDCoV-ACE2

analysis

Analyte Assay used Manufacturer Cat #

Spike trimer MULTICOV-AB NMI

RBD WT MULTICOV-AB and | NMI
RBDCoV-ACE2

S1 domain MULTICOV-AB NMI

S2 domain MULTICOV-AB Sino Biological

Nucleocapsid MULTICOV-AB Aalto Bioreagents

Human IgG MULTICOV-AB

Goat anti-human MULTICOV-AB

IgG

RBD beta RBDCoV-ACE2 NMI

RBD delta RBDCoV-ACE2 NMI

RBD omicron BA2 RBDCoV-ACE2 Sino Biological

RBD omicron BAS RBDCoV-ACE2 Sino Biological
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Supplementary Figure 1 — Flowchart of sample inclusion/exclusion for use in this

publication

All participants

2782 Samples 1139 Participants

Participants with clean meta data
1847 Samples 693 Participants

| Study set ‘
1549 Samples 496 Participants

- Metadata discrepancies
- Participation in vaccination study
- Less than 3 samples present

- Johnson Vaccine

- Samples after 27 breakthrough

- Neither Booster nor Infection present

- Samples after 4 vaccination

- Nucleocapsid > 0.5 for any sample before infection

- Any participants with less than three samples after above filters

|_Breakthrough Infection(s) No Breakthrough

Infection |

265 Participants (53.4%) 231 Participants (46.6%)
226 Omicron breakthroughs (45.6 %)
(post 16™ Jan)

Flowchart detailing inclusion and exclusion criteria for use in this publication. Overall, 2782

samples from 1139 study participants were reduced to 1549 samples from 496 study

participants. Samples used in all figures were then further defined on the basis of individual
criteria (e.g. dT, number of doses received, see Supplementary Figure 2 and 4 for details).
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Supplementary Figure 2 — Sample selection for use in Figure 1

Timepoint 1
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14 days 42 days 182 days 238 days
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Timepoint © Timepaint 2 Timepoint 3

Longitudinal samples used in Figure 1 were selected to provide the largest number of study
participants within the shortest time window possible. (a and b) histograms showing number
of available samples for each day post second (a) or third (b) vaccination. No samples
included had been infected at time of collection. As only samples from individuals with a
sample present in all 3 timepoints were used, we compared RBD titre between these
samples and all other samples available within the same timepoint (c) to confirm that they
are representative of our study population. There was no significant difference in titre
between samples used in Figure 1, and samples with from the same timepoint that were not
used in Figure 1. (c) box and whisker plot with boxes to represent the 1st to 3% quartiles,
lines represent the median and whiskers are 1.5 IQR with outliers shown. MWU was used to
calculate statistical significance between the two groups.
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92  Supplementary Figure 3 — No long-term difference in antibody titre between different
93  primary immunisations schemes
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94

95  Box and whisker plot demonstrating differences in RBD antibody titre at timepoint 3 based

96  upon primary immunisation scheme. Individuals received either two doses of either mRNA-

97 1273 or BNT162b2 (homologous mRNA), one dose of AZD1222 and one dose of an mRNA

98  vaccine (heterologous) or two doses of AZD1222 (homologous vector). All booster

99  vaccinations were with either mMRNA-1273 or BNT162b2. Box and whisker plots with boxes
100  representing the 1%t to 3™ quartiles, lines representing the median and whiskers are 1.5 IQR
101 with outliers shown. One way ANOVA was used to compare differences between the groups.
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Supplementary Figure 4 — Sample selection for use in Figure 2
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Samples with no Infections and three vaccinations
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Samples with one Infection and three vaccinations
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2 weeks 6 weeks ~21weeks ~ 29 weeks

Sl

[ T T
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Days post first infection or third vaccination

Longitudinal samples used in Figure 2 were selected to provide the largest number of study

participants within the shortest time window possible. (a and b) histograms showing number
of available samples for each day post third vaccination (a) or third vaccination/breakthrough
infection (b).
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Supplementary Figure 5 — RBD antibodies decay more slowly following a

breakthrough infection.
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Differences in RBD antibody titre as time post last immunizing increases for vaccinated (3x,
shown in gold) and vaccinated (3x) and infected individuals (shown in red). Spearman’s rank
was calculated to show the correlation with linear modelling used to analyse differences in
antibody decay.
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