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Congenital Neutropenia-Causing Mutations
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Maksim Klimiankou,1 Karl Welte,2 and Julia Skokowa1,3,*

Abstract

Safety considerations for gene therapies of inherited preleukemia syndromes, including severe congenital

neutropenia (CN), are paramount. We compared several strategies for CRISPR/Cas9 gene editing of

autosomal-dominant ELANE mutations in CD34+ cells from two CN patients head-to-head. We tested univer-

sal and allele-specific ELANE knockout, ELANE mutation correction by homology-directed repair (HDR) with

AAV6, and allele-specific HDR with ssODN. All strategies were not toxic, had at least 30% editing, and rescued

granulopoiesis in vitro. In contrast to published data, allele-specific indels in the last exon of ELANE also

restored granulopoiesis. Moreover, by implementing patient-derived induced pluripotent stem cells for

GUIDE-Seq off-target analysis, we established a clinically relevant “personalized” assessment of off-target activ-

ity of gene editing on the background of the patient’s genome. We found that allele-specific approaches had

the most favorable off-target profiles. Taken together, a well-defined head-to-head comparison pipeline for

selecting the appropriate gene therapy is essential for diseases with several gene editing strategies available.

Introduction

The design and selection of the optimal gene therapy for

a particular disease-causing mutation must consider the

nature and pathological function of the mutant gene and

its resulting protein, the pattern of its inheritance, the

affected cell types, and the available genome-editing tools.

Base editing and prime editing promise high precision and

low toxicities but also contain the potential for unantici-

pated risks.1 We have focused on classical approaches uti-

lizing the CRISPR/Cas9 nuclease. Patients with inherited

bone marrow failure syndromes (iBMFS) are candidates

for ex vivo gene therapies. iBMFS manifest as single cyto-

penia (e.g., erythroid, myeloid, or megakaryocytic) or as

pancytopenia and often culminate in leukemia.2,3 Most

iBMFS patients require allogeneic bone marrow transplan-

tation, which can cure the condition but simultaneously

carries severe risks.4 This therapy can be potentially

replaced by autologous transplantation of gene-edited he-

matopoietic stem and progenitor cells (HSPCs). To this

end, evaluating the efficacy and safety of gene-editing-

based therapies is critical to preserve the integrity and

functionality of gene-edited HSPCs. In the case of preleu-

kemia iBMFS, the increased risk for leukemic transforma-

tion and the possible presence of preleukemic clones with

somatic mutations in a pool of gene-edited cells require a

thorough evaluation of gene editing strategies. If several

potential gene editing strategies are possible, these should

be compared head-to-head to determine the most suitable

approach for clinical development. What constitutes an

acceptable, effective, and safe gene therapy approach

depends on the disease-specific mutation, affected cell type,

disease prognosis, risks, and existing therapy options.

Severe congenital neutropenia (CN) is a preleukemia

iBMFS that usually manifests as severe neutropenia shortly
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after birth owing to the inability of bone marrow myeloid

progenitor cells to differentiate into mature neutrophils.3

Most CN patients can be treated with lifelong subcutane-

ous recombinant human granulocyte colony-stimulating

factor (rhG-CSF) injections. rhG-CSF markedly improves

the quality of life, but some CN patients do not respond to

this cytokine, and *15% of patients develop leukemia.3

CN is a heterogeneous disease, and the largest patient cohort

harbors autosomal-dominant heterozygous mutations in the

ELANE gene (ELANE-CN patients).5 ELANE mutations are

distributed throughout all exons and two introns (3 and 4).5

Mutated ELANE has a gain-of-function effect, inducing

pathological intracellular processes in myeloid progenitor

cells that result in maturation arrest of granulopoiesis.3

ELANE is a relatively recently evolved gene in the met-ase

locus on the short arm of chromosome 19 that is not present

in lower organisms, including zebrafish. It encodes neutro-

phil elastase (NE) protein, a serine protease specifically

expressed and secreted by neutrophilic granulocytes.6

Autosomal-dominant gain-of-function mutations can be

corrected, mutated genes with redundant nonessential func-

tions can be knocked out, or allele-specific KO can be per-

formed. Several approaches for CRISPR/Cas-based gene

editing of ELANE mutations in CN patients’ HSPCs have

been recently described.7–10 Our group developed a practi-

cal approach based on universal ELANE knockout (uEKO)7

and, more recently, an approach to knockdown ELANE

expression.11 An independent group subsequently repro-

duced our findings.9 Tran et al. demonstrated that correction

of the specific ELANE mutation with AAV6-based delivery

of repair template in HSPCs of one ELANE-CN patient

effectively restored granulocytic differentiation in vitro and

in vivo.
8 Allele-specific knockout (ASKO) of the mutated

ELANE allele would preserve NE expression. A recent

approach, estimated to apply to 75% of patients, utilizes

common single-nucleotide polymorphisms (SNPs) outside

of the coding region to achieve the ASKO of the mutant

ELANE allele.10 Although this strategy seems promising,

introducing two simultaneous double-strand breaks incr-

eases the probability of genotoxic events. More than 150

pathogenic ELANE variants have been reported to date,5,12

and it is almost impossible to establish clinical-grade gene-

editing therapy for each reported ELANEmutation under the

current regulatory and fiscal framework. Additionally, AAV

vectors can induce TLR2/9 signaling and TP53-triggered

DNA damage responses (DDR), which results in reduced

engraftment rate of gene-edited hematopoietic stem cells.13

In the present study, we designed and compared head-to-

head several CRISPR/Cas9-based gene-editing strategies

reflecting different therapeutic principles to establish the

optimal ELANE-CN gene therapy translational strategy.

Results

Experimental design to compare gene-editing
strategies for mutated ELANE

The proposed gene-editing strategies for ELANE-CN have

advantages and disadvantages (Fig. 1A). The ELANE

uEKO approach restores granulopoiesis and can be applied

to nearly all ELANE-CN patients. However, the biological

functions of NE are not fully defined, and inhibition of its

wild-type (WT) form might have unanticipated side effects.

Additionally, introducing ELANE variants due to CRISPR/

Cas9 in-frame indels can produce de novo protein variants

with unforeseeable effects.14 In this regard, homology-

directed repair-based correction using AAV6 (HDR-AAV)

preserves NE expression but may also introduce de novo

�

FIG. 1. Scheme of designed gene editing strategies along with potential outcomes. (A) Graphical overview of
compared CRISPR/Cas9-based strategies targeting CN-causing ELANE mutations. These are the universal ELANE

knockout (uEKO), correction of ELANE mutation by homology-directed repair (HDR) relying on a template introduced
by recombinant AAV6 referred to as HDR-AAV, the allele-specific knockout (ASKO) of the mutant allele through an
allele-specific sgRNA, and the mutation correction through HDR in an allele-specific manner (AS-HDR). The impact on

granulopoiesis, neutrophil elastase expression, and the potential to produce novel mutations is summarized for
each strategy. Plus annotates a positive improvement; two pluses indicate that this approach is superior to
approaches with one plus. The minus indicates that a feature is completely blocked. For each approach, we also

summarized the outcomes graphically. If an outcome continues to lead to neutropenia, it is shown in the box
marked in red. Outcomes that cure neutropenia are marked in a blue box. (B) Detailed genomic DNA sequences
of exon 2 surrounding ELANE mutation p.A57V and of exon 5 surrounding the p.G214V ELANE mutation. The

sgRNAs used to target indicated mutations with SpCas9 have been annotated in light red if they act as allele-
specific and in light purple if they target both alleles, independent of the mutation. The wild-type and HDR
template sequences are marked in blue. Red marks the mutant allele sequences causing CN. Yellow-marked
nucleotides are silent mutations used to enhance HDR rates. The figures were created with Biorender.com. CN,

congenital neutropenia.
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ELANE variants. Neither uEKO nor HDR-AAV discrimi-

nates between mutated and WT ELANE. The ASKO

approach precisely cuts the mutated ELANE allele and

limits the generation of de novo mutations. However, not

all ELANE mutation positions are suitable for the design

of allele-specific gRNAs. This raises a limitation of the

ASKO approach, as some ELANE-CN patients (such as

CN p.A57V and CN p.G214R) have a promising therapeu-

tic option, while others might not have access to ASKO. In

theory, as Rao et al.9 suggested, allele-specific gene editing

can only knock out mutated ELANE in the first four exons,

where indels trigger nonsense-mediated decay. Therefore,
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we tested the possibility of performing allele-specific edit-

ing of the mutant allele of ELANE in exon 5.

To compare the proposed strategies, we selected

two ELANE-CN patients with hotspot mutations—

NM_001972.4:c.170C>T, p.A57V (CN patient 1) and

NM_001972.4:c.639C>T, p.G214V (CN patient 2)—

who showed no or low response to G-CSF and a high

risk of developing leukemia.5 For uEKO and HDR-AAV

approaches, we utilized the sgRNA targeting exon 2 as pre-

viously described by us.7 To repair ELANE mutations, we

designed AAV6-HDR with silent mutations to prevent the

re-cutting of the repaired allele, as has been described for

the HBB gene previously.15 We then designed an allele-

specific sgRNA that targets the mutant (p.A57V) allele

(sg-ASKO-2). For the correction of the ELANE mutation

(p.G214V), we utilized a specific sgRNA (sg-HDR-AAV-5)

with an accompanying AAV6 repair template. Last, to cor-

rect the p.G214V mutation in an allele-specific manner via

HDR (AS-HDR), we designed a patient-specific sgRNA tar-

geting p.G214V that is combined with a wild-type ELANE

repair template, delivered as a single-strand oligonucleotide

(ssODN) (Fig. 1B).

All tested gene-editing strategies show equal
efficacy in restoring granulopoiesis for the p.A57V
ELANEmutation
We compared the therapeutic effects of proposed gene

editing using primary bone marrow CD34+ HSPCs from

two ELANE-CN patients, performing colony-forming unit

(CFU) and in vitro granulocytic liquid culture differen-

tiation (LCD) assays (Supplementary Fig. S1). For CN

patient 1, we compared uEKO, AAV-HDR, and ASKO

editing. In all experiments, we used cells edited in the

AAVS1 gene, a “safe harbor” site, applying a previously

described sgRNA16 as a control. After 14 days of in vitro

LCD, we observed 62% insertion–deletion mutations

(indels) in control cells, 70% knockout with the uEKO

approach, 10.5% – 3.3% HDR, with an additional 49.5% –

32.1% knockout, with the HDR-AAV approach, and

54.6% knockout of the mutant allele with the ASKO

approach (Fig. 2A). Gene editing did not markedly affect

the number of viable HSPCs, as assessed 2 days post-

editing (Fig. 2B).

All gene-editing approaches corrected the neutropenia

phenotype in CFU assays (Fig. 2C). For uEKO, the per-

centage of CFU-G (granulocyte) and CFU-GM (granulo-

cyte/macrophage) colonies was elevated compared with

AAVS1-edited control cells. In contrast, the proportion of

CFU-M (macrophage) and erythroid burst-forming (BFU-

E) colonies significantly declined. The same changes were

observed in the HDR-AAV group, with CFU-G and CFU-

GM colony numbers rising significantly and CFU-M and

BFU-E colonies significantly reduced compared with con-

trol cells. Similar trends were observed for the ASKO con-

dition, but only CFU-G colonies significantly increased,

and only CFU-M colonies significantly decreased

�

FIG. 2. All proposed gene-editing approaches demonstrated equal efficacy in restoring neutrophil maturation for
p.A57V ELANE mutation. (A) Gene-editing efficiencies determined on day 14 of in vitro liquid culture differentiation
of HSPCs to neutrophils, two independent experiments. (B) Number of viable HSPCs on day 2 postelectroporation

per 105 electroporated cells, two independent experiments. (C, D) Distribution (C) and absolute counts (D) of CFU
colonies generated from gene-edited HSPCs. The percentage and the total colony counts were tested for
significance by two-way ANOVA and Dunnett’s multiple comparisons to control cells, two independent experiments.

(E) Distribution of gene-editing outcomes in CFU-G colonies of ASKO-edited cells. (F) Impact of gene-editing of
HSPCs on their in vitro differentiation to neutrophils. Neutrophil numbers are shown normalized to 1·105 HSPCs
used for differentiation. One-way ANOVA with multiple comparisons analysis of all treatment conditions to control
was used to determine statistical significance, two independent experiments. (G) Neutrophil differentiation

efficiency, as assessed by flow cytometry analysis of cells at day 14 of liquid culture differentiation. Neutrophils are
defined as CD11b+CD15+ of CD45+ cells. One-way ANOVA with multiple comparisons analysis of all treatment
conditions to control was used to determine statistical significance, two independent experiments. (H) Histological

assessment of neutrophil maturation on May-Gr€unwald-Giemsa–stained cytospins and (I) representative cytospin
images from gene-edited and differentiated HSPCs assessed at day 14 of differentiation. Data in (H) were tested for
significance by two-way ANOVA and multiple comparisons to control cells, two independent experiments. (J) ROS

forming potential of in vitro derived neutrophils upon fMLP stimulation. Unpaired Student’s t-test was used to
determine the statistical significance. Results are depicted as the mean of biological replicates. Error bars represent
the standard deviations in all figures, two independent experiments. Statistical significance is marked by *p £ 0.05,

**p £ 0.01, ***p £ 0.001, and ****p £ 0.001. ANOVA, analysis of variance; CFU, colony-forming unit; HSPCs,
hematopoietic stem and progenitor cells; ROS, reactive oxygen species.
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compared with the control group. The same patterns were

observed for absolute colony counts (Fig. 2D). In addition

to the significant increase in the numbers of CFU-G and

CFU-GM colonies under all conditions, CFU-GEMM

(granulocyte, erythroid, macrophage, and megakaryocyte)

counts showed a trend to increase in all conditions but

only significantly increased in the ASKO group. The

reduction in CFU-M and BFU-E colonies was insignifi-

cant when expressed as absolute counts. Sanger sequencing

of selected CFU-G colonies from ASKO editing revealed

the presence of an ASKO in 70.8% of analyzed colonies

(Fig. 2E and Fig. S2A).

In line with CFU results, in in vitro liquid culture granu-

locytic differentiation, all gene-edited HSPCs produced

significantly more neutrophils compared to control cells.

Specifically, compared to control cells, neutrophil output

increased 11.1-fold for uEKO, 22.7-fold for HDR-AAV,

and 12.7-fold for ASKO (Fig. 2F). Flow cytometry analy-

ses also revealed a significant increase in the percentage of

CD11b+CD15+ neutrophils on day 14 of in vitro differen-

tiation (Fig. 2G). Morphological assessments of May-

Gr€unwald-Giemsa–stained cytospin preparations of cells

generated on day 14 of liquid culture granulocytic differ-

entiation also showed a significant reduction in immature
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neutrophil precursors and a significantly increased num-

ber of mature neutrophils for all gene-editing approaches

compared with control cells (Fig. 2H, I). These findings

unequivocally demonstrate that all explored treatment

options for CN patient 1 were effective in reestablishing

granulopoiesis.

Previous studies have demonstrated that neutrophils pro-

duced by CN patients through rhG-CSF treatment have

functional defects.17–19 Among the functional impairments

is a reduced capacity to produce reactive oxygen species

(ROS) upon formyl-methionine-leucin-proline (fMLP)

stimulation. Therefore, we compared ROS production

upon fMLP stimulation in neutrophils derived from gene-

edited HSPCs. All treatment conditions showed at least a

2-fold higher ROS level than the control groups. A slight

difference was observed between the unstimulated cells

of the treatment conditions, where the ASKO-generated

neutrophils had a lower ROS level compared to the

uEKO and HDR-AAV groups (Fig. 2J).

Knockout, HDR, and ASKO restore granulopoiesis for
the p.G214V ELANEmutation
The gene-editing efficiency for control group from CN

patient 2 harboring p.G214V ELANE mutation was 77%.

In uEKO conditions, the knockout efficiency was 35.3% –

6.8%. For the AAV-HDR approach, the correction effi-

ciency was 83.1% – 2.8%, with 13.6% – 3.5% frameshift

indels. Last, the AS-HDR group showed no HDR but

exhibited 46% frameshift indels, corresponding to the

knockout of 92% of all mutant alleles (Fig. 3A). None of

the gene editing approaches significantly affected the

number of viable HSPCs (Fig. 3B).

CFU assays with gene-edited HSPCs showed a signifi-

cant increase in CFU-G and CFU-GM colonies and a

significant decrease in CFU-M colonies with uEKO,

HDR-AAV, and AS-HDR approaches (p < 0.0001 for all

conditions and colony types) compared with control cells.

BFU-E percentages were significantly reduced in HDR-

AAV (p < 0.0001) and AS-HDR (p = 0.0073) groups

(Fig. 3C). These observations remained significant in ana-

lyses of absolute colony counts (Fig. 3D). More specifi-

cally, compared to control-edited cells, CFU-G and CFU-

GM colony numbers significantly increased for uEKO,

HDR-AAV, and AS-HDR conditions. Absolute CFU-M

colony counts decreased significantly for all conditions,

whereas BFU-E colonies were significantly reduced only

in the HDR-AAV group.

We further performed Sanger sequencing of CFU-G

colonies to determine if frameshift indels in exon 5 led to

the correction of the CN phenotype. Surprisingly, con-

trary to a previous report,9 we observed that 88.9% of all

sequenced CFU-G colonies contained a knockout mutant

allele, 3.7% were unedited, and 7.4% had indels in the

wild-type allele (Fig. 3E and Fig. S3A).

In line with CFU results, LCD showed a significant

increase in the absolute number of neutrophils and percent-

age of neutrophils produced during 14 days for all gene-

editing approaches (Fig. 3F, G) compared to control sam-

ples. A morphological assessment showed comparable

neutrophil increases and simultaneous decreases in imma-

ture myeloid cells in HDR-AAV and AS-HDR groups

(Fig. 3H). May-Gr€unwald-Giemsa–stained cytospin prepa-

rations also showed a clear formation of segmented mature

neutrophils in these groups compared with mainly imma-

ture and apoptotic cells in the control samples (Fig. 3I).

�

FIG. 3. Tested gene-editing designs demonstrated comparable efficacy in the restoration of granulopoiesis for

p.G214V ELANE mutation. (A) Gene-editing efficiencies on day 14 of liquid culture granulocytic differentiation of
edited HSPCs, two independent experiments. (B) Number of viable cells on day 2 after electroporation are
shown per 105 HSPCs, two independent experiments. (C, D) CFU assay of gene-edited patient HSPCs, assessed
on day 14 after seeding. The distribution of colonies in percentage (C) and absolute colony numbers (D) are

shown and tested for significance by two-way ANOVA and multiple comparisons to control cells, two
independent experiments. (E) Sanger sequencing results of 27 CFU-G colonies. (F) Impact of gene-editing on the
total number of neutrophils generated on day 14 of in vitro liquid culture differentiation. One-way ANOVA with

multiple comparisons analysis of all treatment conditions to control was used to determine statistical
significance, two independent experiments. (G) Flow cytometry analysis of granulocytic differentiation of gene-
edited HSPCs on day 14 of liquid culture differentiation. One-way ANOVA with multiple comparisons analysis of all

treatment conditions to control was used to determine statistical significance, two independent experiments.
(H, I) Histological assessment of neutrophil maturation on May-Gr€unwald-Giemsa–stained cytospins (H) and (I)

representative cytospin images derived from gene-edited and differentiated HSPCs at day 14 of differentiation.

Results are depicted as the mean of replicates. Error bars represent the standard deviation. Statistical significance is
marked by *p £ 0.05, **p £ 0.01, ***p £ 0.001, and ****p £ 0.001. CFU-G, colony-forming unit-granulocyte.
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Allele-specific targeting of mutations in exon 2 and
exon 5 of ELANE restores granulopoiesis
We utilized two ELANE-CN patient-derived induced plu-

ripotent stem cells (iPSC) lines to further investigate the

ASKO of mutant ELANE. As a control, we used the cor-

responding unedited iPSC lines, iPSC-CN Ex2 harboring

ELANE p.A57V mutation and iPSC-CN Ex5 with

ELANE p.G214R mutation. Both iPSC cell lines and

methods for gene editing of iPSCs have been described

by us previously.20–23 Allele-specific ELANE editing

resulted in 14.7% ASKO of ELANE in iPSC-CN-Ex2

and 12% in iPSC-CN-Ex5. We further observed 18.1%

and 12.8% HDR in iPSC-CN-Ex2 and iPSC-CN-Ex5,

respectively, with corresponding in-frame indels values

of 6.3% and 1.6%, and remaining mutant allele values of

10.9% and 23.6% for respective iPSC lines (Fig. 4A).

The wild-type allele was not edited. To confirm the speci-

ficity of the mutant-specific sgRNAs, we electroporated

control iPSCs with the allele-specific guides for p.A57V or

p.G214R. We observed no editing, confirming the ELANE

mutant-allele specificity of the utilized guides (Fig. 4B).

To evaluate the functional outcome of allele-specific

editing of ELANE mutations, we assessed granulopoietic

differentiation of edited iPSCs, according to our previous

publication.22 CFU assays employing CD34+ cells de-

rived from gene-edited iPSCs (iCD34+ cells) showed a sig-

nificant increase in CFU-G colonies and a significant

decrease in CFU-M colonies compared with unedited

iCD34+ cells. CFU-GM colonies were also significantly

increased for iPSC-CN-Ex2–derived HSPCs with ASKO

performed on exon 2 (Fig. 4C). Total colony counts

showed the same trend as the CFU distribution (Fig. 4D).

We also observed restored granulopoiesis in the in vitro

EB-based granulocytic differentiation of ASKO-edited

iPSC-CN-Ex2 and iPSC-CN-Ex5, as assessed by the

percentage of cells expressing pan-granulocyte markers

CD45+CD11b+CD15+ and the neutrophil-specific markers

CD45+CD15+CD16+ on day 28 of differentiation and com-

pared to mock electroporated cells (Fig. 4E–H). These

findings confirmed the observation in primary HSPCs that

ASKO resolved the CN phenotype not only in exon 2 but

also in the last exon 5 of ELANE.

Patient-specific off-target profiling using GUIDE-Seq of
patient-derived iPSCs
Recent publications have demonstrated that population-

specific SNPs lead to substantial off-targets in individu-

als carrying this SNP. Using healthy donor-derived pri-

mary cells or cell lines may lead to underestimate the

potential off-targets effects of gene editing tools due

to the patients-specific genetic background.24–26 Thus,

to avoid possible off-target profile inconsistency, we

established an approach for patient-specific genetic back-

ground off-target profiling in patient-derived iPSCs. An

initial in silico screen with CRISPRitz did find between

33 and 138 potential off-target sites but no clear trend

favoring any of the strategies (Fig. 5A). We further per-

formed a patient-specific GUIDE-Seq screen in ELANE-

CN patient-derived iPSCs (Fig. 5B). To this end, we uti-

lized three iPSC cell lines: iPSC-CN-Ex2, iPSC-CN-Ex4

(p.C151Y), and iPSC-CN-Ex5.20,23 In the iPSC-CN-Ex2

line, we compared the profiles of sg-uEKO and sg-

ASKO-2 used in previous experiments. In the iPSC-CN-

Ex4 line, we compared sgRNA-E4 (E4), which targets

both ELANE alleles for HDR, and sgRNA-E4PS (E4PS),

which targets the p.C151Y allele specifically for knockout

or repair. Finally, in the iPSC-CN-Ex5 line, we compared

sg-HDR-AAV and sg-AS-HDR, also tested above. In

iPSC-CN-Ex2 cells, we found 10 off-target sites for sg-

uEKO and 3 off-target sites for sg-ASKO-2. All three

�

FIG. 4. Targeting of ELANE mutations with an allele-specific sgRNA restores granulopoiesis in patient-derived
iPSCs. (A) Gene-editing efficiency of allele-specific knockout of mutation p. A57V in Exon 2 and p. G214R in Exon 5
of ELANE, as assessed in total gene-edited iPSCs population. (B) Representative Sanger sequencing of a control,

unedited and gene-edited iPSCs. (C, D) CFU assay of gene-edited cells shown as distribution (C) and as an absolute
number (D) of colonies, two independent experiments. (E) FACS analysis of granulocytic number (D) of colonies,
two independent experiments. (E) FACS analysis of granulocytic differentiation of gene-edited iPSCs at day 28 of

EB-based granulocytic differentiation. Statistical test used: unpaired two-sided Student’s t-test. (F) Absolute number
of neutrophils produced by EB-based granulocytic differentiation of gene-edited iPSCs on day 28 of culture. An
unpaired two-sided Student’s t-test was used to calculate statistical significance. (G) Histological assessment of

neutrophil maturation on May-Gr€unwald-Giemsa–stained cytospins. Tested for significance by two way ANOVA and
secondary multiple comparison to control cells for two independent experiments. (H) Representative images of
cytospins of cells from day 28 of EB-based iPSC differentiation to neutrophils. Where shown, results are depicted as

the mean of biological and technical replicates. Error bars represent the standard deviation. Statistical significance is
marked by *p £ 0.05, **p £ 0.01, and ****p £ 0.001.
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sg-ASKO-2 off-targets were positioned in introns

(Fig. 5C and Fig. S4A). Among the off-targets of sg-

uEKO, seven were intergenic, two were intronic, and

one was in a mitochondrial gene. Analysis of the iPSC-

CN-Ex4 line revealed two potential off-targets for E4

sgRNA in unplaced genomic sequences33 and three off-

targets for E4PS sgRNA: two intronic and one intergenic

(Fig. 5C and Fig. S4A). Finally, comparing sg-HDR-

AAV and sg-AS-HDR in the iPSC-CN-Ex5 line revealed

three off-targets for both guides. Whereas sg-HDR-AAV

had two intronic and one intergenic off-target, only one

intronic and two intergenic off-targets were detected for

sg-AS-HDR (Fig. 5C and Fig. S4A). Taken together,

we have successfuly established patient-specific off-target

screening using iPSC model.

Discussion

In this study, we have performed an in vitro comparison

of several gene-editing approaches for ELANE mutations

in patients’ HSPCs and patient-derived iPSCs. We
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believe that such analysis should be done for precli-

nical gene therapy trials and preceding animal experi-

ments. We have focused on the disease-specific needs

of ELANE-CN patients for effective and safe gene the-

rapy,27,28 which includes the efficacy, stemness conserva-

tion, functional assessment of mature neutrophils produced

from gene-edited HSPCs, and genotoxicity.27,28

Concerning efficacy, the uEKO, AAV-HDR, and ASKO

approaches were equally good in rescuing granulopoiesis in

two independent assays, and no relevant differences in cell

viability were observable. The observed gene editing effi-

ciencies range from 30% to 80%, resulting in comparable

phenotype correction, pointing to a broad therapeutic win-

dow. We recently reported that 8% of ELANE knockdown

in ELANE-CN HSPCs was sufficient to rescue the CN phe-

notype after engraftment of gene-edited cells in immune-

compromised NSG mice.11 Also, estimates from mosaic

ELANE patients with a normal neutrophil count reach a

similar level of 11%.

Double-stranded breaks by Cas9 nuclease, intracellular

ssODNs, and AAV6 transduction can cause activation of

TP53-triggered DNA damage and inflammatory res-

ponses, reducing the engraftment potential of gene-edited

HSCs.15,29–34 The assessment of stemness and transplant-

ability by CFU assay, an in vitro surrogate for engraft-

ment efficiency35,36 confirmed the known impact of

AAV6 transduction to reduce the transplantability of gene-

edited stem cells, most probably, through the immunogenic

reactions caused by the viral transduction.37 In line with

published data, we observed a noticeably lower number of

CFU-GEMM colonies, that are derived from more imma-

ture HSCs and a stronger increase in CFU-GM and CFU-G

colonies that are produced by more mature and less

engraftable myeloid progenitor cells. The next step in this

evaluation should be an in vivo engraftment of gene-edited

cells from groups pre-selected from the in vitro studies in

immunocompromised mice.29 To assess the impact of indi-

vidual gene editing components and processes, ideally,

individual controls for electroporation, ribonucleoprotein,

AAV6 vectors, and ssODNs are necessary. Due to limited

primary patient cells available, we could only perform one

control, for which we chose gene editing at the safe harbor

site AAVS1. We believe this to be the optimal control in

this material limited scenario, as it accounts for the most

factors across the different conditions.

In terms of the functionality of the generated neutro-

phils, HDR-AAV and ASKO maintain the production of

wild-type NE, whereas uEKO eliminates the ELANE gene.

The importance of wild-type NE for neutrophil functions

requires a more detailed investigation in the future. Our

data prove the comparable efficacy for uEKO, HDR-AAV,

and ASKO regarding ROS capacity restoration. Recent

data show that knocking out ELANE in HSPCs does not

interrupt granulopoiesis or other blood lineage develop-

ment.7,9,11 Moreover, ELANE-KO neutrophils can produce

ROS and can perform phagocytosis and chemotaxis in vitro

(as tested for some Gram-positive and Gram-negative bac-

teria) and in vivo (for Gram-positive bacteria).7 Neutrophil

counts in Elane-/- mice are normal, but they have reduced

capacity for clearing Gram-negative bacteria and sensing

zymosan particles.38,39 The redundancy of ELANE is likely

a result of its origin as a duplicated paralog of the protein-

ase 3 (PRTN3) gene of the neutrophil serine protease fa-

mily, which also includes cathepsin G (CTSG), leukocidin

(AZU1), and serine protease 57 (PRSS57).6

For the genome integrity analysis, we performed

GUIDE-seq and found that allele-specific gRNAs have a

favorable off-target profile compared with all other tested

gRNAs. However, safety could vary between different

allele-specific gRNAs targeting other ELANE mutations.

Additional evaluations, including rhAMP-seq, CAST-

seq,40 and the presence of large on-target insertions and

deletions41 should also be performed. It is also essential

to evaluate the safety of each gRNA in a patient-specific

manner to account for possible additional off-targets or

reduced on-target efficiency owing to patient-specific

genomic variations.25,26 In silico modeling is the standard

way to predict patient-specific off-targets.42 By applying

�

FIG. 5. Safety profiling of designed gene-editing approaches in CN patient-derived iPSCs. (A) CRISPRitz profile
of six sgRNAs used in this study for three ELANE hotspot mutations p.A57V, p.C151Y, and p.G214R. For each

mutation, one guide RNA targeting both the wild-type and the mutant allele was compared to an allele-specific
guide RNA, which targets only the CN-causing ELANE mutation. The comparison was performed for up to four
mismatches. (B) Proposed workflow for patient genomic background specific GUIDE-Seq off-target screening

in CN patients-derived iPSC, including reprogramming of peripheral blood mononuclear cells, GUIDE-Seq
screening in patient-derived iPSC, DNA isolation, library preparation, and in silico analysis. Workflow
visualization was created using Biorender.com. (C) Off-target sites found by GUIDE-seq for gRNAs tested in

patient derived iPSCs. Detailed information on which guide RNA was tested in each cell line-can be found in
the results section.
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GUIDE-Seq to patient-derived iPSC, we found an effi-

cient way to generate patient-specific personalized off-

target profiles. This method can be broadly used for per-

sonalized safety assessments of gene-editing therapies in

the future.

The next important factor in establishing gene therapy

is its feasibility for patients with rare diseases, including

ELANE-CN. Universal knockout of ELANE is by far the

most technically feasible approach. The universal nature

of uEKO results in lower overall costs for patients and

insurance providers, potentially bringing gene therapy

equity and fairness to all ELANE-CN patients.43 How-

ever, in addition to the abovementioned question about

the physiological role of NE, gene knockout targeting the

coding sequence has the risk of introducing de novo muta-

tions and potentially inducing on-target mRNA misregula-

tion.14 To mitigate this risk, we recently established a

knockdown approach by targeting the ELANE promoter.11

The ELANE ASKO approach requires only one double-

strand break to inactivate the mutant allele, as compared

to the study by Sabo et al., which introduces three DNA

double-strand breaks and introduces a large deletion,10

altogether elevating the DDR.31,44 However, each ELANE

mutation requires its own sgRNA with individual efficacy

and safety assessment, making it time—and money-

intensive. Interestingly, our ASKO-HDR approach for the

p.G214V ELANE mutation, relying on an ssODN repair

template, resulted in no measurable HDR, despite evi-

dence of successful HDR in this exon in HSPCs in the li-

terature.45 The use of higher ssODN concentrations might

produce favorable results, but we faced dose-limiting to-

xicities of ssODN (data not shown).30,46 However, indels

induced by allele-specific gene editing in exon 5 of

ELANE in HSPCs and iPSCs resulted in the restoration of

granulopoiesis. This outcome is unexpected, as frameshift

mutations in this region should not cause nonsense-

mediated decay, as suggested elsewhere.9,47 The exact

mechanism underlying this observation remains to be elu-

cidated. One potential mechanism—reduced translation

efficiency and, therefore, effective knockdown due to a

shortened 3¢-UTR, as proposed by Rao et al.9—does not

fully explain our observation, given that this type of editing

creates a high number of +1 indels.9

Recent proof-of-concept studies of in vivo gene editing of

HSPCs can overcome the challenges of ex vivo gene editing

and offer a simpler, faster, cheaper, and more accessible

treatment for patients.48–50 Theoretically, this approach will

be superior to ex vivo gene therapy. However, the field is in

the initial stages, and many questions remain to be solved

before it can move into the clinic safely.51

In summary, we suggested a head-to-head pipeline

for the in vitro comparison of several gene editing

approaches prior to in vivo validation of the best per-

forming in vitro strategies. We also establish a personal-

ized GUIDE-Seq off-target screening in patient-derived

iPSC. The iPSC platform has high potential for personal-

ized genotoxicity investigations. Thus, our work demon-

strates the feasibility of a comparison of patient-specific

gene therapy appr-oaches and challenges for rare disease

patients.

Materials and Methods

Isolation and culture of CD34+ HSPCs
To isolate CD34+ cells, mononuclear cells were obtai-

ned from bone marrow. Briefly, mononuclear cells were

obtained by centrifugation through a Ficoll gradient (GE

Healthcare #17-1440-03) and subsequently used for CD34+

purification with magnetic beads (Miltenyi #130-046-703).

CD34+ cells were cultured in StemSpan SFEM II he-

matopoietic cell culture medium supplemented with

20 ng/mL interleukin-3, 50 ng/mL stem cell factor,

20 ng/mL interleukin-6, 20 ng/mL thrombopoietin,

50 ng/mL fms-related receptor tyrosine kinase 3 ligand,

2 mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL

streptomycin at a density of 2.5–5 · 105 cells/mL.

Analysis of gene-editing efficiency
Gene-editing efficiency was measured on day 14 of differ-

entiation. Briefly, cells were lysed in a quick-extract solu-

tion (Lucigen # QE09050) to obtain genomic DNA. The

edited genomic region was amplified using Go-Taq DNA

polymerase (Promega # M3005) or Primestar max DNA

polymerase (Takara # R045A) and respective PCR primers

(Supplementary Table S3), according to the manufacturer’s

protocol. In the case of using HDR-AAV6 as a repair tem-

plate, the ELANE locus was amplified using primers tar-

geting a region outside of the HDR-template sequence. The

editing efficiency was calculated from Sanger sequencing

traces of the amplified genomic regions using ICE

synthego.52

Ethics
All experiments were carried out under the approval of

the ethics committee of the University of Tuebingen. The

study was conducted according to Helsinki’s declaration.

Informed written consent was obtained from the study

participants.

Statistical analysis
Statistical analyses were carried out using GraphPad Prism

version 9 software. Shapiro–Wilk test was used to test

ELANE EDITING COMPARISON IN CONGENITAL NEUTROPENIA 269



for normal distribution. We used a two-sided, unpaired

Student’s t-test, one-way analysis of variance (ANOVA)

with multiple comparisons, or two-way ANOVA with

multiple comparisons to determine statistical significance.

Details are indicated in the figure legends.

Data access
Data access is available through the corresponding author

upon request.
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Severe congenital neutropenia (CN) is an inherited pre-leuke-

mia bone marrow failure syndrome commonly caused by auto-

somal-dominant ELANE mutations (ELANE-CN). ELANE-CN

patients are treated with daily injections of recombinant hu-

man granulocyte colony-stimulating factor (rhG-CSF). How-

ever, some patients do not respond to rhG-CSF, and approxi-

mately 15% of ELANE-CN patients develop myelodysplasia or

acute myeloid leukemia. Here, we report the development

of a curative therapy for ELANE-CN through inhibition of

ELANE mRNA expression by introducing two single-strand

DNA breaks at the opposing DNA strands of the ELANE pro-

moter TATA box using CRISPR-Cas9D10A nickases—termed

MILESTONE. This editing effectively restored defective neutro-

phil differentiation of ELANE-CN CD34+ hematopoietic stem

and progenitor cells (HSPCs) in vitro and in vivo, without

affecting the functions of the edited neutrophils. CRISPResso

analysis of the edited ELANE-CN CD34+ HSPCs revealed on-

target efficiencies of over 90%. Simultaneously, GUIDE-seq,

CAST-Seq, and rhAmpSeq indicated a safe off-target profile

with no off-target sites or chromosomal translocations. Taken

together, ex vivo gene editing of ELANE-CN HSPCs using

MILESTONE in the setting of autologous stem cell transplanta-

tion could be a universal, safe, and efficient gene therapy

approach for ELANE-CN patients.

INTRODUCTION
Patients with severe congenital neutropenia (CN), an inherited pre-

leukemia bone marrow failure syndrome, suffer from severe bacterial

infections that generally occur shortly after birth.1 The reason for

these infections is a myeloid differentiation defect of hematopoietic

stem and progenitor cells (HSPCs) with an almost complete inability

to form mature neutrophils. In addition to defective granulopoiesis,

CN patients are at risk of developing hematological malignancies,

including myelodysplastic syndrome, acute myeloid leukemia

(AML), and, in some rare cases, chronic myelomonocytic leukemia,

acute lymphoblastic leukemia, or bi-phenotypic leukemia. Auto-

somal-dominant mutations in the ELANE gene encoding neutrophil

elastase (NE) protein frequently cause CN.1–3

Since its clinical use in 1987, rhG-CSF4 became the standard treatment

option for CNpatients. AlthoughmostELANE-CNpatients respond to

daily treatment with subcutaneous injections of rhG-CSF, some do not,

even at doses up to 50 mg/kg/d.5 Some patients continue suffering from

frequent infections despite rhG-CSF therapy; in others, especially in pu-

berty or adulthood, rhG-CSFcauses severe bonepain, leading todiscon-

tinuation of treatment and a subsequent high risk of developing severe

infections.1,5The only potentially curative treatment available for CN is

allogeneic hematopoietic stem cell (HSCs) transplantation, which,

despite its benefits, still has a 3-year mortality rate of 17% and causes

severe side effects in 21% of patients.6 Thus, there is an unmet need

for an alternative curative treatment for CN patients.

Understanding the pathophysiology of defective granulopoiesis in CN

patients downstream of ELANE mutations is essential for developing

alternative therapies.NE is a proteolytic enzymeof the neutrophil serine

protease family whose members also include the proteases cathepsin G
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(CG), proteinase 3 (PRTN3), azurocidin 1 (AZU1), and serine protease

57 (PRSS57, previously referred to as NSP4).7,8 These proteases, stored

in cytoplasmic granules and secreted into extracellular and pericellular

spaces upon cellular activation, are considered crucial components of

bacterial defense.8 ELANE mutations in CN patients are distributed

throughout all five exons and introns (but mainly intron 4) of the

ELANE gene, affecting different functional domains of the NE pro-

tein.3,9 The ultimate mechanisms underlying the defective granulocytic

differentiation ofHSPCswithELANEmutations are not yet fully under-

stood. We and others have reported that the inhibition of HSPC prolif-

eration and differentiation observed in CN patients harboring ELANE

mutations is caused by an enhanced unfolded protein response

(UPR) in the endoplasmic reticulum instigated by misfolded mutant

NE protein.10–13 Therefore, we recently hypothesized that ELANE-

CN could be treated and its associated “maturation arrest” corrected

byCRISPR-Cas9–sgRNA–mediatedELANEknockout.14 Indeed,we re-

ported that knocking out the ELANE gene in CN HSPCs successfully

rescued defective granulopoiesis, an approach that was later validated

by others.15 However, editing ELANE’s coding sequence (CDS) region

with CRISPR-Cas9 could introduce new ELANE variants in the

CDS—an unwanted outcome of on-target editing.

Therefore, tomitigate potential safety concerns, it is beneficial to estab-

lish a universal strategy for modulating ELANE mRNA expression

without targeting the CDS region of ELANE. There are multiple

possible approaches for safely inhibiting the expression of a gene of in-

terest, including RNA interference (RNAi), CRISPR interference

(CRISPRi), and CRISPR-Cas9-based editing of gene enhancer regula-

tory elements. Such approach, previously described for targeting the

enhancer region of theBCL11A gene to inhibit suppression ofg-globin,

has been approved as a treatment for sickle cell disease and transfusion-

dependent b-thalassemia (TDT).16,17 Some studies have reported that

introducing a double-strand break (DSB) using paired Cas9 nickases

(Cas9n) greatly increases genome-editing precision, adding a safety

factor.18–23 Using nickase-based gene editing for gene therapy has

also been shown to enhance the safety profile 50 to 1,000-fold.21

Thus, replacing Cas9 with Cas9D10A/H840A nickases adds an extra

level of safety in clinical gene therapy strategies. Although a dual-nick-

ase strategy is generally thought to be less efficient, in the specific case of

SpCas9D10A nickase (CRISPR-Cas9n), it has been shown that this

approach can be as efficient or even more efficient in inducing dou-

ble-stranded breaks than native Cas9, depending on the single guide

RNA (sgRNA) design and the targeted genomic locus.20

In addition to genomic safety, assessing the functional safety of gene-

edited cells is essential for ex vivo HSPCs-modified therapies. Given

that ELANE mutations are autosomal dominant, the inability of

the ELANE-KO approach to discriminate between wild-type and

mutated alleles leads to reduced levels of both mutated and wild-type

NE. Nevertheless, we recently found that eliminating mutated ELANE

completely restored granulopoiesis despite simultaneous suppression

of wild-type ELANE in vitro and in vivo, causing no harmful effects

on neutrophil differentiation or functions, including reactive oxygen

species (ROS) production, chemotaxis, and phagocytosis of Alexa

594–conjugated Staphylococcus aureus BioParticles.14 Elane�/� mice

also have average neutrophil counts and no defects in neutrophil matu-

ration.24–26Moreover, neutrophils from patients with Papillon-Lefevre

Syndrome (PLS), a rare autosomal-recessive syndrome caused by loss-

of-function mutations in the CTSC (cathepsin C) gene locus (encoding

dipeptidylpeptidase I [DPPI]) that leads to severe defects in neutrophil

serine proteases, including NE, can effectively kill bacteria, such as

S. aureus (gram positive) and Escherichia coli (gram negative).27 These

data suggest that, because of existing redundancies in the bactericidal

mechanisms ofneutrophils inhumans, serineproteases are not essential

for killing common bacteria, allowing us to conclude that therapeutic

NE inhibition is safe and preserves neutrophil functions.

Here, we report the successful development of a universal and effi-

cient approach for inhibiting ELANEmRNA expression by disrupting

the regulatory region in the promoter upstream of the ELANE gene

transcription start site (TSS). To establish this, we applied CRISPR-

Cas9n and sgRNAs with excellent safety profiles, as assessed by

GUIDE-seq, rhAmpSeq validation of off-targets, and CAST-seq of

edited primary HSPCs. Editing ELANE in primary HSPCs of CN pa-

tients using this strategy led to successful granulocytic differentiation

of edited cells in vitro and in vivo.

RESULTS
CRISPR-Cas9-based targeting of the ELANE TATA box inhibits

ELANE transcription

CRISPR-Cas9-mediated gene editing of the ELANE CDS in CN pa-

tients’ HSPCs, either for knockout or mutation-correction purposes,

can lead to the generation of de novo mutations in subpopulations of

cells and could potentially raise long-term safety concerns regarding

its clinical application in the setting of autologous transplantation of

gene-editedHSPCs. In particular, we previously demonstrated the pres-

ence of small undesired in-framedeletions and insertions in gene-edited

cells after targeting exon 2 of ELANE.14 Therefore, while the rationale

underlying potential safety concerns of gene-editing approaches target-

ing the ELANE CDS will require further investigation in long-term

in vivo studies, we here sought to circumvent this concern by designing

an alternative CRISPR-Cas9-based genome-editing strategy that does

not target the CDS of ELANE and so sidesteps these concerns.

We established a CRISPR-Cas9n-based gene-editing approach for

inhibiting NE expression that targets the non-coding region of

ELANE and thus does not generate new, unwanted ELANE variants.

To screen the efficiency of different guides and their combinations,

we engineered a NE-reporter cell line using THP-1 AML cells28 ex-

pressing high levels of NE. We used a split nano luciferase reporter

system (see materials and methods). It consists of a large (18 kDa)

protein (LgBiT) and a small (11 amino acid) protein termed Hi-

BiT,29 the latter of which can be used to tag endogenous proteins.

Adding LgBiT protein and the luciferase substrate furimazine to

lysed HiBiT reporter cells for a tagged protein makes it possible to

quantitatively determine the expression of the tagged protein

by measuring its luminescence signal.29 The HiBiT tag was fused

to the N terminus of the NE protein by CRISPR-Cas9-mediated
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homology-directed repair (HDR), as described in materials and

methods. A pure single-cell-derived clone of the NE-reporter

THP-1 cell line was successfully generated by limiting dilutions on

the bulk-edited cell population. This was followed by screening

luminescence levels of single-cell-derived populations after 3 weeks

of culture by assessing luminescence signals, with verification by

Sanger sequencing (Figures S1A–S1C). The TSS and promoter

motifs of the ELANE gene were previously identified using the syn-

ergistic activation mediator (SAM) web tool (http://sam.genome-

engineering.org)30 and the eukaryotic promoter database (EPD).31

Combining these publicly available data, we designed six sgRNAs

targeting nucleotides �2 to �146 bp relative to the ELANE TSS.

We screened editing results obtained using sgRNAs 1–6 and the

sgRNA combinations 1 + 4, 2 + 4, and 1 + 4 + 5 using HiFi Cas9-

based gene editing (Figure 1A; Figure S1D). Although all selected

sgRNAs reduced NE expression, the combination of sgRNAs 1

and 4, targeting the predicted TATA box (Goldberg-Hogness box)

at position �29 bp relative to the TSS, led to the most pronounced

reduction in NE levels according to the measured luminescent signal

(Figure 1B). sgRNAs on-target efficiencies assessed by applying the

DECODR (Deconvolution of Complex DNA Repair) algorithm32 to

Sanger sequencing traces of gene-edited THP-1 cells obtained 72 h

post-electroporation were over 50% (Figure 1C). To implement an

extra layer of safety in the ELANE-knockdown procedure, we used

a double-nickase Cas9D10A strategy for sgRNA 1 (nick 1) and

sgRNA 4 (nick 2), to target opposite strands of the ELANE promoter

TATA box, thereby introducing a DSB that led to deletions that

reduced the efficiency of ELANE mRNA transcription (Figure 1D).

We termed the proposed strategy MILESTONE: Modifying ELANE

Goldberg-Hogness box to inhibit expression.

A

B C

D

E F G

Figure 1. Development of a CRISPR-Cas9n-based

gene-editing strategy to inhibit the ELANE

transcription process by targeting its promoter’s

TATA box

(A) Schematic representationof the sgRNAselection. HiFi-

Cas9protein guidedby sgRNAs targetingmultiple areas of

the ELANE gene promoter was used to find the region

critical for repression of the ELANE mRNA transcription.

CCAAT-box (�146 nucleotide from TSS) and TATA

box �29 nucleotides from TSS were predicted using

the eukaryotic promoter database (EPD) with p value

<0.001. (B) Neutrophil elastase (NE)-HiBiT-tagged

THP-1 single cell-derived cells were electroporated with

the indicated sgRNAs. Seventy-two hours after

electroporation, the bioluminescence signal of the HiBiT-

tagged NE protein was assessed using a GloMax

bioluminescent plate reader. Data represent means ±

standard deviation (SD) from triplicates of a

representative experiment. (C) On-target editing

efficiency of each sgRNA 72 h post-electroporation of

NE-HiBiT-tagged THP-1 cells of a representative

experiment. (D) Schematic representation of the

MILESTONE genome-editing strategy. Cas9D10A

nickase guided by a pair of gRNAs targeting opposite

strands of ELANE TATA box was used to introduce a

double-strand break followed by small deletion to

reduce the ELANE mRNA transcription. (E) NE-HiBiT-

tagged THP1 cells were electroporated using ELANE

CDS KO, MILESTONE, or Mock control. Seventy-two

hours post-electroporation, the bioluminescence signal

of the HiBiT-tagged NE protein was assessed using a

GloMax bioluminescent plate reader. Data represent

means ± SD from triplicates. (F) On-target editing

efficiency of the ELANE CDS KO and MILESTONE 72 h

post-electroporation of NE-HiBiT-tagged THP-1 cells.

(G) Representative western blotting (WB) images of NE

and a-tubulin protein expression are depicted. NE-

HiBiT-tagged THP1 cells were electroporated using

ELANE CDS KO or MILESTONE. Seventy-two hours

post-electroporation, western blotting analysis of the NE

protein was performed.
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We compared MILESTONE with a previously reported ELANE CDS

knockout (CDS KO) strategy14 by measuring the luminescence signal

of NE protein in NE-reporter THP-1 cells, used as a readout of NE

protein levels 72 h post-electroporation. We found thatMILESTONE

efficiently decreased NE protein levels compared with Mock-electro-

porated cells (Figure 1E). The editing efficiencies of ELANE CDS KO

and MILESTONE approaches were 91.8% and 100%, respectively, as

assessed by applying the DECODR algorithm to Sanger sequencing

traces of edited THP-1 cells obtained 72 h post-electroporation (Fig-

ure 1F). In a separate experiment, western blot analyses using an NE-

specific antibody confirmed the reduction in NE levels after ELANE

editing (Figure 1G).

Collectively, these findings demonstrate the successful development

of a novel gene-editing strategy for knocking down ELANE mRNA

expression. This strategy prevents the emergence of de novo ELANE

mutations from INDELs or novel splice variants induced by INDELs

in the ELANE CDS, as described by Tuladhar et al.33

MILESTONE restores granulocytic differentiation of primary

ELANE-CN CD34+ HSPCs

To further evaluate the clinical applicability of MILESTONE as

a treatment option for ELANE-CN, we performed MILESTONE

editing on primary bone marrow-derived CD34+ HSPCs from two

ELANE-CN patients—one, CN1, harboring p.Ala57Val (GenBank:

NM_001972.4) and the other, CN2, bearing p.Ala79_Arg81del

(GenBank: NM_001972.4) ELANE mutations—and evaluated their

granulocytic differentiation using colony-forming unit (CFU) and

in vitro liquid culture neutrophil differentiation assays. CFU assays

showed a remarkable increase in granulocytic colony-forming units

(CFU-G) in the MILESTONE group compared with the Mock-

electroporated control group (Figure 2A). In line with this, in vitro

granulocytic liquid culture differentiation assays revealed that granu-

lopoiesis was restored on day 14 of differentiation compared with

Mock-electroporated cells, assessed based on the percentage of

cells expressing the pan-granulocyte marker status, CD45+CD11b+

CD15+, and neutrophils with the two neutrophil-specificmarker com-

binations, CD45+CD15+CD16+ and CD45+CD16+CD66b+34 (Figures

2B and S2A). The phenotype of the CN2 patient was extremely severe

and resulted in very low numbers of cells in a control Mock group

generated on day 14 of granulocytic differentiation, which were not

sufficient for flow cytometry analysis. Remarkably, even these cells

differentiated efficiently into neutrophils following ELANE editing

withMILESTONE. Amorphological examination of cytospin prepara-

tions of cells of both CN patients on day 14 of culture confirmed resto-

ration of granulopoiesis uponMILESTONE treatment compared with

controls (Figures 2C and 2D). The editing efficiency of MILESTONE

was greater than 90%, as assessed by applying theDECODR algorithm

to Sanger sequencing data for cells obtained on day 14 of differentia-

tion (Figures S3A and S3B). These latter results were further confirmed

by next-generation sequencing of rhAMPseq-generated targeted PCR

amplicons from gene-edited cells from CN1 patient on day 7 of differ-

entiation, as analyzedusing theCRISPResso tool35 (Figures S4A–S4C).

Taken together, the in vitro neutrophilic differentiation data of

A

B

C

D

Figure 2. Restored granulocytic differentiation of MILESTONE-edited

primary ELANE-CN HSPCs

(A) Colony-forming unit (CFU) assay of gene-edited ELANE-CN CD34+ HSPCs

(n = 2) on day 14 of differentiation (CFU-GEMM: granulocytes, erythrocytes,

monocytes, megakaryocytes; CFU-GM: granulocytes, monocytes; CFU-G: gran-

ulocytes; CFU-M: monocytes. BFU E: burst-forming unit–erythroid. Data represent

means ± SD from duplicates. (B) Granulocytic differentiation ofMILESTONE-edited

ELANE-CN CD34+HSPCs (n = 2) was assessed by liquid culture differentiation after

14 days of culture analyzing neutrophilic surface marker expression by flow cy-

tometry. Data represent means ± SD from duplicates. n.a = not applicable. (C) May-

Grunwald-Giemsa staining of in vitro differentiated cells from ELANE-CN CD34+

HSPCs was conducted on day 14, allowing morphologic discrimination of the cells.

Data represent means ± standard deviation (SD) from duplicates except for the CN2

mock which, due to the severity of the phenotype, only yielded enough cells for one

cytopsin. (D) Representative cytopsin images of May-Grunwald-Giemsa staining

of ELANE-CN HSPCs derived from the in vitro neutrophil differentiation culture on

day 14 are depicted.
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MILESTONE-edited cells from two ELANE-CN patients confirmed

previous observation by our group14 and others15 that inhibition of

ELANE expression in HSPCs from ELANE-CN patients effectively re-

stores granulocytic differentiation.

MILESTONE DOES NOT AFFECT GRANULOCYTIC
DIFFERENTIATION OF PRIMARY HSPCs FROM
HEALTHY DONORS
To investigate whether MILESTONE has any adverse effects on

granulopoiesis or neutrophil functions in vitro, we electroporated

CD34+ HSPCs from five healthy donors with the CRISPR-Cas9

RNP complex of ELANE CDS KO or MILESTONE and processed

A

B

C D

E F

Figure 3. Healthy donors’ primary HSPCs

granulocytic differentiation remained unaffected

upon applying MILESTONE

(A) Granulocytic differentiation of gene-edited CD34+

HSPCs of healthy donors was assessed by analyzing

neutrophilic surface marker expression using flow

cytometry. Data represent means ± SD from five biological

replicates. (B) Representative cytopsin images of May-

Grunwald-Giemsa staining of in vitro differentiated

neutrophils from CD34+ HSPCs of healthy donors at day

14 are depicted. (C) On-target editing efficiency of the

ELANE CDS KO, or MILESTONE-edited CD34+ HSPCs of

healthy donors 4 days post-electroporation (day 0 of

in vitro differentiation), 7 and 14 (in vitro differentiation

end time point). Data represent means ± SD from five

biological replicates. (D) qRT-PCR analysis of mRNA

expression of P21 and GADD45A in HSPCs collected

48 h post-electroporation of the Mock, ELANE CDS KO,

or MILESTONE-edited healthy donors CD34+ HSPCs.

Data were normalized to non-electroporated cells, b-actin,

and double-strand breaks. Data represent means ± SD

from four biological replicates. (E) Level of hydrogen

peroxide (H₂O₂) reactive oxygen species (ROS), measured

after stimulation of in vitro differentiated Mock, ELANE

CDS KO, and MILESTONE-derived neutrophils (see A–C)

with formylmethionine-leucyl-phenylalanine (fMLP) for

30 min. Data represent means ± SD from five biological

replicates. ****p < 0.0001, unpaired t test. (F)

Phagocytosis kinetic of pHrodo green S. aureus

bioparticles of in vitro differentiated Mock, ELANE CDS

KO, and MILESTONE neutrophils derived from CD34+

HSPCs of healthy donors at day 14 of differentiation, using

IncuCyte ZOOM System. Data represent means ± SD

from five biological replicates.

cells for in vitro neutrophilic differentiation

4 days later. We found that knockout or inhi-

bition of ELANE expression did not impair

neutrophil differentiation compared with

Mock-electroporated cells (Figure 3A). May-

Grunwald-Giemsa staining of neutrophils

differentiated in vitro from CD34+ HSPCs of

healthy donors at day 14, either with ELANE

CDS knockout or MILESTONE editing, also

confirmed this observation (Figure 3B). The

editing efficiency of ELANE CDS KO averaged 80%, 86%,

and 84% on days 0, 7, and 14 of differentiation, respectively.

MILESTONE’s editing efficiency was greater than 99% at the start

of in vitro differentiation and remained stable through day 14

(Figures 3C and S5A). Similar results were also obtained with tar-

geted next-generation sequencing (NGS), which showed an editing

efficiency for MILESTONE of 97% on day 0, as analyzed with the

Cas-analyzer tool36 (Figure S5B).

To evaluate TP53-triggered DNA damage responses upon genome

editing, wemeasured the mRNA expression levels of the TP53 targets,

P21 and GADD45A, 48 h after electroporation. No significant
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difference was observed for ELANE CDS KO or MILESTONE

compared with control Mock-electroporated cells (Figure 3D).

We further analyzed the in vitro generated neutrophils for their func-

tional capabilities. We first assessed ROS in formyl methionyl-leucyl-

phenylalanine (fMLP)-activated neutrophils by measuring H2O2

levels and found that both ELANECDS KO andMILESTONE neutro-

phils were able to generate ROS at levels comparable toMock-electro-

porated cells (Figure 3E). We next assessed phagocytosis using

live-cell imaging of neutrophils incubated with pHrodo Green

S. aureus bioparticles using the IncuCyte ZOOM system. We

observed similar phagocytosis activity in Mock, ELANE CDS KO,

or MILESTONE neutrophils (Figure 3F).

Figure 4. Xenotransplantation of MILESTONE-

edited ELANE-CN HSPCs

(A) Schematic workflow of in vivo experiments. Depicted

are genome editing, intra-femoral injection of edited

cells, flow cytometry-based immunophenotyping, and

INDELs analysis of bone marrow 16 weeks after

transplantation. Created with BioRender.com. (B)

INDELs frequencies observed 72 h post ex vivo editing

(week 0) and at the experimental endpoint 16 weeks

post-transplantation in engrafted human bone marrow

cells (CN3). Data represent means ± SD from two

independent experiments. ****p < 0.0001, unpaired

t test. (C) Engraftment efficiency of human CD45+ cells

16 weeks post-transplantation. Data are shown as

means ± SD, and dots represent individual animals. (D)

Frequency of HSPCs (mCD45�hCD45+hCD19�hCD3�

hCD33�hCD66b�hCD34+), T cells (mCD45�hCD45+

hCD19�hCD3+), B cells (mCD45�hCD45+hCD19+

hCD3�), neutrophils (mCD45�hCD45+hCD19�hCD3�

hCD33+/�hCD66b+hCD16+), and monocytes (mCD45�

hCD45+hCD19�hCD3�hCD33+hCD14+) shown as the

percentage of total human CD45+ cells in the bone

marrow. Data are shown as means ± SD, and dots

represent individual animals. (E) Representative FACS

images showing CD16+CD66b+ mature neutrophils

(black gate) in Mock or MILESTONE recipient mice.

The percentage of neutrophils in human CD45+ cells is

shown below the gate. Symbols mark individual mice.

Symbols with the same shape mark animals from the

same experiment.

Next, we evaluated whether MILESTONE

gene-editing affected mRNA expression levels

of PRTN3 and AZU1, genes adjacent to the

ELANE gene that encode two other serine pro-

teases. To this end, we measured ELANE,

PRTN3, and AZU1 mRNA expression in neu-

trophils derived from liquid culture-differenti-

ated MILESTONE-edited HSPCs from two

healthy donors compared with that in the

Mock group. Meanwhile, ELANE mRNA

expression was markedly reduced in MILE-

STONE-edited neutrophils compared with

control cells, and PRTN3 and AZU1 levels remained unaffected

(Figures S6A–S6C).

MILESTONE editing enables granulocytic differentiation of

primary ELANE-CN HSPCs in immune-deficient NSG mice

To assess the effect ofMILESTONE editing on engraftment, prolifer-

ation, and granulocytic differentiation of edited HSPCs in vivo, we

performed xenotransplantation studies in immune-deficient NSG

(NOD SCIDg) mice.37,38 We analyzed their bone marrow 16 weeks

post-transplantation (Figure 4A; Figure S7A). As a control, cells

were edited with a sgRNA assembled with HiFi Cas9 targeting the

safe harbor locus, AAVS1, within the PPP1R12C gene (Mock con-

trol). Two independent experiments were performed with primary
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CD34+ HSPCs from one ELANE-CN patient (ELANEmutation Gen-

Bank: NM_001972.4, p.Val101Glu) and two healthy donors. Ex vivo

gene-editing efficiency of the CN patient’s HSPCs before transplanta-

tion was comparable between Mock (30.2%) and MILESTONE

(24.3%) groups. However, editing in engrafted human leukocytes

differed strongly and significantly (p < 0.001) between Mock- and

MILESTONE-edited cells. Whereas Mock-edited cells engrafted

poorly, with fewer than 5% of cells in the AAVS1 locus carrying

INDELs, MILESTONE-edited cells showed a strong engraftment

advantage, with 100% INDELs in all recipient mice (Figure 4B). We

further found that engraftment of human CD45+ leukocytes was

increased in MILESTONE-edited recipient mice compared with that

in the control group (Figure 4C). In line with this superior engraft-

ment, we found that the percentage of neutrophils was also markedly

increased inMILESTONE-edited cells compared with that in the con-

trol group (Figures 4D and 4E). No significant differences were

observed in other cellular compartments, including HSPCs, T cells,

B cells, and monocytes (Figure 4D). Ex vivo,MILESTONE editing re-

sulted in editing efficiencies in healthy donor HSPCs comparable to

those in CN HSPCs. In vivo, Mock- andMILESTONE-edited healthy

Figure 5. Xenotransplantation of MILESTONE-

edited healthy donor primary HSPCs

(A) INDELs frequencies observed 72 h post ex vivo editing

(week 0) and at experimental endpoint 16 weeks

post-transplantation in engrafted human bone marrow

cells (HD8 and HD9). Data represent means ± SD

from two independent experiments. (B) Engraftment

efficiency of human CD45+ cells 16 weeks post-

transplantation. Data are shown as means ± SD, and

dots represent individual animals. (C) Frequency of

human HSPCs (CD45+CD19�CD3�CD33�CD66b�

CD34+), T cells (CD45+CD19�CD3+), B cells (CD45+

CD19+CD3�), neutrophils (CD45+CD19�CD3�CD33+/�

CD66b+CD16+), and monocytes (CD45+CD19�CD3�

CD33+CD14+) shown as the percentage of total human

CD45+ cells in bone marrow. Data are shown as

means ± SD, and dots represent individual animals. (D)

Flow cytometry analysis showing CD16+CD66b+ mature

neutrophils (black gate) in Mock or MILESTONE recipient

mice. The percentage of neutrophils in human CD45+

cells is shown below the gate. Symbols mark individual

mice. Symbols with the same shape mark animals from

the same experiment.

donor HSPCs showed engraftment potentials

that were similar to each other and slightly

higher than MILESTONE-edited CN HSPCs

(Figures 5A and 5B). Furthermore, MILE-

STONE editing did not severely alter the distri-

bution of the engrafted immature and mature

populations compared with that in the Mock

control group (Figure 5C). A direct comparison

of Mock- andMILESTONE-edited cells showed

no differences in neutrophil maturation that

exceeded inter-mouse differences (Figure 5D).

A comparison of neutrophil maturation between Mock-edited

healthy cells andMILESTONE-edited CN HSPCs further highlighted

the fact that theMILESTONE strategy fully restored granulocytic dif-

ferentiation in CN HSPCs to the levels of healthy HSPCs in vivo

(Figures 4E and 5D). These data further support our in vitro observa-

tions and are consistent with previously published observations by

Rao et al.15who reported successful restoration of in vivo neutrophilic

differentiation upon ELANE KO in an ELANE-CN xenograft mouse

model, that was established based on gene edited healthy donor

HSPCs.

The safety profile of the MILESTONE approach

Currently, no algorithms are available for in silico off-target predic-

tion of CRISPR-Cas9n double nickases. Therefore, we performed

two independent in silico off-target predictions for MILESTONE

guide RNAs, calculating up to four mismatches and annotating

the predicted potential of off-target sites using CRISPRitz and

CRISPRme tools39,40; we identified 110 targets for nick 1 sgRNA

and 85 targets for nick 2 sgRNA (Figure 6A). Since the simultaneous

activity of both nickases on opposing strands of the genome is
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necessary to introduce a DNA DSB, we used two genome-wide off-

target profiling methods, GUIDE-Seq and CAST-Seq, in our study.

With GUIDE-Seq, we profiled theMILESTONE approach in primary

CD34+ HSPCs from one healthy donor. We observed two potential

off-target sites for Nick2 sgRNA—LINC00992 (Long Intergenic

Non-Protein Coding RNA 992) and Chr9:93703739, a non-coding in-

tergenic region—which contained six or seven mismatches relative to

the on-target site (Figure 6B). To determine whether genome editing

triggered structural variations, we additionally performed a quantita-

tive evaluation of chromosomal rearrangements inMILESTONE-edi-

ted primary CD34+ HSPCs using CAST-Seq,41,42 which detected

on-target aberrations but no translocations (Figure 6C). We also per-

formed in silico off-target prediction, GUIDE-seq, and CAST-seq for

our previously reported ELANE CDS KO approach14 and identified

seven potential off-target sites starting with four mismatches

compared with the target site. In contrast, CAST-seq revealed large

deletions/inversions at the on-target site but no translocations

(Figures S8A–S8C).

For off-target site validation, we designed an rhAmpSeq panel that

included all potential off-target sites identified by GUIDE-seq and

CRISPRitz based on the CFD (cutting frequency determination) score

for both ELANE CDS KO and MILESTONE (Table S1). Genomic

DNA from five healthy donors 4 days post-nucleofection with ELANE

CDSKO orMILESTONE gene-editing (Figures 3C and S5A) was used

for rhAmpSeq library preparation and NGS. The analysis of

sequencing data with CRISPECTOR43 revealed INDELs above the

noise threshold in GUIDE-seq–identified off-target site 5 (OT5)

(Chr5:1762021-1762044) at an average of 0.8% in all five biological

samples (Figure S8D). We found no INDELs in the MILESTONE

off-target site that exceeded threshold levels, indicating a high speci-

ficity that was even higher than the already specific ELANE CDS KO

approach (Figure 6D).

To further investigate the specificity of theMILESTONE approach in

reducing ELANE mRNA expression levels, we performed RNA

sequencing of neutrophils generated by in vitro liquid culture differ-

entiation of MILESTONE- or Mock-edited primary bone marrow

CD34+ HSPCs from two healthy donors (HD12 and HD13)

(Figures S9A–S9C). Differentially expressed genes (DEGs) between

MILESTONE- and Mock-electroporated neutrophils were extracted

by analyzing RNA sequencing results using the nf-core pipeline

(Figures 6E; Table S2). This analysis revealed a more than 9-fold

(log2-fold = 3.21) downregulation of ELANE mRNA expression,

with an adjusted p value of 2.68 � 10�7. Only one additional gene,

PHGDH (phosphoglycerate dehydrogenase), was significantly

downregulated (log2-fold 1.44, adjusted p value 2.10 � 10�2).

PHGDH, which is involved in L-serine synthesis, should be further

investigated to determine whether its downregulation is an outcome

of MILESTONE or indicates a feedback mechanism related to the

downregulation of NE. We also evaluated whether the MILESTONE

approach affected mRNA levels of the ELANE-neighboring genes,

AZU1, PRTN3, CFD, andMED16, which lie within an approximately

68-kb genetic; we found that none of them was among identified

DEGs (Table S2). Functional enrichment analysis of upregulated

genes among the list of DEGs using the ShinyGO web server44 (data-

base version 0.80) identified “positive regulation of immune system

process,” “positive regulation of leukocyte proliferation,” “cytokine

production,” and “positive regulation of cell migration” as enriched

biological processes activated upon inhibition of ELANE expression

(Figures 6F; Table S3). The fact that only one gene, besides ELANE,

is downregulated by less than 2 log2fold supports our hypothesis

that ELANE is not an essential gene for activating transcriptional

programs, including those critical for neutrophil development and

activation.

DISCUSSION
This study presents a pioneering approach for suppressing ELANE

expression without introducing novel variants in the CDS of the

edited gene utilizing a straightforward and highly effective method

termed MILESTONE. This method, based on a recent proof-of-

principle—restoration of granulopoiesis in CN HSPCs through

ELANE knockout targeting its CDS—that we and others recently

described,14,15 successfully restored granulocytic differentiation of

ELANE-CN HSPCs both in vitro and in vivo. The main advantage

of MILESTONE editing is that it does not modify the ELANE CDS

and thus avoids creating new mutant variants of ELANE and NE pro-

tein, which can be deleterious for HSPC functions. Additionally,

Figure 6. MILESTONE safety profile

(A) In silico off-target profiling of each gRNA, performed using CRISPRme tool to determine potential off-target sites for up to four mismatches with calculated cutting

frequency determination (CFD) score of each possible off-target site according to the human reference genome assembly GRCh38. The genomic region functional

annotation of off-target sites was annotated using the CRISPRitz tool. (B) Genome-wide profiling of off-target cleavage inMILESTONE-edited healthy donor CD34+ HSPCs

(HD10) using GUIDE-seq. The ELANE promoter target sequence is shown in the top line, with cleaved sites underneath. Mismatches to the on-target site are highlighted in

color. GUIDE-seq read counts are displayed to the right of each site. The on-target site is marked with a green circle, and off-target sites are marked with a red circle. All the

genomic coordinates are based on human reference genome assembly GRCh37. (C) CAST-Seq for the quantitative evaluation of chromosomal rearrangements in

MILESTONE-edited healthy donor CD34+ HSPCs (HD11). The Circos plot shows on-target site aberrations (ON, green). From the outer to the inner layer, black rectangles

show the DNA location of the translocation sites. All the genomic coordinates are based on human reference genome assembly GRCh38. (D) Validation of potential off-target

sites determined by rhAmpSeq in healthy donor CD34+ HSPCs (HD1-5). NGS data were analyzed using the CRISPECTOR pipeline. Data represent means ± SD from five

independent experiments. (E) Volcano plot showing differentially expressed genes (DEGs) in MILESTONE-edited terminally differentiated neutrophils derived from healthy

donor CD34+HSPCs (n = 2). The x axis shows the log2 fold change (magnitude of change), and the y axis shows the�log10 adjusted p value (statistical significance). Colors

represent the significance of the genes in terms of p value and log2 fold change. Selected differentially expressed genes are annotated. (F) Functional enrichment analysis

using a list of significantly upregulated genes inMILESTONE-edited terminally differentiated neutrophils from healthy donor CD34+HSPCs (n = 2). A complete list of pathways

is provided in Table S3. Data are displayed as �log10 adjusted p value (FDR).
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using the nickase variant of Cas9 nuclease reduces the probability of

unintended double-strand breaks, which can lead to INDELs at off-

target sites. Our novel approach for modifying the expression of a

gene with a gain-of-function mutation through targeting the pro-

moter region of the target gene using Cas9 nickases is not only

uniquely applicable to ELANE; it can be applied tomany other genetic

syndromes caused by gain-of-function mutations in genes with

redundant functions. Because ELANE mutations are autosomal

dominant, neither CDS- nor promoter-based approaches discrimi-

nate between wild-type and mutated alleles of ELANE, simulta-

neously knocking out both forms of the NE protein. Despite strongly

reducing NE levels, MILESTONE did not affect the functions of neu-

trophils differentiated from gene-edited cells, a finding in line with

our previous observations on CN patients’ ELANE-KO gene-edited

HSPCs14 and reports on PLS patients27 and Elane�/� mice.24,26,45

Moreover, incomplete gene-editing efficiency and the consequent re-

sidual expression of ELANE mRNA in MILESTONE-edited cells

in vivo will result in some neutrophils that express normal (unedited

cells) in addition to those that express reduced (edited cells) levels of

NE, thus sustaining bactericidal activity. Simultaneously, our data

argue for the dose-dependent effects of mutated NE on granulocytic

differentiation—even with remaining levels of mutated NE, HSPCs

could efficiently differentiate into mature neutrophils. The high level

of the ELANE gene editing achieved byMILESTONE suffices to reach

the current estimate for a therapeutic threshold of ELANE knockout

of 11%, as evaluated in healthy individuals with mosaic congenital

neutropenia-causing ELANE mutations.15 Whether the remaining

mutant ELANE may still contribute to leukemogenic transformation

in CN patients remains to be investigated. BecauseMILESTONE suc-

cessfully restored granulopoiesis, we assume that the probability of

developing leukemia in MILESTONE-treated patients will be at least

reduced because these patients will not require chronic therapy with

rhG-CSF anymore, and the endogenous G-CSF levels are expected to

normalize.

To achieve clinical translation, gene-editing technology must demon-

strate both safety and efficacy.23,46,47 Our comprehensive analysis of

on-target and off-target activity employing rhAmpSeq, GUIDE-seq,

and CAST-seq revealed a high on-target editing efficiency and supe-

rior off-target profile of MILESTONE editing. In contrast, this anal-

ysis identified INDELs in OT5 for the ELANE CDS KO guide.

Together, these results underscore the enhanced safety profile of

the MILESTONE approach. Multiple groups recently described

unintended on-target aberrations after targeting different cell types

with Cas nucleases.48–51 Given these new data, further validation of

MILESTONE editing, for example, using drop-off ddPCR or single-

cell RNA sequencing of edited HSPCs, as performed by Nahmad

et al.,49 will be required to preclude potential on-target aberrations,

including large deletions and aneuploidy. Another safety concern

highlighted by recent studies is that DNA double-strand breaks can

induce DNA damage response through TP53 activation, leading to

reduced proliferation, engraftment, and clonogenic capacity of edited

HSPCs.52,53 Approaches for HSPC gene editing in an autologous

transplantation setting must preserve the stemness features of gene-

edited HSPCs. We demonstrated no significant difference in expres-

sion levels of the p53 downstream targets, P21 and GADD45A,

between HSPCs edited with MILESTONE, ELANE CDS KO and

Mock samples 48 h after electroporation, indicating that both ap-

proaches limit DNA damage to their intended on-target site, largely

without affecting TP53-initiated responses.

Additionally, we found that efficient engraftment and multilineage

potential of MILESTONE-edited HD and ELANE-CN HSPCs were

preserved in immunodeficient NSG mice and were accompanied by

granulocytic differentiation in vivo. The fact that primary ELANE-

CN MILESTONE-edited HSPCs exhibited a significant engraftment

advantage—with 100% engraftment of edited cells, even in cell pop-

ulations that do not constitutively express NE (e.g., lymphocytes)—

indicates that mutant NE has pathological effects on early self-renew-

ing HSPCs, in addition to its impact on myeloid progenitors. This

exciting observation warrants further investigation and provide new

insights on the pathogenesis of ELANE-CN.

An essential feature ofMILESTONE is its universality—a considerable

advantage given that pathogenic ELANE mutations occur at any exon

and even in some introns of the ELANE gene, and more than 120

ELANE mutations have been reported to date.3,9 In a recent study,

Tran et al. demonstrated the successful correction of a single ELANE

mutation at exon 4 (p. L172P) using AAV-based delivery of the repair

template.54However, such ELANEmutation position-specific gene-ed-

iting strategies are extraordinarily costly and time-intensive. Moreover,

recent reports suggest poor engraftment and reduced repopulating

activity of HSPCs after gene editing using AAV-based constructs

in vivo.55–61 In the MILESTONE approach, only two sgRNAs

and Cas9D10A protein are sufficient to correct neutropenia in all

ELANE-CN patients, independent of the position of the ELANE

mutation. Moreover, no AAV-based delivery of an HDR template is

required. In another study, researchers demonstrated the successful

restoration of defective granulocytic differentiation through allele-spe-

cific editing of ELANEmutations in ELANE-CNHSPCs in vitro.62This

group developed a CRISPR-based strategy utilizing single-nucleotide

polymorphisms (SNPs) identified in the human population (healthy

or CN) with two sgRNAs. These sgRNAs independently introduce

DSBs, facilitating the introduction of a monoallelic knockout.

Although this method is promising, introducing two double-strand

breaks may increase genotoxicity, chromosomal aberrations, and risk

of off-target effects, especially if the extensively cut genomic region is

greater than 3 kb in size. This approach may also affect the expression

of the neighboring genes, e.g., CFD, located�240 base pairs (bp) from

one of the proposed cut sites. Notably, such allele-specific gene editing

only applies to ELANE-CN patients carrying the obligatory SNPs; all

other patients are precluded from exploiting this type of therapy.

Taken together, our findings establish MILESTONE as a universal,

safe, and effective gene therapy approach that reduces ELANE

mRNA expression level by using a CRISPR-Cas9n double-nickase

based editing of the ELANE promoter without targeting the ELANE

CDS. The MILESTONE approach rescues granulopoiesis in
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ELANE-CN patients. It offers a potentially curative therapy in the

setting of autologous transplantation of gene-edited HSPCs for these

patients, replacing daily rhG-CSF therapy and potentially decreasing

the risk of leukemia development. This approach is also useful in gene

engineering for the knockdown of genes, especially for targeting

genomic sequences highly similar to other loci or genes with multiple

isoforms not targetable with one guide RNA. We also envision the

potentially broad applicability of this approach in gene therapy appli-

cations for example inhibition of the expression of genes with gain-of-

function mutations or cell engineering.

MATERIAL AND METHODS
Cell isolation and culture

Human CD34+ HSPCs were isolated from the bone marrow mono-

nuclear cell fraction from three ELANE-CN patients and 13 healthy

donors by Ficoll gradient centrifugation and magnetic bead separa-

tion using the Human CD34 Progenitor Cell Isolation Kit (Miltenyi

Biotech, #130-046-703). CD34+ cells were cultured in a density of

2 � 105 cells/mL in StemSpan SFEM II stem cell expansion medium

(Stemcell Technologies, # 09605) supplemented with 1% penicillin/

streptomycin, 1% L-Glutamine and a cytokine cocktail consisting

of 20 ng/mL interleukin (IL)-3, 20 ng/mL IL-6, 20 ng/mL TPO,

50 ng/mL SCF, and 50 ng/mL FLT-3L (all cytokines were purchased

from R&D Systems). Samples were collected during the routine

annual follow-up recommendation by the Severe Chronic Neutro-

penia International Registry or prior bone marrow transplantation.

Informed written consent was obtained from the study participants.

The study was conducted according to Helsinki’s declaration. Study

approval was obtained from the Ethical Review Board of the Medical

Faculty, University of Tübingen.

THP-1 cells were maintained in RPMI-1640 supplemented with 10%

fetal bovine serum (FBS) (Gemini Bio Products, West Sacramento,

CA, USA), 2 mM L-glutamine, and 1% penicillin/streptomycin

(Thermo Fisher Scientific) at 37�C and 5% CO2.

Design of the sgRNAs and repair template for HiBiT tagging of

ELANE

Specific single-guide RNA (sgRNA) for endogenous bioluminescence

tagging of the ELANE gene (cut site: chr19 [50 TCGGCGGCCGA

GGGTCATGG 30, +852,330: �852,330], NM_001972.3 Exon 1,

NP_001963.1 p. M1) and repair template to knock in HiBiT tag

(50-GGCAATGCAACGGCCTCCCAGCACAGGGCTATAAGAGG

AGCCGGGCGGGCACGGAGGGGCAGAGACCCCGGAGCCCCA

GCCCCACCATGGTGAGCGGCTGGCGGCTGTTCAAGAAGATT

AGCACCCTCGGCCGCCGACTCGCGTGTCTTTTCCTCGCCTGT

GTCCTGCCGGCCTTGCTGCTGGGGGGTGAGTTTTTGAGT -30)

were designed using Benchling [Biology Software] retrieved from

ensemble.org and ordered via Integrated DNA Technologies (IDT).

Specific sgRNAs for targeting the non-coding regulatory regions

of the ELANE gene (cut site: chr19 [50 GGGCTATAAGAGGA

GCCGGG 30, +852,258] and [50 GAGGCCGTTGCATTGCCCCA 30,

�852,243] were designed using SAM webtool (http://sam.genome-

engineering.org 30) and ordered via IDT.

CRISPR-Cas gRNA RNP mediated gene editing

According to the manufacturer’s instructions, electroporation was

carried out using the Amaxa nucleofection system (P3 primary kit,

#V4XP-3024). Briefly, 1 � 106 THP-1 cells or human CD34+

HSPCs were electroporated with assembled gRNA (8 mg) and

HiFiCas9 or Cas9D10A (15 mg) protein (IDT); 1 mM of ssODN was

added to the electroporation mix in the case of the HiBiT knockin

experiment. Single-cell HiBiT-tagged ELANE clones were selected

by single-cell subculturing of edited THP-1 cells as described by

Ran et al.63 Briefly, gene-edited cells were diluted to 0.5 cells per

100 mL. The diluted cell suspension was distributed on two 96-well

plates. Plates were incubated for 2 weeks with bi-weekly media

changes. After 2 weeks, half the cells were lysed, and luminescence

was measured, as described below. Cells with a strong luminescence

signal were selected and expanded for subsequent experiments.

NE protein measurement through HiBiT-based luminescence

Tomeasure HiBiT-based NE protein levels, we followed themanufac-

turer’s instructions. Briefly, 1� 105 cells were suspended in 100 mL of

RPMI supplemented with 10% FBS per well of a white 96-well tissue

culture plate. Next, cells were lysed by adding an equal volume of

Nano-Glo HiBiT Lytic Reagent (Promega N3030) and incubated at

room temperature for 30 min while shaking. Nano-Glo HiBiT Lytic

reagent consists of Nano-Glo HiBiT Lytic Buffer, Nano-Glo HiBiT

Lytic Substrate, and LgBiT Protein. Luminescence was then measured

with a GloMax Multidetection System plate reader.

Western blotting

A total of 1 � 106 cells were lysed in 200 mL 3X Laemmli buffer, and

protein was denatured for 10min at 95�C. Fivemicroliters of cell lysate

in Laemmli buffer were loaded per lane. Proteins were separated on a

12% polyacrylamide gel and transferred on a nitrocellulose membrane

(GE Healthcare) (1 h, 100V, 4�C). The membrane was blocked for 1 h

in 5% BSA/TBST and incubated with primary anti-NE (Santa Cruz,

#sc-9520) or a-Tubulin (Cell Signaling, #4970) antibody overnight at

4�C. After that, membranes were washed and incubatedwith a second-

ary HRP-conjugated antibody (Santa Cruz, #sc-2004) for 1 h at room

temperature. Pierce ECL solution (ThermoFisher) andAmershamHy-

perfilms were used to detect the chemiluminescence signal of proteins.

CFU assay

CD34+ cells were resuspended in IMDM supplemented with 2% FBS

(Stemcell Technologies, #07700) and enriched Methocult (Stemcell

Technologies, #H4435). The cell suspension was plated on 3.5-cm

dishes (3 � 103 cells/dish) for 14 days at 37�C and 5% CO2.

Liquid culture differentiation of CD34+ cells

CD34+ cells were seeded at 2 � 105 cells/mL density. Cells were incu-

bated for 7 days in RPMI 1640 GlutaMAX supplemented with

10% FBS, 1% penicillin/streptomycin, 5 ng/mL SCF, 5 ng/mL IL-3,

5 ng/mL GM-CSF, and 1 ng/mL G-CSF. The medium was exchanged

every second day. On day 7, cells were plated in RPMI 1640GlutaMAX

supplementedwith 10% FBS, 1% penicillin/streptomycin, and 1 ng/mL

G-CSF. On day 14, cells were analyzed by flow cytometry using the
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following mouse anti-human antibodies: CD34 (BD, #348811), CD33

(BioLegend, #303416), CD45 (BioLegend, #304036), CD11b (BD,

#557754), CD15 (BD, #555402), CD66b (BioLegend, #305114), and

CD16 (BD, #561248). The morphology of the cells was investigated

on cytospin slides by May-Grunwald-Giemsa staining.

Assessing genome-editing efficiency

Genomic DNA was isolated using the QuickExtract DNA extraction

kit (Lucigen, #QE09050). PCR was carried out using the primeSTAR

max Polymerase Kit (Takara, #R045B) and gene-specific primers

(Table S4). The PCR products were purified by ExoSAP, which is a

master mix of one part of Exonuclease I 20 U/ml (Thermo Fisher Sci-

entific, #EN0581) and two parts of FastAP thermosensitive alkaline

phosphatase 1 U/mL (Thermo Fisher Scientific, #EF0651). Micro-

synth performed Sanger sequencing of purified PCR products.

CRISPR-Cas9-based genome editing was analyzed using the Decon-

volution of Complex DNA Repair (DECODR) web tools.

In vitro ROS assay

Granulocytes from day 14 of liquid culture differentiation were

cultured in RPMI 1640 medium supplemented with 0.5% BSA at

the density of 5 � 104 per well of 96-well white-walled plate with

or without fMLP (Sigma, #F3506) at a final concentration of 10 nM

and incubated for 30 min at 37�C, 5% CO2. According to the manu-

facturer’s protocol, the hydrogen peroxide (H₂O₂) level, an ROS, was

measured by ROS-Glo H2O2 Assay kit (Promega, #G8820) on a

GloMax Multidetection System plate reader.

Assessment of phagocytosis kinetics using the IncuCyte ZOOM

system

Granulocytes from day 14 of liquid culture differentiation were

cultured in RPMI 1640 medium supplemented with 0.5% BSA and

pHrodo Green S. aureus bioparticles (#4620 Essen Bio) according

to the manufacturer’s protocol in IncuCyte ZOOM system (Essen

Bio) at 37�C, 5% CO2. Briefly, 10
4 cells were seeded in 90 mL of me-

dium, and 10 mg of Bioparticles were added to a final volume of

100 mL. The cells were monitored for 6 h. The analysis was conducted

in IncuCyte S3 Software.

Xenotransplantation of HSPCs in NSG mice

HSPCs were thawed and cultured for 14–16 h before electroporation.

Following electroporation, cells were cultured for an additional 6 h

before transplantation. Bulk electroporated cells were distributed

among different mice.Mock cells were electroporated with sgRNA tar-

geting the AAVS1 safe harbor site (5 CTCCCTCCCAGGATCC

TCTC 3).64 Eight- to 16-week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/

SzJ (NSG) mice (Charles River Laboratory # 001976) were sublethally

(170 cGy) irradiated 4 h prior to transplantation. HSPCs were trans-

planted intra-femorally. To this end, 1 � 105 HSPCs were injected

per mouse in the right femur. Mice were euthanized 16 weeks

post-transplantation. Bone marrow cells were isolated and immuno-

phenotyped by flow cytometry on a FACS ARIA. The following

antibodies were used for staining: 7AAD (BD # 559925), anti-mouse

CD45 PerCP (BioLegend # 103130), anti-human CD45 BV510

(BioLegend # 304036), anti-human CD19 BV421 (BioLegend #

302234), anti-human CD3 BV711 (BioLegend # 300464), anti-human

CD14 BV650 (BioLegend # 301836), anti-human CD16 APC

(BioLegend # 302012), anti-human CD33 APC-Cy7 (BioLegend #

303442), anti-humanCD66b FITC (BioLegend #305104), and anti-hu-

man CD34 Pe-Cy7 (BD #348811). Genome-editing efficiencies were

determined as described in the “assessing genome-editing efficiency”

section above. Mouse experiments were approved by the Institutional

Animal Care and Use Committee of the University of Tübingen ac-

cording to German state and federal regulations, protocol M 23/21G.

Quantitative real-time PCR

RNA was isolated using RNeasy Micro Kit (Qiagen, #74004), and

cDNA was prepared from 1 mg of total RNA with Omniscript

RT Kit (Qiagen, # 205111). qPCR was performed using SYBR Green

3 qPCR master mix (Roche, # 04887352001) and Light Cycler 480

(Roche). Target genes were normalized to ACTB or GAPDH genes.

Primer sequences are presented in Table S5.

GUIDE-seq

MILESTONE was applied on primary healthy donor CD34+ HSPCs

along with annealed dsODN (/5Phos/GTTTAATTGAGTTGTCA

TATGTTAATAACGGT*A*T and/5Phos/ATACCGTTATTAACA

TATGACAACTCAATTAA*A*C, Phos represents a 50 phosphoryla-

tion and * indicates a phosphorothioate linkage). Four days post-elec-

troporation, genomic DNAwas isolated with the QIAamp DNAMini

Kit (Qiagen, # 51304) according to the manufacturer’s protocol. NGS

library preparation was performed as described by Malinin et al.65

and sequenced by NovoGene. NGS files were analyzed using the pipe-

line provided by Tsai lab in Git Hub (https://github.com/tsailabSJ/

guideseq).

CAST-seq

MILESTONE was applied on the primary healthy donor CD34+

HSPCs. According to the manufacturer’s protocol, genomic DNA

was isolated 4 days after electroporation using QIAamp DNA Micro

Kit (Qiagen, #56304). CAST-seq library preparation for NGS and

data analysis was performed, as Turchiano et al. explained,41 with

an improved bioinformatics pipeline.42

rhAmpSeq

Targeted amplicon sequencing was performed using IDT rhAmpSeq

CRISPR analysis system. Briefly, the rhAMP primers to amplify mul-

tiple ELANE regions (promoter region, exon 2, exon 3, exon 4, and

exon 5) or potential off-target sites (Table S1) were designed using

the IDT rhAMP primer design software and ordered via IDT. Library

preparation was performed according to the manufacturer’s protocol,

and Novogene performed NGS. CRISPRESSO package35 and CAS-

analyzer36 were used to analyze the on-target data. CRISPECTOR43

tool was used to analyze the off-target data.

RNA-seq

MILESTONE was applied on primary healthy donor CD34+ HSPCs,

followed by granulocytic liquid culture differentiation for 14 days.

www.moleculartherapy.org
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According to the manufacturer’s protocol, the RNA was extracted

using an RNeasy Micro Kit (Qiagen, #74004). Strand-specific

paired-end RNA-seq was performed by Novogene. The nf-core

RNAseq pipeline66 - a framework for community-curated bioinfor-

matics pipelines - was used to extract the gene-level count matrix

for each sample. Differential analysis of count data was performed

using the DESeq2 package and the iDEP web tool to obtain the

differentially expressed genes (DEGs) (Table S2). The volcano

plot of DEGs was generated using the Enhance volcano plot

R-package.

Statistical analysis

Differences in mean values between groups were analyzed using two-

sided, unpaired Student’s t tests in GraphPad Prism software.

DATA AND CODE AVAILABILITY
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Abstract

Mutations in the ELANE gene, encoding the neutrophil elastase (NE) protein, are responsible for most cyclic neutropenia 

(CyN) cases and approximately 25% of congenital neutropenia (CN) cases. In CN and in CyN, a median of 2.8% of CD34+ cells 

were early CD49f+ hematopoietic stem cells (eHSC) that did not express ELANE and thus escape from the unfolded protein 

response (UPR) caused by mutated NE. In CyN, the CD49f+ cells respond to granulocyte colony-stimulating factor (G-CSF) 

with a significant upregulation of the hematopoietic stem cell-specific transcription factors, C/EBPα, MLL1, HOXA9, MEIS1, 

and HLF during the ascending arm of the cycle, resulting in the differentiation of myeloid cells to mature neutrophils at the 

cycle peak. However, NE protein released by neutrophils at the cycle’s peak caused a negative feedback loop on granulo-

poiesis through the proteolytic digestion of G-CSF. In contrast, in CN patients, CD49f+ cells failed to express mRNA levels 

of HSC-specific transcription factors mentioned above. Rescue of  C/EBPα expression in CN restored granulopoiesis.

Introduction

Cyclic neutropenia (CyN) and severe congenital neutropenia 

(CN) are autosomal-dominant inherited disorders of hema-

topoiesis that markedly differ in disease severity.1 Mutations 

in the ELANE gene are considered largely responsible for 

most cases of CyN and CN. Because several identical ELANE 

mutations have been identified in both groups of patients,2 

genotyping alone is insufficient to establish a clinical diag-

nosis. CyN is characterized by regular oscillations of periph-

eral blood neutrophils from nearly normal to severely low 

counts, generally within 21-day cycles. Absolute neutrophil 

count (ANC) at nadir is often less than 200/mm3 and is as-

sociated with fever, mouth ulcers, pharyngitis, sinusitis, and 

in some cases more severe infections with gram-negative 

bacteria.3 By contrast, CN is characterized by recurrent, se-

vere infections that develop in the first months of life, with 

ANC persistently less than 200/mm3.1,4 The availability of 

recombinant human granulocyte colony-stimulating factor 

(G-CSF) for clinical use in CN since 1987 and its successful 

application to CyN patients has changed the outcome for 

these patients, providing a markedly improved quality of 

life.4-7 However, during the course of the disease, 53% of CN 

patients who harbor ELANE mutations and 17% of CyN pa-

tients acquire mutations in the gene for the G-CSF receptor, 

CSF3R.1,8 Together with subsequently acquired mutations in, 

e.g., RUNX1, CSF3R mutations precede the development of 

myelodysplastic syndrome (MDS) or acute myeloid leukemia 

(AML).8-11 The risk of developing leukemia in CN is considered 

to be 20%.10 In CyN patients, G-CSF treatment does not 

abrogate the cycling of neutrophil counts but increases the 

amplitude of neutrophil counts during the cycle, leading to 

a shorter period of severe neutropenia and a reduction in 

the cycle length from 21 days to approximately 14 days.5 This 

suggests an influence of G-CSF on the neutrophil cycling 

pathomechanism. There are reported cases of AML also in 

CyN patients.11

Recently, we and others reported that inhibition of the 
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proliferation and differentiation of hematopoietic stem and 

progenitor cells (HSPC) from CN patients harboring ELANE 

mutations is caused by an enhanced unfolded protein re-

sponse (UPR) in the endoplasmic reticulum (ER) instigated 

by misfolded mutant NE protein.1,12 This enhanced UPR is also 

recapitulated in induced pluripotent stem cells (iPSC) derived 

from CN patients with ELANE mutations.13,14 However, the 

UPR does not equally affect all cells, for instance, the least 

primed early HSC (eHSC) expressing CD49f (integrin-α6)15 

escape from the damage since they do not express ELANE.16 

Most CD34+ cells are lineage-restricted progenitors, and 

true self-renewing CD49f+ eHSC are rare.17,18 CD49f plays an 

important, conserved role in stem cell biology that has been 

reaffirmed by its importance in maintaining the self-renewal 

of stem cells in more than 30 tissues.19

The transcriptional control of differentiation from eHSC 

to primed myeloid cells is mainly regulated by C/EBPα.20,21 

Knockout of the cebpa gene or its 137 kb upstream en-

hancer in mice showed two major findings: (i) neutropenia 

in bone marrow (BM) and peripheral blood (PB); (ii) decrease 

in long-term HSC (LT-HSC) numbers.22 In co-immunopre-

cipitation experiments, Collins et al. showed that C/EBPα 

is an essential collaborator of HOXA9 and MEIS1.23 In ad-

dition, C/EBPα regulates the expression of the histone H3 

lysine 4 (H3K4) methyltransferase MLL1, which, in turn, 

coordinates self-renewal, proliferation, and lineage-specific 

gene expression in HSC.24 MLL1 dynamically and selectively 

regulates Hox gene expression.25 Thus, C/EBPα induces the 

expression of HOXA9/MEIS1 and subsequent proliferation 

and differentiation of HSC directly or indirectly via MLL1. 

Combining gene expression analysis with genome-wide 

assessment of C/EBPα binding and epigenetic configura-

tions, Hasemann et al. showed that C/EBPα modulates the 

epigenetic states of genes important for HSC function.26 

Another study also demonstrated that C/EBPα positively 

regulates HSC self-renewal, protects adult HSC from apop-

tosis, and maintains their quiescent state.27

In one of our earlier studies on the pathomechanism of 

CN, we demonstrated that the expression of C/EBPα is 

greatly reduced in the arrested promyelocytes of CN pa-

tients but normal in CyN patients.28 We found that C/EBPα 

is directly regulated by the transcription factor lymphoid 

enhancer-binding factor 1 (LEF-1).28 The significant reduc-

tion of C/EBPα in CN has been confirmed in iPSC derived 

from CN patients.13,29

The targets of C/EBPα, HOXA9 and MEIS1, are homeodomain 

transcription factors that are co-expressed in the most 

primitive eHSC subpopulation (i.e., CD49f+). Their expres-

sion induce robust self-renewal of eHSC and expansion of 

the HSC pool.30-32 Diminished HOXA9 function results in a 

reduction in multilineage long-term repopulating ability 

and diminished numbers of peripheral blood leukocytes in 

mice,33 whereas overexpression of HOXA9 in bone marrow 

cells induces stem cell expansion.34 HOXA9 might be the 

primary physiological determinant of HSC self-renewal.35

Using single-cell transcriptomes of HSPC from cord blood, 

adult bone marrow, and fetal liver to search for human 

HSC markers with self-renewal capacity, Lehnertz et al. 

identified the master transcription factor HLF as one of 

the most selectively expressed genes in human HSC and 

proposed HLF as the defining gene of the human HSC 

state.36 Giladi et al. also identified HLF as the most highly 

enriched transcription factor in HSC.37

Here, we demonstrate that the defective expression of C/

EBPα, its targets MLL1, HOXA9, MEIS1, and HLF in CN but 

not in CyN discriminate between both disorders. During 

the ascending arm of the CyN cycle, G-CSF induced the 

proliferation of CD49f+ eHSC and their differentiation in-

to more mature CD34+CD49f- cells, which respond to the 

transcription factor C/EBPα to differentiate into neutro-

phils. Moreover, during the downward arm of the cycle, NE 

released from neutrophils at the peak of the cycle causes 

negative feedback through proteolytic digestion of G-CSF, 

again causing neutropenia.

Methods

Patient samples

Five healthy donors, 13 CyN harboring ELANE mutations, 

and 13 ELANE-CN patients were used (Online Supplemen-

tary Table S1). All patients were treated with subcutaneous 

injections of Neupogen. BM samples of CN and CyN patients 

were collected in accordance with an annual follow-up rec-

ommendation of the SCNIR and the EHA.38 The study was 

conducted under the approval of the Ethical Board of the 

Medical Faculty, University of Tübingen. Written informed 

consent was obtained from all participants.

Isolation of human CD34+ cells

Human CD34+ cells were isolated from BM mononucle-

ar cells using Ficoll gradient centrifugation followed by 

magnetic bead separation using EasySepTM human CD34+ 

selection kit II (STEMCELL Technologies, #17856).

Multicolor fluorescence-activated cell sorting analysis

Cells were washed with ice-cold phosphate-buffered saline 

(PBS) and stained with corresponding antibodies in PBS 

containing 2% fetal bovine serum and 0.02% sodium azide. 

We used: mouse anti-human CD38 (BD, #563964), mouse 

anti-human CD34 (BD, #348811), rat anti-human CD49f 

(BD, #563271), mouse anti-human CD90 (BD, #562685), 

and mouse anti-human CD45RA (BD, #560673). For intra-

cellular NE protein analysis, cells were subsequently fixed 

and permeabilized using the Fix&Perm kit (Nordic Mubio, 

#GAS-002FOC), followed by incubation with a rabbit an-

ti-human NE (abcam, #ab131260) antibody for 15 minutes 

(min) at room temperature, and subsequent incubation with 

a goat polyclonal secondary antibody to rabbit IgG-H&L 

(Alexa Fluor 488) (abcam, #ab150077) for 15 min at room 
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temperature. Cells were fixed with 0.5% paraformaldehyde 

and measured using a BD LSRFortessa.

Additional methods are available in the Online Supplemen-

tary Appendix.

Results

Dynamic cycle-dependent expression of C/EBPαα and its 

target genes in hematopoietic stem cells from cyclic 

neutropenia patients

We first measured the percentage of CD34+CD49f+ early 

HSC in the BM of CN (N=3), CyN (N=8) and healthy donors’ 

(HD) cord blood (CB) cells (N=6) by flow cytometry. Since 

the percentages of CD49f+ cells from CB CD34+ cells are 

comparable to the percentages of CD34+CD49f+ cells from 

the BM of children and young adults39 we used them for 

comparison. We observed a median of 2.8% (range, 1.2-4.6%) 

and 2.8% (range, 1.7-7.3%) CD34+CD49f+ eHSC in CN and 

CyN patients` BM, respectively. HD CB cells contained 7.3% 

(range, 3.4-9.3%) CD34+CD49f+ eHSC. In CyN patients the 

percentage of CD49f+ cells was independent of the granu-

locyte cycle stage (Figure 1A).

We further evaluated possible cycle-dependent changes 

A

C

B

Figure 1. Cycle-dependent dynamics of transcription factors expression in hematopoietic stem and progenitor cells of cyclic 

neutropenia patients. (A) Left: schema of early CD49f+ hematopoietic stem cell (eHSC) specification, where eHSC with self-re-
newal capacity, but not more committed HSC, express the CD49f marker. Right: percentage of CD34+CD49f+ cells as assessed by 
fluorescence-activated cell sorting. Mean ± standard error of the mean are shown. (B, C) mRNA expression of the indicated genes 
in CD34+ bone marrow cells from healthy individuals (HD), cyclic neutropenia (CyN) patients at peak and nadir of neutrophil counts, 
and congenital neutropenia (CN) patients, measured by quantitative real-time polymerase chain reaction. Data were normalized 
to β-actin and are represented as mean ± standard deviation in duplicates. Unpaired t test, *P<0.05, **P<0.01; ***P<0.001.
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in mRNA expression levels of the stemness marker HLF 

as well as the transcription factor C/EBPα and its target 

genes MEIS1, HOXA9, and MLL1, in CD34+ HSPC of CyN and 

CN patients, and healthy individuals. We found that HLF 

mRNA levels were upregulated at the CyN peak of neutrophil 

counts, as compared to CyN nadir where HLF levels were 

comparable to healthy individuals. In CN, HLF expression 

was significantly downregulated as compared to healthy 

individuals (Figure 1B; Online Supplementary Table S2). C/

EBPα mRNA expression was also upregulated at the peak 

of the cycle and reduced to the levels of healthy individuals 

at the nadir of the cycle. As already published, we observed 

almost no C/EBPα expression in CN patients (Figure 1C). 

Next, we aimed to assess C/EBPα activity during the CyN 

cycle by measuring the expression of its target genes. Using 

the UCSC Genome Browser and data from the ReMap Atlas 

of regulatory regions,40 we confirmed previous reports that 

showed C/EBPα binding to the promoters and upstream 

regulatory regions of HLF, MEIS1, and MLL1 (Online Supple-

mentary Figure S1A). In the context of HOXA9 regulation by 

C/EBPα, it is known that C/EBPα acts as part of a multi-

protein complex that contains HOXA9 to promote HOXA9 

mRNA expression in an autocrine manner.41 We found that 

mRNA levels of all selected factors were strongly upregu-

lated at the peak of the cycle in CyN compared to healthy 

individuals and were only moderately expressed at the 

nadir (Figure 1C). In CN, expression of all these factors was 

diminished when compared to healthy controls (Figure 1C).

Early CD49f+ hematopoietic stem cells lack ELANE 

mRNA and neutrophil elastase protein expression

Knowing that CyN and CN patients harbor ELANE mutations, 

and that mutated elastase protein may damage hema-

topoiesis, we evaluated at which stage of hematopoietic 

differentiation ELANE mRNA and protein are expressed in 

physiological conditions in healthy individuals. We found the 

absence of NE protein expression in bone marrow CD49f+ 

eHSC of three HD (Figure 2A). Single-cell RNA-sequencing 

analysis of CD34+ HSC from two HD revealed that only 10% 

of CD49f+ (ITGA6+) eHSC co-expressed ELANE mRNA (58/560 

cells), 90% of the cells express either ELANE or ITGA6, but 

not both (Figure 2B). The discrepancy in the ELANE mRNA 

and NE protein expression levels can be explained by differ-

ent kinetics and efficiencies of ELANE mRNA transcription 

and NE protein translation. The most important finding is 

that NE protein is absent in CD49f+CD34+ cells.

Granulocytic differentiation of cyclic neutropenic induced 

pluripotent stem cells is comparable to healthy donor cells

We further generated induced pluripotent stem cells (iP-

SC) from peripheral blood mononuclear cells (PBMNC) of 

three ELANE-CyN patients. iPSC showed reliable expres-

sion levels of mRNA (SOX2, NANOG, and DNMT3A) and cell 

surface proteins (TRA-1-60 and SSEA4) that are markers 

of pluripotency (Online Supplementary Figure S2A, B; data 

not shown). They also had the potential to spontaneously 

differentiate into ectoderm and endoderm (Online Supple-

mentary Figure S2C). We applied ELANE-CN iPSC, already 

available in the laboratory,14,29 to compare their hematopoi-

etic and granulocytic differentiation potential between CN 

and CyN using the embryoid body (EB) based hematopoi-

etic differentiation.42 Flow cytometry analysis of iPSC-de-

rived hematopoietic cells obtained at day 14 of differen-

tiation revealed that the majority of HSC were early HSC 

(CD34+CD43+) in CN iPSC (Figure 3A), which corresponded 

to up to 50% CD49f+ eHSC in CyN and HD iPSC (Figure 

3B). On day 28 of differentiation, the percentage of mature 

neutrophils was severely reduced in iPSC derived from CN 

patients while, interestingly, the proportion of neutrophils 

produced by CyN iPSC was comparable to HDr iPSC (Figure 

3C). The mRNA expression levels of C/EBPα and MEIS1 in 

iPSC-derived HSC collected on day 14 of differentiation re-

capitulated the results obtained from primary HSC. C/EBPα 

levels were severely downregulated in HSC derived from 

CN iPSC as compared to CyN HSC (Figure 3D). MEIS1 levels 

were markedly higher in CyN HSC as compared to CN and 

HD HSC (Figure 3E, left). Intriguingly, HOXA9 expression in 

iPSC-derived HSC was very low in all samples (Figure 3E) 

Figure 2. ELANE mRNA and protein expression in hematopoietic stem cell subsets. (A) Percentage of neutrophil elastase (NE) 
expressed in different human stem and progenitor cell subsets in the bone marrow of 3 healthy donors (HD) measured by flow 
cytometry. (B) Co-expression plot of ITGA6 (y-axis) and ELANE (x-axis) expression in single CD34+ hematopoietic stem cells (HSC) 
from 2 HD. Values plotted were normalized to read counts. MPP: multipotent progenitors; CMP: common myeloid progenitors; 
MEP: megakaryocytic-erythroid progenitors.

A B



Haematologica | 109 May 2024

1397

ARTICLE - CEBPA in cyclic versus congenital neutropenia  A. Zeidler et al.

and more than ten times lower than in primary cells from 

e.g., CyN patients (Figure 1E). This is in agreement with 

reports from other laboratories, that HOXA9 expression in 

iPSC or in ESC is very low.43 Therefore, it is hard to make 

any solid conclusions based on these data. However, there 

is a clear difference in the expression levels of C/EBPα, 

and MEIS1 and thus myeloid differentiation between CyN 

and CN iPSC.

A

C

E

B

D

Figure 3. Evaluation of granulocytic differentiation of induced pluripotent stem cells derived from congenital neutropenia and cy-

clic neutropenia patients harboring ELANE mutations. (A) Evaluation of early hematopoietic differentiation of induced pluripotent 
stem cells derived (iPSC) derived from 1 healthy donor (HD) and 3 congenital neutropenia (CN) patients using flow cytometry. Data 
are represented as mean ± standard deviation (SD) from 2 independent experiments, in duplicates; unpaired t test, *P<0.05; **P<0.01. 
(B) Evaluation of early hematopoietic differentiation of iPSC derived from 1 healthy donor (HD) and 2 cyclic neutropenia (CyN) patients 
using flow cytometry. Data are represented as mean ± SD from 2 independent experiments, in duplicates, Unpaired t test, *P<0.05. 
(C) Granulocytic differentiation of iPSC generated from 1 HD, 3 CN and 3 CyN patients. The percentage of CD45+CD15+CD16+ neutro-
phils was assessed by flow cytometry of suspension cells on day 28 of embryoid body-based differentiation. Data are represented 
as mean ± SD from 2 independent experiments, each in duplicates. Unpaired t test, *P<0.05. (D, E) Relative mRNA expression of 
C/EBPα (D), MEIS1 and HOXA9 (E) in CD34+ cells derived from iPSC of CyN patients and CN patients to HD cells measured by 
quantitative real-time polymerase chain reaction. Data were normalized to β-actin and are represented as mean ± SD in dupli-
cates. Unpaired t test, *P<0.05.
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Rescue with C/EBPαα restored defective granulopoiesis 

in primary hematopoietic stem cells of two ELANE 

congenital neutropenia patients

We next tested whether restoration of the diminished C/

EBPα expression in primary CD34+ HSPC of CN patients 

harboring ELANE mutations would affect their granulocytic 

differentiation in vitro. We used an RFP+-lentiviral vector to 

overexpress C/EBPα in CD34+ HSPC obtained from three 

ELANE-CN patients and then differentiated transduced cells 

to neutrophils in liquid culture (Figure 4A). After 14 days of 

differentiation, we found a reduction in granulocyte-mono-

cyte progenitor cells (GMP/MB: RFP+CD45+CD33high), while 

promyelocytes/myelocytes (PM/MY: RFP+CD45+CD33DIMCD16-) 

and band cells/polymorphonuclear neutrophils (BC/PMN: 

RFP+CD45+CD33DIMCD16+) were markedly higher in C/EBPα 

transduced cells as compared to RFP control (Figure 4B; 

Online Supplementary Figure S3A). Cytospin morphology of 

one ELANE-CN patient confirmed the improved granulocytic 

differentiation in C/EBPα transduced cells, as compared to 

RFP control (Figure 4C).

Strong correlation of cyclic neutrophil elastase plasma 

levels with absolute neutrophil count in a cyclic 

neutropenia patient

Finally, we investigated whether the cyclic behavior of 

NE protein expression is also observed in CyN plasma. 

We collected blood samples from one CyN patient over 

three cycles and assessed NE values using a NE-specific 

enzyme-linked immunosorbent assay (ELISA). This assay 

revealed a dramatic difference in NE levels according to the 

phase of the cycle, with high expression during the cycle 

peak and very low levels at the cycle nadir (Figure 5A). NE 

protein levels strongly correlated with ANC during the cycles 

(Figure 5A, B). The NE levels in the plasma of three healthy 

individuals not treated with G-CSF were 66.98+1.94 ng/mL 

and of three individuals treated with 5 mg/kg/day of G-CSF 

for 3 days were 374.3+123.0 ng/mL (Figure 5A). In order to 

prove the cycle-dependent correlation between NE levels 

and ANC, more patients should be analyzed in the future.

Discussion

By searching for the different pathomechanisms of CN 

and CyN, we found that C/EBPα expression discriminates 

between CN and CyN. C/EBPα, one of the key factors in 

granulopoiesis,20 was greatly reduced in CN, but not in CyN. 

In addition to C/EBPα, mRNA expression levels of its target 

genes MLL1, MEIS1, HOXA9, and HLF were substantially de-

creased, or even absent, in CD34+ cells from CN patients 

Figure 4. Ectopic expression of C/EBPαα rescues neutrophilic differentiation of CD34+ hematopoietic stem and progenitor cells 

of congenital neutropenia patients. (A) Schematic of the experimental procedure: CD34+ hematopoietic stem and progenitor cells 
(HSPC) of 3 ELANE congenital neutropenia (CN) patients were expanded in vitro, transduced with lentivirus particles containing 
C/EBPα cDNA or a control (CTRL) virus with the red fluorescent marker RFP, and differentiated in liquid culture for 14 days. (B) 
Flow cytometry analysis of granulocyte-monocyte progenitors/myeloblasts (GMP/MB; RFP+CD45+CD33high), promyelocytes/myelo-
cytes (PM/MY; RFP+CD45+CD33DIMCD16-) and band cells/polymorphonuclear cells (BC/PMN; RFP+CD45+CD33DIMCD16+) at day 14 of 
differentiation. Data are represented as fold-change increase to control RFP transduced cells and as mean ± standard deviation, 
in duplicates. Unpaired t test, *P<0.05, **P<0.01. (C) Representative images of May-Grunwald-Giemsa-stained preparations of 
differentiated cells on day 14 of culture (60X magnification, scale bars =10 μm).

A
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compared with CD34+ cells from healthy controls (Figure 

1C). Indeed, self-renewal, proliferation, and differentiation 

of HSC are dependent on the epigenetic activation, e.g,. by 

histone-acetylation of transcription factors such as C/EBPα, 

the C/EBPα-target genes MLL1, MEIS1, and HOXA923-25,30,31,33,35 

and HLF, all of them abrogated in CN. We need to emphasize, 

that we were able to acquire a relatively small number of 

patient samples for this investigation and further studies 

should be performed on large patient cohorts.

The severely diminished expression of HSC-specific tran-

scription factors CEBPA and MEIS1 in CN, as compared to 

CyN, could be recapitulated and confirmed in iPSC estab-

lished from these group of patients. Intriguingly, HOXA9 was 

expressed at least ten times lower in iPSC-derived HSC 

than in primary CD34+ cells. The low expression of HOXA9 in 

iPSC or in ESC was already reported by others43 supporting 

our data in Figure 3E. Ramos-Meja et al. identified HOXA9 

as the most downregulated gene in hESC-derived HSPC as 

compared with CB-derived CD34+  cells, HOXA9 expression 

was 60-fold lower in differentiating day 15 EB than in CB-

CD34+ cells. The principal problem of low HOXA9 expression 

in iPSC cells was not the subject of our study. The low ex-

pression of C/EBPα in iPSC derived from CN patients was 

already reported.13

In contrast to CN patients, at the peak of the cycle, CD34+ 

cells from CyN patients, which included CD49f+ eHSC, ex-

pressed C/EBPα, MLL1, MEIS1, HOXA9, and HLF at levels 

significantly higher than those in healthy controls (Figure 1B, 

C). Increased expression of these stem-cell-specific tran-

scription factors during the ascending arm of the neutrophil 

cycle in CyN induces self-renewal, proliferation, and differ-

entiation of CD49f+ eHSC, which give rise to more mature 

HSC, myeloid progenitor cells, and mature neutrophils. The 

high expression of HLF at the peak of the cycle (Figure 1B) 

ensures the high self-renewal capacity of the CD49f+ eHSC 

in CyN and can be used as a biomarker for the presence of 

self-renewing, naïve HSC. Indeed, HLF is one of the most 

selectively expressed genes in human HSC with self-renewal 

capacity and the defining factor of the human HSC state.36,37

Intriguingly, the same ELANE mutation can cause CN and 

CyN. We demonstrated that the UPR-induced inhibition of 

proliferation and differentiation of HSC reported in CN is in-

complete in CyN16 reflecting the fact that some eHSC escape 

from UPR-related damage. In this study, we showed that 

these escaper cells are CD34+CD49f+ eHSC. The asymmet-

rical self-renewal of CD34+CD49f+ eHSC gives rise to equal 

numbers of CD49f+ eHSC and committed CD34+CD49f- HSC 

that differentiate to progenitor cells and ultimately to mature 

neutrophils.17 CD49f+ cells are eHSC with the capacity for 

self-renewal that only exist at low frequencies within the 

CD34+ cell population.15,16 The CD49f+ escaper cells in CN and 

in CyN are not affected by UPR, since they do not express 

ELANE but respond to G-CSF.15,46 Indeed, single-cell RNA-se-

quencing analyses of individual CD34+ cells revealed that 

ELANE is not co-expressed with integrin α6 (CD49f antigen), 

indicating that CD49f+ eHSC do not express ELANE (Figure 

2B). Additionally, we found no NE protein in CD49f+ eHSC by 

FACS analysis (Figure 2A). Avellino et al. also reported that 

ELANE is not expressed in LT-HSC,22 further supporting our 

hypothesis that escaper eHSC are not affected by the UPR.

In CN, CD49f+ eHSC are not capable of asymmetric division, 

proliferation, and differentiation due to the lack of hemato-

poiesis-specific transcription factors, C/EBPα, MLL1, MEIS1, 

HOXA9, and HLF. However, rescue of C/EBPα expression by 

ectopic expression of C/EBPα, cDNA in CD34+ cells of three 

ELANE CN patients led to strongly improved differentiation 

to neutrophils in vitro, confirming the crucial role of  C/

EBPα in the pathomechanism of CN and in discriminating 

between CN and CyN.

During the downward arm of the cycle, there is a decrease 

Figure 5. Correlation of neutrophil elastase plasma levels and absolute neutrophil count in cyclic neutropenia cycle. (A) Neutro-
phil elastase (NE) plasma levels (left panel) assessed by enzyme-linked immunosorbant assay and absolute neutrophil counts 
(ANC) (right panel) in peripheral blood at peaks and nadirs of neutrophil cycles of 1 cyclic neutropenia (CyN) patient over 3 cycles. 
NE plasma levels were also evaluated in healthy donors (HD) treated or not with recombinant human granulocyte colony-stim-
ulating factor (rhG-CSF). Data are represented as mean ± standard deviation. Unpaired t test, *P<0.05, ***P<0.001. (B) Time course 
of NE levels and ANC in 1 CyN patient.
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in HSC-specific transcription factor expression caused by 

negative feedback mediated by an inhibitor/s released by 

mature neutrophils at the peak of the cycle. Early reports 

suggested that, in CyN, disruption of such an autoregulatory 

feedback loop would explain cycling.45,46 Horwitz et al. favored 

a feedback model in which mature neutrophils elaborate an 

inhibitor of myelopoiesis whose concentration depends upon 

the number of neutrophils present.47 Indeed, we were able to 

demonstrate that the concentration of NE in CyN correlates 

with the number of neutrophils in one CyN patient (Figure 

5A, B), suggesting that the NE released from neutrophils at 

the peak of the cycle is a strong candidate mediator of the 

negative feedback loop. This correlation needs to be con-

firmed by the evaluation of more patients in the future. NE 

is already known to provide feedback regulation of granulo-

poiesis through direct proteolytic action on G-CSF and the 

G-CSF receptor.48,49 We further demonstrated that treatment 

with NE digests human recombinant G-CSF.50 Li and Horwitz 

hypothesized that the CN phenotype is unlikely to result from 

haploinsufficiency in the proteolytic activity of mutated NE 

toward native substrates.51 Their study also proposed the 

“chalone” hypothesis, in which neutrophils homeostatically 

regulate their production by inhibiting granulopoiesis. Efforts 

to track down the chalone led to the purification of NE pro-

tein.52 The relatively high numbers of neutrophils at the peak 

of the cycle release NE causing proteolytic digestion of G 

CSF. Intriguingly, in CN, levels of NE in mature neutrophils 

and in plasma were decreased, whereas in CyN they were 

comparable to healthy individuals,53 which is dependent on 

the cycle stage (Figure 5A, B). Therefore, there is a sufficient 

amount of proteolytically active NE in the plasma of CyN 

patients, especially at the peak of the cycle, to promote 

the digestion of G-CSF. Indeed, Watari et al. showed G-CSF 

levels below the detection limit at the peak of the cycle and 

165 pg/mL at the nadir of the cycle in a patient with CyN.54 

The lack of biologically active G-CSF at the peak leads to a 

decrease in the expression of transcription factors in CD49f+ 

eHSC (escaper cells), which is normally triggered by G-CSF. 

The amount of NE released by neutrophils at the peak is 

sufficient to abrogate the proliferation and differentiation 

of CD49f+ eHSC. Moreover, the majority of NE-expressing, 

more mature CD34+CD49f- cells are affected by the UPR.

In healthy individuals, the NE protein released by neutro-

phils and the degree of proteolytic digestion of G-CSF is 

not sufficient to completely block the proliferation of the 

relatively high number of CD34+ cells but instead functions 

only as an autoregulatory feedback loop for granulopoiesis.

At the nadir of the cycle, high UPR activity in CD34+ cells 

containing CD49f+ eHSC, as measured by elevated ATF6, 

BiP, and PERK expression,16 again leads to the damage of the 

newly generated NE-expressing CD34+ HSPC. Because of its 

low release at the nadir attributable to the low neutrophil 

counts, NE no longer affects G-CSF levels, and thus G-CSF 

is available for the induction of proliferation and differentia-

tion of the remaining CD49f+ eHSC during the ascending arm 

of the cycle. The reduction in the cycle length from 21 to 14 

days upon G-CSF therapy might be attributable to G-CSF-in-

duced increases in the proliferation of CD49f+ eHSC during 

the ascending arm of the cycle. Indeed, CD49f+ eHSC can 

respond to treatment with G-CSF.46 Therefore, the cycling of 

neutrophils is caused by cycling G-CSF-triggered transcrip-

tional activities of CD49f+ eHSC, which are not affected by 

the UPR. Therefore, high levels of the stem cell factors, HLF, 

C/EBPα, MLL1, HOXA9, and MEIS1, at the peak of the cycle 

induce proliferation and self-renewal of HSC which differen-

tiate to progenitor cells and neutrophils.

In CN, G-CSF is unable to induce the proliferation of CD34+ 

cells because they are impacted by the UPR and the CD49f+ 

cells fail to express stem cell-specific transcription factors. 

This disables the generation of sufficient numbers of HSC and 

neutrophils. CN patients require treatment with high dosages 

of G-CSF to overcome this UPR-mediated block of granulocytic 

differentiation. How much G-CSF is required to produce more 

than 1,000 neutrophils/µL is, therefore, most likely dependent 

on the degree to which G-CSF is degraded by NE.

In summary, by searching for different molecular pathomech-

anisms of CyN and CN, we identified that C/EBPα expression 

and its targets HLF, MLL1, MEIS1, and HOXA9, in CD34+ HSC 

discriminate between CN and CyN. Whereas in CN patients, 

expression of these factors was defective or absent, in CyN 

we observed a cycle-dependent increase in the expression of 

these five factors, leading to the self-renewal, proliferation, 

and differentiation of CD49f+ eHSC. Ectopic expression of C/

EBPα in CN rescued the differentiation to neutrophils. In CyN, 

CD49f+ eHSC within the CD34+ cell population escape UPR 

damage because they do not express ELANE. This reveals 

the high transcriptional activity of CD49f+ eHSC (escaper 

cells) in response to G-CSF at the peak of the cycle, which 

ensures their differentiation to sufficient neutrophil numbers. 

However, the neutrophils at the peak of the cycle release NE 

causing proteolytic digestion of G CSF leading to a lack of 

biologically active G-CSF and a subsequent decrease in the 

expression of transcription factors in CD49f+ eHSC (escaper 

cells). On the basis of these findings, we propose that the 

therapeutic options for patients suffering from CN or CyN 

would be either to inhibit the mutated NE activity with, for 

example, an elastase inhibitor,55 or to delete or correct the 

ELANE gene using gene therapy.56 Another approach could 

be to treat CN patients with a newly designed G-CSF that 

is resistant to proteolytic digestion by NE.50
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A topological refactoring design strategy yields
highly stable granulopoietic proteins
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Mohammad ElGamacy 1,3,4,7✉

Protein therapeutics frequently face major challenges, including complicated production,

instability, poor solubility, and aggregation. De novo protein design can readily address these

challenges. Here, we demonstrate the utility of a topological refactoring strategy to design

novel granulopoietic proteins starting from the granulocyte-colony stimulating factor (G-CSF)

structure. We change a protein fold by rearranging the sequence and optimising it towards

the new fold. Testing four designs, we obtain two that possess nanomolar activity, the most

active of which is highly thermostable and protease-resistant, and matches its designed

structure to atomic accuracy. While the designs possess starkly different sequence and

structure from the native G-CSF, they show specific activity in differentiating primary human

haematopoietic stem cells into mature neutrophils. The designs also show significant and

specific activity in vivo. Our topological refactoring approach is largely independent of

sequence or structural context, and is therefore applicable to a wide range of protein targets.
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D
e novo protein design can serve as a powerful tool for
protein therapeutics discovery and development, having
enabled unprecedented strides in navigating the protein

sequence and structure spaces1,2, and tailoring novel functions3.
A central objective in the design of functional proteins is to tailor
a scaffold structure that best supports the function encoded on a
fraction of the template protein’s surface. In addition to high
activity levels, other criteria are pivotal for the successful
deployment of a protein drug, such as activity half-life, folding
rates, structural stability, solubility, and molecular weight4,5.
These properties depend on a set of controllable protein para-
meters such as a protein’s sequence, topology, and size.

Computational design can offer control over these parameters
to radically alter the final properties of a protein. The design
process can be carried out under the structural constraints
encoded by the prior knowledge of the active epitope. First, the
sequence can be optimised to maximise the enthalpies of the core
residues (“core repacking”) or to minimise the solvent-exposed
hydrophobic residues, with the aim to improve the thermo-
stability and the solubility, respectively. Second, topology can be
changed to objectively optimise folding rate and folding free
energy. The topological contact order, a metric that describes the
average sequence distance of contacting residues, has been shown
to inversely correlate with the logarithm of folding rates6.
Topological simplification also tends to affect the folding ther-
modynamics, for instance, removing long, flexible loops tends to
decrease the absolute difference in entropy between the unfolded
and folded states (i.e. |ΔS|)7,8. Third, a protein’s size has sig-
nificant influence on its folding rate6, as well as on its folding free
energy, where the latter is impacted by the magnitude of con-
figurational entropy change upon folding, that, in turn, increases
quadratically with the length of the polypeptide chain9.

In this work, we demonstrate a generalisable refactoring
strategy, which aims at preserving a protein’s functional epitope,
while reconstructing the protein’s fold and composition around it.
The basis of the proposed strategy relies on constructing more
than one structured loop de novo into the same protein at once,
which enables the reordering of secondary structural elements
along the primary structure. This simplifies the topology from
around the active epitope, disposes of entire secondary structures
along the sequence, and reduces the protein size down to the
necessary scaffolding required to maintain the structural integrity
of the functional epitope. Furthermore, spatially distant residues
from the functional epitope are optimised to best encode infor-
mation necessary to improve folding or solvation free energies.

Here, we sought to demonstrate this in silico design strategy as
a means for conceiving novel receptor modulators by remodel-
ling a natural cytokine: the granulocyte-colony stimulating factor
(G-CSF) (Fig. 1A). G-CSF is a cytokine that stimulates the
proliferation and myeloid differentiation of haematopoietic stem
and progenitor cells (HSPCs) in the bone marrow and mobilises
them into the blood stream10. Recombinant human G-CSF (rhG-
CSF) has demonstrated great immunotherapeutic utility due to
its potent activity in the stimulation of granulopoiesis, boosting
the immunity of neutropenic patients, who suffer from a severely
reduced number of neutrophils due to genetic factors or
chemotherapy11–16. Like most other protein therapeutics, rhG-
CSF is clinically deployed in its native form or with a few
modifications. This is reflected in several suboptimal pharma-
ceutical features, such as its low recombinant production yield,
poor solubility and stability, and short shelf- and serum half-
lives. Only classical engineering strategies have thus far been
pursued to improve rhG-CSF, spanning point-mutagenesis17–20,
PEGylation21,22 and circularisation23,24.

Our strategy aimed to minimise the loss of entropy during
folding and receptor binding by reducing structural complexity

and rigidifying the bound conformation, respectively (Fig. 1).
This resulted in designs that possess minimal sequence similarity
with the native G-CSF and contain no disulfide bonds, repre-
senting a miniaturised G-CSFR binding domain. We evaluated
the biophysical properties of the resulting proteins and deter-
mined the structure of the most active one, which showed atomic-
level agreement with the design. We found that the designed
proteins, especially in tandem, are highly effective receptor acti-
vators, and are potent and specific in inducing proliferation and
differentiation of primary human haematopoietic stem cells into
functional neutrophils. Strikingly, the designs also had significant
granulopoietic activity in vivo in zebrafish and mice.

Results
Computational design of G-CSFR binders. Human G-CSF
induces JAK/STAT signalling and downstream granulopoiesis by
binding to the ectodomains of the G-CSF receptor (G-CSFR)25.
Biochemical and structural studies have shown that binding site II
—comprising residues K16, E19, Q20, R22, K23, D27, D109, and
D112—is the dominant binding motif on the surface of G-CSF
(Fig. 1A). Our refactoring process sought to reduce the topolo-
gical complexity, improve thermodynamic and kinetic stabilities,
reduce the size, increase the solubility, and eliminate the need for
post-translational modifications (PTMs) in G-CSF. The PTMs in
human G-CSF are comprised of two disulfide bridges across C69
and C75 and C97 and C107, and an O-glycosylation at T133
(Swiss-Prot numbering). The refactoring process was achieved by
rewiring the topology (Fig. 1B), repacking the core, and opti-
mising solvent-exposed residues (Fig. 1C). The first step was to
eliminate two segments from the primary structure that are 32-
and 22-residue long, which structurally encode three long loops
and a helix. This reduced size architecture was redesigned to
optimise the packing of core residues, with the goal of rigidifying
the binding epitope. The initial structural template was extracted
from the G-CSF–G-CSFR complex structure (PDB: 2D9Q)26,
which shows that G-CSF has a similar binding conformation
when compared to unbound G-CSF structures. Moreover,
solvent-exposed residues distal to the binding epitope were also
designed to replace hydrophobic side chains that were used to
efface the removed motifs and to enhance the helical character of
the assembled protomers (see the “Methods” section). While the
design protocol used optimised decoys for their talaris13 energy
score, after several rounds of design the final hits were filtered
purely based on their packing quality. The top several hundred
candidates were subject to equilibrium molecular dynamics (MD)
for the inspection of their structural stability, where the most
structurally stable decoy was forwarded for the next design stage
(loop design). At the end of this first step it was critical to choose
a single decoy for the following loop design, as the design pro-
tocol entails unrestrained backbone motions that would generate
diverse conformations at the disjoint junctions.

The second step aimed at arriving at single-chain variants to
minimise the contact order, which was done through the design
of two short loops across the gaps. The two gaps extended
approximately across 10 and 13 Å, hence we sought to connect
them by 3- and 4-residue de novo loops, respectively. Since the
sequence space of 3- or 4-residue loops is sufficiently tractable for
nearly exhaustive exploration, we picked the amino acids with
the highest loop propensity and generated all the possible
sequence combinations. For the 3-residue loop, 9 amino acid
types were used to generate 729 (93) combinations, and for the
4-residue loop 8 amino acid types were used to generate 4096 (84)
combinations (see the “Methods” section). These sequences were
modelled in and refined across their respective junction. This was
followed by conformational homogeneity evaluation across
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repeated MD simulations. Initially, loops across each junction
were modelled individually, whereby the other loop was modelled
as a constrained tri- or tetra-glycine. The 50 conformationally
most stable loops were from each junction, and combined
together to generate 2500 spliced models (502). The simulations
were repeated for the combined loops models and the four most
conformationally stable molecules were chosen for experimental
evaluation.

The four designs were named Boskar1–4, and were 123-amino
acid long—a substantial size reduction from rhG-CSF, which is
174 amino acid-long. Moreover, the reshuffling of the secondary
structural elements along the primary structure during the
topological reconstruction, combined with the sequence optimi-
sation, resulted in low full-length sequence homology, where the
sequence identity with rhG-CSF is below 32% for all of the
designs (Supplementary Table 1). In addition to their new
topology, lower contact order, and idealised sequences, the
designs were also devoid of the native form’s PTMs. The designs
lacked glycosylation sites and disulfide bonds, which are normally
important for hG-CSF folding. In fact, our proteins were designed
not to contain any cysteine residues, which have been implicated
in misfolding of rhG-CSF17.

The designs possess granulocytic proliferative potential. To
query the potential biological activity of the four experimentally
tested designs, we used murine NFS-60 cells, a hematopoietic cell
line that is routinely deployed to quantify G-CSF-triggered pro-
liferative potential27. Cell densities were assessed by a fluores-
cence redox-based assay 48 h after treatment with the designs or

rhG-CSF, where the average EC50 values (i.e. the concentration
that gave half-maximal cell density response) ranged from
micromolar to nanomolar (Supplementary Table 1). Boskar1,
Boskar2, Boskar3, and Boskar4 showed EC50 values of
164.5 ± 19.9, 241.8 ± 74.3, 58.5 ± 6.0 and 2.05 ± 0.2 nM, respec-
tively. The most active designs, Boskar3 and Boskar4, exhibited
dose–response curves in the nanomolar range upon 48-hour
treatment of NFS-60 cells (Fig. 2A). We then set out to investigate
the dose- and time-response kinetics of the two most active
designs, which showed that our designs possess slower pro-
liferation induction kinetics than rhG-CSF. The proliferative
concentrations Boskar4 and Boskar3 were found to reach sub-
nanomolar levels for longer-duration treatments in time-lapse
microscopy analyses of the cell proliferation kinetics over longer
treatment durations (Fig. 2B–D, Supplementary Fig. 1 and Sup-
plementary Movies 1–4).

Activation of G-CSFR signalling by Boskar3 and Boskar4. To
evaluate the dependency of the response to the designed proteins
on G-CSFR expression, we knocked out G-CSFR in NFS-60 cells
using CRISPR/Cas9-mediated mutagenesis. For this, we synthe-
sised guide RNA (gRNA) specifically targeting exon 4 of CSF3R
(cut site: chr4 [+126,029,810:−126,029,810]) to introduce stop-
codon or frameshift mutations in the extracellular part of all
G-CSFR isoforms. We generated pure G-CSFR KO NFS-60 cell
clones that have one nucleotide deletion on each allele, as assessed
by Sanger sequencing and tracking of indels by decomposition
(TIDE) analysis (Supplementary Fig. 2)28. In contrast to wild type
cells, G-CSFR KO NFS-60 cells did not respond to treatment with

Fig. 1 Computational design stages of the topological refactoring strategy. A X-ray structure of G-CSF (orange) bound to its cognate receptor (red)

through its binding epitope (blue). B According to the topological refactoring strategy, the topology of the native G-CSF was rewired from around the fixed

binding epitope. This was done by replacing the two long, bundle-spanning loops, by two short, de novo designed loops; reconstructing an up–up-

down–down bundle into an up-down helical bundle. This resulted in much simpler contact maps, a lower contact-order, and a smaller protein (G-CSF

residue numbering is based on PDB: 2D9Q). C The design models were further optimised in order to idealise the core packing (blue volume) and to

hydrophilise residues distal from the binding epitope (orange crust).
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rhG-CSF, Boskar3 or Boskar4 (Fig. 2E). These data demonstrate
that the designed proteins act via G-CSFR.

Binding of G-CSF to G-CSFR rapidly activates a cascade of
intracellular events, including phosphorylation of downstream
effectors, e.g. Akt, STAT3, STAT5 or MAPK, that ultimately
induce granulocytic differentiation29. To test whether our
designed proteins directly induce G-CSFR signalling, we measured
these immediate phosphorylation targets of G-CSFR signalling in
CD34+ HSPCs. Indeed, we found that Akt, STAT3, STAT5 and
p44/42 MAPK (Erk1/2) were tyrosine phosphorylated in HSPCs
treated with Boskar3 or Boskar4 to a similar degree as in rhG-
CSF-treated cells (Fig. 2F). Together, this shows that the biological
activity of the designs is directly attributable to G-CSFR activation.

The designed protein Boskar4 has enhanced stability char-
acteristics. Expression of the designs in E. coli showed that all
designs were highly expressed in the soluble cell fraction. We
focused our biophysical and structural characterisation on one
design; Boskar4, which showed the highest activity in endpoint
dose–response assays. In contrast to rhG-CSF which is expressed
insolubly to a yield of 3 mg/l culture and has to be refolded30,
Boskar4 was expressed solubly in E. coli to a yield of >80 mg/l
culture as final yield after tandem affinity and size-exclusion
chromatography. The solubility of Boskar4 also outstripped that
of rhG-CSF, where Boskar4 could be readily concentrated to
>20 mg/ml in PBS buffer, while rhG-CSF precipitated above a
concentration of about 4 mg/ml in PBS buffer. Circular dichroism

Fig. 2 The designs display potent and specific activity in cell-based assays. A Dose–response curves of NFS-60 proliferation upon 48 h treatment with

Filgrastim (rhG-GCSF), Boskar3, or Boskar4. Datapoints and error bars represent mean ± standard deviations of three biologically independent replicates.

B Time-dependent proliferation trajectory of surface-immobilised NFS-60 cells over a 10-day treatment. Data points and shades represent mean and

standard deviation values of three biologically independent replicates. Experiments were performed three times in triplicates. Data of one representative

experiment is shown. C, D Dose- and time-dependent proliferation trajectories over a 5-day treatment of free-floating NFS-60 cells, under the influence of

Boskar3 and Boskar4 treatments, respectively. Data points and shades represent mean and standard deviation values of three biologically independent

replicates. E G-CSFR-deficient primary stem cells (G-CSFR KO), show abolished proliferative responses to either rhG-CSF or the designs. Experiment was

performed twice in triplicates. Data points and shades represent mean and standard deviation values of three biologically independent replicates.

F Intracellular levels of phospho-AKT (Thr308), phospho-ERK1/2 (p44/42 MAPK), phospho-STAT3 (Tyr705), and phospho-STAT5 (Tyr694) in CD34+

HSPCs treated with rhG-CSF or the designs (see the “Methods” section). Geometric mean of the expression intensity of each phospho-protein (GeoMean

intensity) is shown on the y-axis. The experiment was performed twice.
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(CD) spectra of Boskar4 show it to possess strong helical char-
acter, with almost two-fold the mean residual ellipticity magni-
tude of rhG-CSF, when measured at the same concentration
(middle pane of Fig. 3A, B). CD spectroscopy was also used to
assess thermal unfolding of Boskar4 and rhG-CSF. Boskar4
appeared to remain stably folded up until 100 °C, with completely
reversible residual ellipticity recovery upon cooling. Conversely,
the melting curves of native rhG-CSF showed irreversible thermal
unfolding at a temperature of 57 °C, whereby the protein heavily
precipitates upon cooling (right pane of Fig. 3A, B). To investigate
if the disulfide bond formation has an impact on the irreversible
denaturation or thermostability of rhG-CSF, we sought to repeat
these melting and cooling experiments with addition of reducing
agents to the buffer. Due to high buffer absorbance, we carried
out these experiments using nanoDSF, for rhG-CSF in standard
PBS buffer, PBS buffer supplemented with a mixture reduced and
oxidised glutathione (2.5 mM and 0.5 mM, respectively), or in
PBS buffer supplemented with 5 mM dithiothreitol (DTT). These
melting curves showed similar melting points in either PBS alone
or in a mixture of reduced and oxidised gluthathione, as the latter
condition should accelerate the equilibrium for formation or

breaking of disulfide bonds, at 50 and 51.6 °C, respectively
(Supplementary Figs. 3 and 4). Conversely, the purely reducing
effect of DTT resulted in a lower thermostability of rhG-CSF
where the melting point was 35.4 °C, and a clear scattering change
could be observed, indicative of aggregation (Supplementary
Fig. 5). In all three cases, the unfolding of rhG-CSF was
irreversible.

To test whether the enhanced thermostability of the designs
can be of potential pharmacokinetic advantage, we tested the
protease resistance of Boskar4 in comparison to rhG-CSF.
Neutrophil elastase (NE) is a serine protease that has broad
substrate specificity. Secreted by neutrophils and macrophages
during inflammation, NE enzymatically degrades G-CSF, inhibit-
ing its activity, which constitutes a negative feedback loop against
excessive cytokine-induced granulopoiesis31,32. Analysing the
products of NE treatment showed that rhG-CSF was almost
entirely digested after a five-minute-treatment (Fig. 3C). Boskar4,
however, was largely protease-resistant even after 30 min. Most of
the partial digestion of Boskar4 appears to be restricted to
terminal fragments, possibly representing the unstructured hexa-
Histidine and thrombin cleavage purification tag. Therefore, we

Fig. 3 The designed protein Boskar4 is substantially more stable than rhG-CSF. A Design model of Boskar4 (left pane) has a CD spectrum that shows a

strong helical content (middle pane). The melting curve of Boskar4 shows exceptional stability since it does not undergo a melting transition up to 100 °C

(blue curve) and shows a full regain of residual ellipticity at 222 nm upon cooling (red curve). B In contrast, rhG-CSF appears to display weaker helical

signal compared to the design (middle pane), and melts irreversibly at 57 °C. C Neutrophil elastase treatment of Boskar4 (B4) and rhG-CSF shows Boskar4

to be substantially more resistant to proteolytic digestion in comparison to rhG-CSF. Expected neutrophil elastase and degradation bands are indicated.
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sought to identify the composition of these degradation bands
using nanoflow liquid chromatography–tandem mass spectro-
metry (nano-LC–MS/MS). While the mass spectrometry analysis
(Supplementary Fig. 6) for the band corresponding to full-length
Boskar4 shows complete sequence coverage, peptides of partial
degradation bands 1 and 2 do not cover, or only partially cover,
the N-terminus and C-terminus, indicating these bands to be
terminal degradation products of Boskar4 by neutrophil elastase.

To expand our analysis, we further tested the protease
sensitivity of Boskar4 and rhG-CSF against a set of diverse
human proteases representing different classes of proteolytic
enzymes. These were the lysosomal aspartyl protease Cathepsin
D, the metalloprotease ADAM10, the cysteine protease Cathepsin
L, and the serine protease Cathepsin G. While these results
showed both Boskar4 and rhG-CSF are not sensitive to Cathepsin
L or ADAM10, rhG-CSF was sensitive to Cathepsin D and
Cathepsin G degradation, whereas Boskar4 was resistant to them
under the same conditions (Supplementary Fig. 7). Collectively,
these results indicate that Boskar4 is less likely to partially or fully
unfold, and hence less accessible to proteolytic digestion.

The solution structure of the Boskar4 design matches its design
model to atomic-accuracy. To evaluate the structural precision of
the design process we determined the solution structure of Bos-
kar4, since it showed well-dispersed NMR spectra (Supplemen-
tary Fig. 8). The structure was determined using the CoMAND
method (Conformational Mapping by Analytical NOESY
Decomposition), a protocol that provides unbiased structure
determination driven by a residue-wise R-factor tracking the
match between experimental and back-calculated NOESY
spectra33. In the CoMAND protocol, a 3D-CNH-NOESY
spectrum34 is divided into 1D sub-spectra (referred to as
strips), each representing contacts to a single backbone amide
proton, thus representing the structural environment of the
respective residue (see the “Methods” section). Spectral decom-
position is then performed to yield local backbone dihedral angles
for all residues where strips are available, which are used for
initial model building. In subsequent stages, the R-factor is used
both to extract further geometric data and as a selection criterion
for frame-picking from MD trajectories, yielding the final struc-
ture ensemble. For Boskar4, the CNH-NOESY spectra provided
107 strips for CoMAND analysis. Of the 118 non-proline resi-
dues, 11 were not observed, presumably due to fast exchange with
solvent. Accordingly, all of these residues are at the C-termini of
helices or the subsequent loops, including 5 residues (K89-R93) in
the α3-α4 loop. We performed CoMAND factorisation calcula-
tions for 98 of these strips (strips containing significant over-
lapped intensities were excluded at this stage), yielding backbone
dihedrals that were used as input for model building in Rosetta.
The angles obtained were both consistent with the values pre-
dicted from chemical shift profiles by TALOS-N35 (Supplemen-
tary Fig. 9). To refine this initial model, we applied a protocol
employing alternate rounds of unrestrained and restrained
molecular dynamics simulations, with the aim of producing a set
of unrestrained structures close to the average structure. To
achieve this we applied restraints derived from R-factor optimi-
sation and from conventional “boot-strapping” based on the
initial model. These included 76 inter-helical distance restraints
(Supplementary Table 3 and Supplementary Fig. 10), primarily
between well-resolved aromatic and methyl groups, derived from
two further NOESY experiments (see the “Methods” section). We
then selected a final ensemble of 17 structures from this pool by
R-factor optimisation over all available strips, resulting in an
average R-factor of 0.31 ± 0.11 (Fig. 4A, C, Supplementary
Table 2). The ensemble deviated by an average of 0.80 Å from the

average structure, and 2.0 Å from the design model (Fig. 4A).
Locally aligning the NMR ensemble to the designed binding
epitope residues showed a backbone RMSD of 1.0 Å and an all-
atom RMSD of 1.2 Å (Fig. 4B), thus demonstrating atomic pre-
cision in re-sculpting the binding epitope.

The overall structure of Boskar4 is very similar to the design
model in the lengths of the four helices, the bundle architecture,
helical register and packing. On the global level, the largest
deviation is across narrow end of the bundle (corresponding to
the α1–α2 and α3–α4 loops), where the helices of the solution
structure are less tightly packed than for the model. This
difference is well captured by R-factor optimisation for A97,
which shows contacts to methyl groups of L22 and I25
(Supplementary Fig. 11). This region is also the site of the largest
deviation on the local level, where the capping motif for the α1
helix of the design is incompatible with the CNH-NOESY data
(Supplementary Fig. 12). Here the CoMAND analysis identifies a
backbone polymorphism at L22, where 4 of the 17 models adopt
an alternate conformation (Supplementary Fig. 12). To take this
into account, we rebuilt the α1–α2 loop, constructing a range of
trial structures for each of the alternate forms and selected frames
to minimise R-factors across the segment. Under the NMR
measurements conditions, Boskar4 appeared to be monomeric
and thermostable, where temperature and concentration ramps
did not influence the reference 1H–15N HSQC spectrum
(Supplementary Fig. 13).

To further examine the internal dynamics of the Boskar4
structure, we measured 15N {1H}-heteronuclear NOE values and
water exchange rates for backbone amide protons. The former
report on internal motions over fast (i.e. sub-nanosecond)
timescales, while the latter primarily report on hydrogen bond
stability on timescales of milliseconds to seconds. Both measures
are consistent with stable secondary structure elements; NOE
values indicative of high-amplitude fast motions (NOE < 0.8) and
shorter exchange times are only observed in the inter-helical
loops (Fig. 4D). Thus, the Boskar4 design provides a stable and
accurate scaffold for presenting the binding epitope. Analysis of
the solubility character of the Boskar4 NMR structure (PDB:
7NY0; 1st model) and G-CSF crystal structure (PDB: 2D9Q),
indicates that sequence- and structure-based solubility prediction
methods show fewer exposed hydrophobic outliers on the
Boskar4 surface, as compared to G-CSF (Supplementary Fig. 14).

The designs binding to human G-CSFR is enhanced by biva-
lency. To characterise the kinetics and affinity of interactions
between the designs and the G-CSF receptor, we performed
surface plasmon resonance-based measurements for Boskar3,
Boskar4 in comparison to rhG-CSF (Fig. 5A–C, Table 1, and
Supplementary Fig. 15A–C). Analysis of the kinetics across the
injection dilution series, assuming 1:1 binding, resulted in dis-
sociation constants (Kd) of 156 and 195 nM for Boskar3 (Fig. 5B),
Boskar4 (Fig. 5C), respectively. In comparison, the Kd determined
for rhG-CSF was 1 nM (Fig. 5A). Previous studies have reported
Kd values for the G-CSF:G-CSFR interaction between 200 pM
using SPR36 and 1.4 nM using ITC37.

We noticed that titrating higher concentrations of designs (i.e.
10–50 µM) resulted in sensograms that better fit with a 2:2
binding model. Size-exclusion chromatography of the Boskar3
(Supplementary Fig. 16) and Boskar4 (Supplementary Fig. 17)
designs indeed showed that the designs partition between
monomeric and dimeric forms. This monomer–dimer equili-
brium however seems to follow a very slow interchange, even at
room temperature (Supplementary Figs. 18 and 19). Nonetheless,
in all of the measurements and assays described, both monomer
and dimer fractions were pooled together and used as a single
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sample. We next sought to construct a truely bivalent design form
by linking two Boskar4 domains in tandem by means of a 24-
residue linker (i.e. (GGGGSS)4), named Boskar4_t2 (Fig. 6A).
Boskar4_t2 binding to G-CSFR showed a Kd of 5 nM (Fig. 5D,
Table 1, Supplementary Fig. 15D), which constitutes a 39-fold
improvement of affinity in comparison to Boskar4. This further
suggested that Boskar4_t2 may exhibit avidity, thus can be a more
efficient dimeriser and subsequently a more active G-CSFR
agonist.

G-CSFR activation is sensitive to its dimerisation spacing. To
study the biological relevance of this affinity enhancement of
Boskar4_t2, we evaluated its proliferative potential through end-
point NFS-60 proliferation assay, where it showed an EC50 of
180 nM; 11-fold better than Boskar4 (Fig. 6A, C, and Supple-
mentary Table 1). We reasoned this improved activation may be

sensitive to the receptor subunit spacing as was reported with
other cytokine receptors38–40. Therefore, we created another
2-copy tandem construct with a shorter (6-residue) flexible linker
(i.e. GGGGSS), named Boskar4_st2. While Boskar4_st2 showed
similar affinity to Boskar4_t2 against G-CSFR (i.e. 6 nM; Table 1),
it was indeed even more active in inducing proliferation of NFS-
60 cells (EC50= 7.6 pM), with a 263-fold improvement in activity
over the single domain Boskar4, and 24-fold over the two-domain
construct Boskar4_t2 (Fig. 6B, C, and Supplementary Table 1).
Repeating the dose- and time-dependent proliferation assays
resulted in a similar picture, emphasising the activity gain from
efficient dimerisation and linker length reduction (Fig. 6E, F). To
further evaluate the generality of this observation, we created the
Boskar3_st2 construct, and a mixed Boskar3_Boskar4 construct,
where either two Boskar3 domains or one Boskar3 and one
Boskar4 domains are connected in tandem using a 6-residue
linker (i.e. GGGGSS), respectively. The same pattern was

Fig. 4 The design model shows atomic-level agreement with its NMR solution structure. A Boskar4 solution structure shows an ensemble deviation from

the average structure of 0.8, and 2.0 Å from the designed coordinates. The design model (orange) is shown against the NMR ensemble (dark blue). The

boxplot shows the median and spread across the ensemble frames. B The backbone atoms RMSD of the binding epitope averaged at 1.0 Å, while all-atom

RMSD of averaged at 1.2 Å, highlighting the design precision. The design model residues (yellow) are shown against the NMR ensemble (purple), and the

box plot shows the deviations across the ensemble. The boxplot shows the median and spread across the ensemble frames. The box plots represent

median (central line), 1st and 3rd interquartile range (box), and minimum and maximum of 1.5 times the latter interquartile range (whiskers). C Residue-

wise R-factor values for the covered residues are shown (top), indicating the normalised CNH-NOESY RMSD from the expected spectra by the final

ensemble. The fold-factor shown (bottom), a metric which signifies the R-factor reduction by non-local residue-residue contacts, shows the contribution of

buried helical residues to Boskar4 folding. D Both amide proton exchange (top) and 15N{1H}NOEs (bottom) show the backbone amides of the helical

residues to be solvent-shielded and conformationally rigid, respectively.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30157-2 ARTICLE

NATURE COMMUNICATIONS |  �022)2948 | https://doi.org/10.1038/s41467-022-30157-2 |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


observed where the short-linker tandems are more active than the
dimeric species, that is in turn more active than the monomeric
species of the respective design (Supplementary Figs. 20 and 21).

The designs induce proliferation and neutrophilic differentia-
tion of HSPCs in vitro. To investigate the clinical potential of
our designs, we further evaluated their biological activity in
human primary CD34+ hematopoietic stem and progenitor cells
(HSPCs). We started by assaying the stimulation of CD34+

HSPCs with the original designs (Boskar3 or Boskar4), which
induced an increase in cell proliferation that subsequently pla-
teaued, similar to that observed in rhG-CSF-treated cells (Sup-
plementary Figs. 22, 23, and 24). We then assessed granulocytic

differentiation of CD34+ HSPCs from two healthy donors in the
presence of rhG-CSF or the different designs using a liquid cul-
ture system. In all of the HSPCs experiments, rhG-CSF was used
at a concentration of 10 ng/mL, Boskar3 and Boskar4 were used
at of 1 µg/mL, and Boskar4_t2 or Boskar4_st2 at 100 ng/mL
(except for the CFU and phagocytosis assays where both 10 and
100 ng/ml of Boskar4_t2 or Boskar4_st2 were used). As expected,
a majority of cells cultured in the presence of rhG-CSF or
designed proteins exhibited the typical and highly specific mor-
phology of neutrophilic granulocytes with multilobed nuclei
(Fig. 7A, B). A FACS analysis also revealed differentiation of
HSPCs into neutrophilic granulocytes (CD45+CD11b+CD15+,
CD45+CD11b+CD16+, and CD45+CD15+CD16+ cells) in the
presence of the Boskar3 and Boskar4 to levels comparable to that
induced by rhG-CSF (Supplementary Figs. 25 and 26). A more
detailed FACS analysis of granulocytic differentiation for Bos-
kar4_t2 and Boskar4_st2 revealed a strong neutrophilic differ-
entiation bias of the treated cells (Fig. 7C, and Supplementary
Fig. 27). Additionally, we observed the formation of colony-
forming units (CFUs) from healthy donor CD34+ cells in the
presence of the designed proteins (Fig. 7D, E, and Supplementary
Fig 28). Although the number of CFU colonies induced by the
designs was relatively lower than that stimulated by rhG-CSF
(Fig. 7D), the typical myeloid cell morphology of CFUs was
evident in all groups (Fig. 7E).

We further tested whether the neutrophils differentiated
in vitro from HSPCs by our designs can execute neutrophil-
specific functions such as production of reactive oxygen species

Fig. 5 The designs bind to the human G-CSF receptor. SPR titration sensorgrams of the binding kinetics of A rhG-CSF (Filgrastim), B Boskar3, C Boskar4,

and D Boskar4_t2. The binding kinetics analysis (association curve fits shown in spectrum colours) indicates higher apparent binding affinity of inherently

bivalent ligands, whereby rhG-CSF and Boskar4_t2 represent two distinct modes of bivalent binding to the G-CSFR.

Table 1 SPR binding parameters.

Analyte ka (M
−1 s−1) kd (s−1) Kd (M)

rhG-CSF (3.0 ± 0.3) × 105 (4.9 ± 2.8) × 10−4 (1.1 ± 1.6) × 10−9

Boskar3 (3.8 ± 0.4) × 104 (6.1 ± 0.1) × 10−3 (1.6 ± 0.2) × 10−7

Boskar4 (4.3 ± 0.3) × 104 (8.6 ± 0.1) × 10−3 (2.0 ± 0.2) × 10−7

Boskar4_t2 (3.4 ± 0.5) × 105 (1.7 ± 0.5) × 10−3 (5.1 ± 1.9) × 10−9

Boskar4_st2 (5.3 ± 0.7) × 105 (2.9 ± 1.9) × 10−3 (5.9 ± 4.4) × 10−9

Boskar3_B4 (4.8 ± 0.7) × 105 (1.1 ± 0.32) × 10−3 (2.4 ± 0.9) × 10−9

Boskar3_st2 (4. 9 ± 0.8) × 105 (2.3 ± 0.39) × 10−3 (4.8 ± 1.4) × 10−9

Boskar3
monomeric

(1.6 ± 0.1) × 105 (6.3 ± 0.16) × 10−3 (3.9 ± 2.2) × 10−8

Boskar3
dimeric

(1.5 ± 0.2) × 105 (2.7 ± 0.19) × 10−3 (1.8 ± 3.0) × 10−8

Boskar4
monomeric

(1.4 ± 0.1) × 104 (1.8 ± 0.32) × 10−2 (1.2 ± 123.3) × 10−6

Boskar4
dimeric

(2.4 ± 0.2) × 105 (3.7 ± 0.23) × 10−3 (1.5 ± 1.9) × 10−8
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(ROS), neutrophil extracellular traps (NETs) formation, and
phagocytosis. We first assessed H2O2 levels in N-Formylmethio-
nyl-leucyl-phenylalanine (fMLP)-stimulated neutrophils and
detected elevated ROS levels in designs-generated neutrophils,
comparable or even higher to rhG-CSF-stimulated samples
(Fig. 7F, and Supplementary Fig. 29). Phagocytosis was evaluated
using live cell imaging of neutrophils incubated with pHrodo
Green E. coli bioparticles. We observed similar phagocytosis
behaviour of rhG-CSF- and designs-generated neutrophils
(Fig. 7G and Supplementary Fig. 30). These neutrophils were
also capable of producing NETs upon stimulation with phorbol
myristate acetate (PMA) (Fig. 7H). Taken together, designed
proteins induce formation of functionally active neutrophils.

The design proteins induce chemotaxis of neutrophils in vitro.
To study the effects of design proteins on the chemotactic activity
on neutrophils, we assessed chemotaxis of healthy donor per-
ipheral blood neutrophils in vitro by incubating cells with rhG-
CSF or the designs and measuring chemotactic activity using
IncuCyte® Chemotaxis Cell Migration Assay on an IncuCyte S3
Live cell analysis system. Indeed, we found that our designs
induced neutrophils chemotaxis to a similar degree as in with
rhG-CSF (Fig. 7I). These results highlight the activity of design
proteins not only on the granulocytic differentiation, but also
migration of neutrophils.

Boskar4 tandems induce neutrophil production in zebrafish.
To investigate the potential in vivo activity of our most active
design Boskar4_t2 and Boskar4_st2, we used a fluorescent neu-
trophil reporter zebrafish line, Tg(mpx:GFP)41. Equal volumes
(4 nL) of PBS solution containing 8 ng of rhG-CSF, 16 ng Bos-
kar4_t2, or 16 ng Boskar4_st2 were injected into the cardinal vein
of transgenic embryos at 1.5 days post-fertilisation (dpf). As
negative control, 16 ng Moevan_control (a protein lacking bind-
ing or activation capacity of G-CSFR28, but expressed and pur-
ified under the same conditions) was injected. All injected
embryos survived without displaying morphological abnormal-
ities. The number of GFP+ neutrophils was assessed in each

embryo 24- and 72-h post-injection. Compared to the PBS-
injected counterparts, the number of neutrophils was almost
unchanged in the Moevan_control-injected embryos, whereas it
was significantly higher in embryos injected with rhG-CSF,
Boskar_t2 and Boskar_st2 treatments (Fig. 8A, B, and Supple-
mentary Table 4). We also observed an increased neutrophil
localisation near the caudal hematopoietic tissue in the rhG-CSF
and Boskar_st2 injected embryos (Fig. 8C) indicating strong
granulopoietic activity for these designs in zebrafish.

The designed proteins induce granulopoiesis in mice. We next
evaluated the effects of the designed proteins on the induction of
granulopoiesis in mice. We treated C57BL/6 mice with rhG-CSF
or G-CSF designs, Boskar4_t2 and Boskar4_st2 at a concentration
of 300 μg/kg by intraperitoneal injection (i.p.) every second day
for a total of five injections. Mice in the control group were
treated with PBS, or a protein incapable of G-CSFR binding
(Moevan_control28) using the same treatment scheme. One day
after the fifth injection, the number of Ly6G+Ly6C+ neutrophils
in the bone marrow of treated mice was evaluated. We found that
treatment of mice with rhG-CSF, Boskar4_t2, or Boskar4_st2
induces production of neutrophils, as compared to the control
PBS-treated group (Fig. 8D, and Supplementary Fig. 31). No toxic
effects of the designed proteins and no significant effects of
Moevan_control on neutrophil numbers were observed. These
results demonstrate the granulopoietic activity of our designed
proteins in vivo.

Discussion
Proteins can uniquely offer large, diverse, and highly restrained
physicochemical environments that undergo minimal or tightly
controlled modes of motion, as encoded by their primary struc-
ture. Cytokines are a class of proteins that exert their function by
modulating their cognate receptors in a lock-and-key manner.
The latter appears to mostly take place through cytokines
dimerising their receptors’ ectodomains42. Existing structures of
helical cytokines undergo minimal conformational change
between the receptor-bound and the isolated cytokine structures,

Fig. 6 The potency of designs can be greatly enhanced by the optimal tandem spacing. The creation of two-copy Boskar4 tandems with different flexible

spacers, through A a 24-residue-linker (Boskar4_t2), and B a short 6-residue-linker (Boskar4_st2). C Dose–response curves in NFS-60 cells show

Boskar4_t2 (EC50= 180 pM), and Boskar4_st2 (EC50= 7.6 pM) to be 11- and 263-fold more active than the single domain Boskar4, respectively.

Datapoints and error bars represent mean ± standard deviations of 3 biologically independent replicates. D, E This greatly enhanced potency is also evident

in the dose- and time-dependent NFS-60 proliferation kinetics, highlighting the requirement for an optimal G-CSFR dimerisation spacing to achieve

maximal G-CSFR activation. The experiments in C, E were performed as described in figure legend to Fig. 2.
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indicating a rigid binding mode. However, owing to their reg-
ulatory roles, most cytokines are quickly eliminated, and possess
poor stability and fairly short serum half-life43. The aim of this
work was to reconstruct a cytokine to improve its stability and
solubility. This was done under the constraint of minimally
perturbing the receptor binding epitope, with the goal of pre-
serving the receptor binding affinity, and consequently the
underlying pharmacodynamics.

Here, we followed a three-pronged approach of optimising
topology, size, and sequence; demonstrating that a functional
protein can be fully refactored from around its active epitope. The
most critical step in this strategy is the topological rewiring. For
instance, a protein architecture with a defined number N of

structural segments (e.g. helices, strands, or motifs), can be
rewired into N(N−1)! folds and circular permutations. Thus, the
successful design of multiple structured loops is crucial to tap into
a huge pool of accessible folds, with distinct biophysical features.
We have previously shown a cytokine binding epitope could be
rescaffolded onto geometrically accomodating structures with
simpler folds28. Another recent attempt to redesign a cytokine has
utilised a combination of helical extensions and template-based
loop design, which successfully yielded highly active Interleukin-2
mimics44. The latter strategies, however, are contingent upon
finding existing structural templates for either epitope or loop
grafting. In contrast, here we deploy a more generalisable
approach of de novo loop design that obviates the reliance on

Fig. 7 The designs are functionally active in human primary cells. Cell morphology (A, B) and FACS (C) analysis of neutrophils generated from human

healthy donors‘ CD34+ HSPCs in the presence of either the inactive protein Moevan_control (control, 100 ng/ml), rhG-CSF (10 ng/ml), Boskar4_t2

(B4_t2, 100 ng/ml), or Boskar4_st2 (B4_st2, 100 ng/ml) using in vitro liquid culture. Data represent mean ± standard deviation of triplicate samples from

two healthy donors. D, E Quantification (D) and representative images (E) of myeloid colonies induced by the rhG-CSF (10 ng/ml), Boskar4_t2 (10 or

100 ng/ml), or Boskar4_st2 (10 or 100 ng/ml) from human healthy donors‘ CD34+ HSPCs after 14 days of culture. F–H Evaluation of functions of in vitro

generated granulocytes using rhG-CSF, Boskar4_t2 or Boskar4_st2 (see the “Methods” section). F Reactive oxygen species (ROS) formation in fMLP-

stimulated neutrophils. G Phagocytosis kinetic analysis using IncuCyte ZOOM System. Lines represent mean, shades represent ± standard deviation.

H Formation of neutrophil extracellular traps (NETs) was determined by DNA staining in IncuCyte live-cell imaging. The green area was normalised to the

phase area at the experiment start, and the results are depicted as fold change from unstimulated to PMA stimulated cells. Data show four biologically

independent replicates after 19 h of treatment. I Chemotactic migration of peripheral blood healthy donors‘ neutrophils (solid lines represent the average of

duplicates, and shades represent standard deviation) (see the “Methods” section).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30157-2

10 NATURE COMMUNICATIONS |  �022)2948 | https://doi.org/10.1038/s41467-022-30157-2 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


existing loop structures database. Topological rewiring also brings
the advantage of eliminating structural segments from across the
primary structure, providing an effective means for reducing
protein size. The combined effect of topology simplification and
size reduction increases the probability of folded contact forma-
tion and narrows down the folding landscape, improving the
folding rate and free energy, in turn18,45. In the last step, core and
surface residues must be optimised to maximise conformational
stability and solubility. Improving solubility of therapeutic pro-
teins is particularly important to penalise the desolvation energy
of off-target interactions, and also to avoid aggregation, which is
related to immunogenic effects46.

We applied our topological refactoring strategy (Fig. 1) to
design novel haematopoietic agents that activate the G-CSFR
pathway, which induces the proliferation and differentiation of
haematopoietic stem and progenitor cells into mature granulo-
cytes. The G-CSF:G-CSFR binding is assumed to occur in a 2:2
complex, through two binding sites on the G-CSF surface; site II
and site III26,47. Ligand-receptor co-crystal structures, alanine
scanning, and NMR studies26,47–50 point to a minor receptor-
binding contribution from site III. Therefore, we sought to design
binding domains that maintain the high-affinity binding site II of
G-CSF, eliminating site III from the reconstructed designs. Initial
cell-based experiments showed nanomolar activity of 2 out of 4
testing designs, bearing only one binding site. Further biophysical

characterisation showed these designs to exist in both monomeric
and dimeric forms, whereby the dimeric species were more affine
and more active in cell-based assays. This tendency to dimerise of
a single binding site-bearing domain appeared to be the reason
behind the observed activity. Guided by these results, we set out
to create two-copy tandems with different linker lengths to
evaluate the impact of purely dimerising ligands with varying
receptor subunit spacing. This has surprisingly led us to discover
extremely active design variants with low picomolar EC50 (Fig. 6).
Our findings are in line with previous findings that the CRH
domains in the G-CSF:G-CSFR complex are less than 55 Å apart,
highlighting the distance-sensitivity of G-CSFR activation37.
These findings also motivate further exploration of the G-CSFR
subunits sensitivity to their dimeric orientation and spacing, and
its impact on activation magnitude and the relative balance of
downstream effects (i.e. AKT, ERK, and STAT messaging).

To the end of our design objectives, our biophysical and
functional investigations demonstrate that the refactoring strategy
enabled the successful creation of novel granulopoietic proteins
with sequence and structure starkly distinct from native human
G-CSF. The designs have a recombinant expression yield more
than 20-fold higher than rhG-CSF, lack any post-translational
modifications, and are expressed in a soluble form, unlike rhG-
CSF. Moreover, the most active design is highly thermostable,
unlike rhG-CSF. The most active design also appears to be more

Fig. 8 The designs show in vivo activity in zebrafish and mouse models. A, B Interval plots of the fluorescent neutrophils in zebrafish (Tg:mpxGFP) that

were either not injected, or injected with the inactive protein Moevan_control, rhG-CSF, Boskar4_t2, or Boskar4_st2, after (A) 24 h or (B) 72 h of

treatment. Data show mean ± standard deviation, and the number of treated embryos under each condition is show as N (under the x-axis), *p < 0.05, or

****p < 0.0001 vs. the Moevan_control group (p-values are listed in Supplementary Table 4). C Representative images of 1- and 3-day embryos that were

not injected, or injected with inactive protein (Moevan_control), Boskar4_t2, or Boskar4_st2. Fluorescently labelled neutrophils can be observed and

quantified across the tail region (scale bar: µm). D Ly5.1 mice were treated with PBS, the inactive protein Moevan_control, rhG-CSF, Boskar4, Boskar4_t2,

or Boskar4_st2 (n= 7 per group for each condition). Fold change of mouse neutrophils (DAPI-CD45+Ly6G+Ly6C+) in the bone marrow of treated mice

compared to PBS group is shown. Statistical significance was calculated by Fisher’s two-sided t-test (*p < 0.05, or **p < 0.01 vs. the PBS group). The exact

p-values are provided in the source data files.
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resistant to proteolytic digestion when compared to rhG-CSF,
where Boskar4 digestion is restricted to terminal fragments. Such
protease resistance is a feature that may contribute to a poten-
tially longer serum half-life. Deploying this design strategy, a
single computational design iteration has shown to be sufficient
to yield leads with nanomolar proliferative activity in NFS-60
cells. Additionally, tandem design variants could reach single-
digit picomolar activity in the same assay. Combined with the
relative proteolytic resistance, such stabilised active proteins can
be of great therapeutic potential, especially given that rhG-CSF
possesses a very short serum and shelf half-lives. In spite of the
stark sequence and structure differences between the designs and
native G-CSF, our results from the SPR binding experiments,
testing G-CSFR knock-out cells activation, and the analysis of the
downstream protein phosphorylation patterns show the designs
specifically bind and activate G-CSFR. Detailed functional char-
acterisation of the designs showed very specific activity when used
to treat human healthy donor-derived hematopoietic stem cell
ex vivo, where the designs induce their differentiation into mature
functionally active granulocytes. These design-generated granu-
locytes were capable of executing a range of functions, such as
NETs formation, ROS generation, and phagocytosis. Strikingly,
the designs also appear to be pharmacologically active in vivo—in
both zebrafish and mouse models. This further highlights the
translational power of the computational protein design in
creating novel therapeutic leads, without recourse to excessive
experimental screening and selection.

Future development of these novel granulopoietic proteins
should also evaluate their utility against clinical shortcomings of
rhG-CSF. For instance, unmodified rhG-CSF is not orally bioa-
vailable owing to its proteolytic instability51. Thus, orally bioa-
vailable formulations of the Boskar designs can greatly improve
the quality of life of congenital neutropenia patients that require
daily subcutaneous administration of rhG-CSF. Another is the
treatment of congenital neutropenia patients with compromising
mutations to the Ig-like domain and its binding site in G-CSFR,
where such patients are unresponsive to rhG-CSF, which requires
two different binding sites to dimerise the receptor, unlike the
designs. Conversely, optimising the Boskar designs into strictly
monomeric forms can yield G-CSFR signalling inhibitors, that
can be useful for different types of cancers52

Methods
Protein design. The protein design calculations were done in two stages. The first
design stage was the sequence optimisation of the reduced bundle (Fig. 1B), while
the second was the design of loops de novo, to rewire the topology (Fig. 1C). The
reduced bundle was determined to be the minimal 4-helix-bundle sufficient to
scaffold G-CSFR site II; eliminating helix E and three long loops distal to site II.
The remaining fragments comprised of the peptide segments 71–123, 10–39, and
145–171, which are made of helices A, B–C and D, where B and C were left
connected by a short native loop. This minimal bundle should fully host the
essential site II residues, namely: K16, E19, Q20, R22, K23, D27, D109, and D112
(blue patch in Fig. 1A). This helical architecture was reordered to a permutation
that would move the native B-C motive to the N-terminus, and wire it with the
remaining helices to achieve the shortest gaps (and thus, loops) across the bundle.
This transformed the old arrangement: A ̶ ̶ ̶E ̶ ̶ ̶B–C ̶ ̶ ̶D into the new arrangement:
B’ ̵C’ ̵A’ ̵D’, where “ ”̵ and “ ̶ ̶ ”̶ represent short and long loops, respectively. This
gapped template was used directly for sequence optimisation (i.e. the first design
stage), which was done through sequence and conformer sampling performed
within the RosettaScripts framework53. With the addition of a root-mean-square
deviation (RMSD) constraint on the binding epitope, a previously described core
packing protocol was used54. This comprised steps of interleaved Monte Carlo
sequence, as well as side-chain and backbone conformer sampling iterations. The
sequence sampling was directed to most core residues and to solvent-exposed
hydrophobic residues. The scoring functions used were the talaris2013 energy
function55 and the packstat packing score56 (Supplementary methods). While the
energy function was used to bias the sampling towards lower energy decoys, the top
decoys were forwarded for further evaluation based on the packing quality, where
the latter was further judged by the ruggedness of the radial distribution function

g(r) as given by the definite integral
R 4
0

dgðrÞ
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�

�
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The second design stage was to construct loops de novo across the junctions C’ ̵
A’ and A’ ̵D’. The N-C distance gap across the C’ ̵A’ junction was approximately
10 Å, while the N-C distance across the A’ ̵D’ was approximately 13 Å. Therefore,
we sought to build 3- and 4-residue loops at junctions C’ ̵ A’ and A’ ̵ D’,
respectively. The 3-residue were constructed by covering all sequence combinations
of the residues G, D, P, S, L, N, T, E, and K, while the 4-residue loops were
constructed by covering all combinations of the residues G, D, P, S, L, N, T, and K.
The G, D, P, S, and T amino acids were chosen for their higher propensity to exist
in loops57, L was included due its abundance in helix-helix-turns58. E, D and K
were included for their helix-capping roles58, where E was removed from the
4-residue optimisation to reduce the sequence space. Novel loops were constructed
through automatic modelling59, followed by molecular dynamics-based evaluation,
which relied on repeated generalised-ensemble sampling (GS)60 simulations. These
simulations were deployed to temper the decoys serially between 250 and 390 K,
over 6 and 8 ps, respectively per cycle (through N= 25 serial cycles per decoy).
These cycles were interlaced with 100 conjugate gradient minimisation steps to
revert to local minima along the serial conformational divergence. These
simulations were done in restrained and unrestrained formats, initial simulations
constrained all atoms except for loop residues, and 5 flanking residues up- and
down-stream, later simulations combining top 50 sequences at each loop where
recombined and underwent unrestrained simulations. A conformational
homogeneity metric was calculated as the average all-against-all RMSD, which is a

proxy of the misfolding or basin hopping tendency of each decoy, as Sh ¼ ∑
N2

i≠j

SRMSDi;j

N2 ,

where SRMSDi;j
is the aligned backbone RMSD between frames i, j. All molecular

dynamics simulations relied on conjugate gradient minimisation and a
perturbation time step of 2 fs, under Langevin temperature control. A long-range
interactions cutoff of 12.0 Å, a switching distance of 10.0 Å, and a Langevin
temperature control set to 310 K with a damping coefficient of 1.0 ps−1 were used.
Generalised Born solvation was used for GS simulations. TIP3P water and
Langevin barostat were used for NMR refinement simulations, with a Langevin
piston oscillation period of 200 fs and a piston decay period of 50 fs. The systems
were neutralised with 0.15 M sodium chloride. All simulations were either
conducted using the OpenMM library61 or the NAMD engine62. A schematic of
the design workflow is shown in Supplementary Fig. 32.

For computational evaluation of the solubility analysis, we used three different
metrics. The first metric was the Damietta solvation energy function, which is
based on a CHARMM-compatible solvation model63. Using a single round of the
Damietta software ra (repack all, v0.22) protocol, residues side chains were
repacked, and the residue-wise solvation energy extracted from the output PDB file.
The Damietta protein design software is available at https://bio.mpg.de/damietta/.
The second metric was the Kyte-Doolittle hydropathy scale64 as implemented on
the ProtScale server (https://web.expasy.org/protscale/). The third metric was the
Rosetta residue-wise solvation energy sub-score65 after a single run of Rosetta Relax
protocol using talaris14 scoring function.

Protein expression and purification. Synthetic genes encoding the designs were
cloned into the pET28a(+) expression vector carrying a kanamycin resistance gene
using NdeI and XhoI cloning sites in-frame with an N-terminal hexaHis-tag and a
thrombin cleavage site (Synbio Technologies, Inc.). The plasmids were used to
transform chemically competent E. coli BL21(DE3) by heat-shock. Transformed
cells were grown in LB medium and induced with IPTG at OD600 of about 0.5–1
with overnight expression at 25 °C. For expression of isotopically labelled protein, a
preculture in LB medium was grown, cells collected, washed twice in PBS buffer,
and resuspended in M9 minimal medium (240 mM Na2HPO4, 110 mM KH2PO4,
43 mM NaCl), supplemented with 10 µM FeSO4, 0.4 µM H3BO3, 10 nM CuSO4,
10 nM ZnSO4, 80 nM MnCl2, 30 nM CoCl2 and 38 µM kanamycin sulfate, to an
OD600 of about 0.5–1. After 40 min of incubation at 25 °C, 2.0 g 15N-labelled
ammonium chloride (Sigma-Aldrich 299251) and 6.25 g 13C D-glucose (Cambridge
Isotope Laboratories, Inc., CLM-1396) were added in a 2.5 l culture. After another
40 min IPTG was added to a final concentration of 1 mM for overnight expression.
Cells were collected by centrifugation at 5000 × g for 15 min, lysed by a Branson
Sonifier S-250 (Fisher Scientific) in hypotonic 50 mM Tris–HCl buffer supple-
mented with one tablet of the cOmplete protease inhibitor cocktail (Sigma-Aldrich
4693159001) and 3 mg of lyophilised DNase I (5200 U/mg; Applichem A3778).
The insoluble fraction was pelleted by centrifugation at 30,000 × g for 50 min, and
the soluble fraction was passed through a 0.45 μm filter and directly applied to a
Ni-NTA HisTrap column (GE Healthcare). For wild-type G-CSF, refolding
extraction was performed from the insoluble fraction of the E. coli cell pellet by
stirring in 8M guanidinium chloride solution for 2 h at 4 °C. The mixture was
gradually diluted to 1M guanidinium chloride in 4 steps over 4 h and loaded
directly onto an affinity purification column. A 5ml HisTrapFF immobilised nickel
column (GE Healthcare Life Sciences 17-5255-01) was used for this purpose,
washed consecutively with 30 ml 150 mM NaCl, 30 mM Tris buffer (pH 8.5) at 0,
30 and 60 mM imidazole. Fractions were collected by gradient elution at >60 mM
imidazole. The eluate was concentrated using 3 kDa MWCO centrifugal filters
(Merck Millipore UFC901024) and loaded onto an equilibrated Superdex 75 gel
filtration column (GE Healthcare Life Sciences 17517401). The gel filtration buffer
used was 150 mM sodium phosphate buffer, pH 7.5, for NMR and CD transpar-
ency as well as cell culture compatibility. An Äkta Pure system (GE Healthcare Life
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Sciences) was used for all chromatography runs. All experiments involving wild-
type G-CSF were initially conducted using in-house purified rhG-CSF, and later
reproduced using USP filgrastim as a standard reference (Sigma-Aldrich 1270435),
except the CD experiments, which were performed only using in-house produced
rhG-CSF.

Endotoxin removal and quantification from bacterially produced designs. We
used a special two-step purification protocol to produce low-endotoxin protein
samples for in the in vivo experiments. Firstly, we optimised a detergent-based
purification protocol based on two previous protocols66,67. The cell pellets from
overnight expression 2 l cultures were reconstituted in PBS buffer to 25 ml with
3 mg of lyophilised DNase I (5200 U/mg; Applichem A3778) and protease inhibitor
cocktail (Sigma-Aldrich 4693159001) and lysed by sonication, as described above.
This total lysate was added to chilled 25 ml of 1% Triton-X114 (Sigma Aldrich
X114-100ML) and sonicated further at 4 °C for another 30 min interval. This total
lysate was then incubated for 5 min in a 42 °C water bath in order to phase out
most of the Triton-X114. This was spun at 3000 × g, and the supernatant was
decanted for further ultracentrifugation at 30,000 × g. The supernatant was then
loaded on a 5 ml HisTrap NiNTA column, which was prewashed with 0.1% Triton-
X114 in PBS (6 column volumes) at 4 °C. After loading, an on-column wash was
done with 0.1% Triton-X114 in PBS (10 column volumes), followed by the affinity
purification protocol as described above. Size exclusion was performed as described
above, with the addition of a pre-equilibration wash with 1 column volume of 3 M
urea and 1M NaOH. Both washes in affinity and size-exclusion purification were
flushed through the fraction collector tubing. The second step of the depyr-
ogenation protocol was done using a specialised endotoxin binding resin; the 0.5 ml
Pierce high capacity endotoxin removal spin column (ThermoFisher, 88274)
according to the supplier’s protocol. The amount of endotoxin in protein pre-
parations was quantified using the Pierce chromogenic endotoxin quant kit
(ThermoFisher, A39552S) according to the supplier’s protocol. A calibration curve
was plotted between standard endotoxin concentrations of 0 and 1.0 EU/ml, and
samples were diluted to obtain 410 nm absorbance values within this range.

The endotoxin content of the purified designs using this protocol ranged from
<0.4 to 6.64 EU/mg, which was considered an acceptable level for in vivo
experiments.

Thermostability analysis. Circular dichroism (CD) spectra were recorded using a
JASCO J-810 spectrometer. Samples (0.5 ml) with concentrations between 0.5 and
0.6 mg/ml of the respective proteins in PBS buffer (pH 7.1) were loaded into 2 mm
path length cuvettes. Spectral scans of mean residual ellipticity were measured at a
resolution of 0.1 nm across a range of 240–195 nm. The mean residual ellipticity at
a wavelength of 222 nm across a temperature range of 20–100 °C (with an increase
of 1 °C/min) was tracked in melting curves. Additional thermostability analysis was
performed to rhG-CSF to evaluate the influence of disulfide bonds on folding,
nanoscale differential scanning fluorimetry (nanoDSF) was performed using Pro-
metheus NT.48 (Nanotemper) and standard Prometheus capillaries (Nanotemper,
PR-C002). The same temperature ramp parameters used for CD were set for
melting and cooling, using 1 mg/ml protein samples in PBS, in 5 mM Dithiothreitol
(DTT) in PBS, and in 2.5 mM reduced glutathione (GSH) and 0.5 mM oxidised
glutathione (GSSG) in PBS.

Protease sensitivity analysis. Purified human neutrophil elastase was obtained
from Enzo Life Science (#BML-SE284-0100). The elastase was reconstituted in PBS
buffer (pH 7.1) to a stock concentration of 20 IU/ml. Digestion reactions were
conducted in PBS buffer with final concentrations of 300 µg/ml of the tested
protein, and 1 U/ml of neutrophil elastase. The reaction mixture was incubated at
37 °C and digestion samples were withdrawn, immediately mixed with SDS sample
buffer (450 mM Tris–HCl, 12% glycerol, and 10% SDS) and flash-frozen in a liquid
nitrogen bath to stop the reaction after 5, 15 and 30 min from the reaction start.
Frozen samples were then heated at 85 °C for 10 min before loading on Novex™
16% Tricine Protein Gels (Thermo Fisher Scientific #EC6695BOX). Protein gels
were incubated overnight in fixing solution (30% ethanol, 10% acetic acid) and
then stained using colloidal Coomassie dye (Serva; 35050).

Nano-HPLC–MS/MS was used to analyse the protein bands resulting from the
digest of Boskar 4 with Neutrophile elastase. Boskar4 samples incubated with
neutrophil elastase (as described above) were separated on SDS-PAGE, where each
lane of the gel (16% Tricine protein gel, ThermoFisher Scientific, #EC6695)
contains 6 µg Boskar4 digested with neutrophile elastase for 30 min. Excised
protein bands were digested in-gel using Arg-C. LC–MS/MS analysis was done on
an Easy-nLC 1200 (Thermo Scientific) coupled to a QExactive HF mass
spectrometer (Thermo Scientific) as described elsewhere68. Peptide mixtures were
injected onto the column in HPLC solvent A (0.1% formic acid) at a flow rate of
500 nL/min and subsequently eluted with a 46 min gradient of 5–33% HPLC
solvent B (80% ACN in 0.1% formic acid) at a flow rate of 200 nl/min. The seven
most intense precursor ions were sequentially fragmented in each scan cycle using
HCD fragmentation.

MS data were processed using the MaxQuant software suite v.1.5.2.869.
Database search was performed using the Andromeda search engine70. Spectra
were searched against a Uniprot E. coli database, a database containing 248

commonly observed contaminants and against the sequence of human Neutrophil
elastase (UniProtKB-P08246 (ELNE_HUMAN)) as well as a database comprising
the sequence of Boskar4 and it’s truncated forms. For the latter, all sequences
derived from consecutively shortening the amino acid sequence of Boskar4
(including the purification tag), once starting at the N terminus and once at the C
terminus, respectively, were unified into one database. In the database search, full
specificity was required for Arg-C and up to two missed cleavages were allowed.
Carbamidomethylation of cysteine was set as fixed modification, protein
N-terminal acetylation, and oxidation of methionine were set as variable
modifications. False discovery rate (FDR) was set to 1% on protein as well as
peptide level. The posterior error probability (PEP) was calculated for each
peptide71.

The proteolytic stability of Boskar4 and rhG-CSF was tested against a spectrum
of different proteases including recombinant human Cathepsin D (bio-techne,
#1014-AS), recombinant human ADAM10 Protein (bio-techne, #936-AD),
Cathepsin L from Human Liver (Merck, #219402), and Cathepsin G from human
leucocytes (Merck, #C4428). In detail, 300 μg/ml of Boskar4 (23 μM) or rhG-CSF
(μM) were incubated with Cathepsin D (10 μg/ml) in 0.1 M NaOAc, 0.2 M NaCl,
pH 3.5, ADAM10 (5 μg/ml) in 25 mM Tris, 2 μM ZnCl2, 0.005 % (w/v) Brij-35, pH
9.0, Cathepsin L (50 μg/ml) and Cathepsin G (0.5 U/μl) in phosphate buffered
saline, pH 7.4, at 37 °C. Samples were taken after 5, 15, and 30 min and the reaction
was stopped immediately by addition of SDS sample buffer (450 mM Tris–HCl,
12% glycerol, and 10% SDS) and flash-freezing in liquid nitrogen. For analysis
frozen samples were heated at 85 °C for 10 min and loaded on Novex™ 16 % Tricine
Protein Gels (Thermo Fisher Scientific, #EC6695). Protein gels were incubated
overnight in fixing solution (30% ethanol, 10% acetic acid) and stained using
colloidal Coomassie dye (Serva, #35050).

NMR structure determination. All spectra were recorded at 310 K on Bruker
AVIII-600 and AVIII-800 spectrometers. All spectra were acquired for samples of
Boskar4 in PBS buffer with a concentration between 400 and 800 µM, where the
measuring temperature throughout (showing best dispersion) was 313 K. Backbone
sequential and aliphatic side chain assignments were completed using standard
triple resonance experiments (HNCO, HNCA, HNCAB, CC(CO)NH-TOCSY). A
CCH-TOCSY experiment was used to aid aliphatic sidechain assignments. The
CNH-NOESY for CoMAND analysis was acquired at 800MHz with a mixing time
of 80 ms, and consisted of 112 complex time points in the 13C dimension, pro-
cessed to 256 points in the final matrix. The experimental strips extracted for each
residue have been submitted with the PDB entry for the boskar4 structure. Two
further NOESY spectra were acquired at 800MHz: a 13C-HSQC NOESY and a 2D-
NOESY spectrum acquired with suppression of signals from 15N-bound protons,
which is intended to isolate contacts to aromatic protons. The latter aided aromatic
assignment by linking aromatic spin systems to the respective CβH2 protons.

Structures were determined using the CoMAND method, which exploits the
high accuracy that can be obtained in back-calculating NOESY spectra with
indirect 13C dimensions33. The CoMAND method involves spectral decomposition
of one-dimensional sub-spectra extracted from a 3D-CNH-NOESY spectrum34.
These sub-spectra (strips) are chosen from a search area centred on assigned
15N-HSQC positions and thus contain cross-peaks to a specific amide proton. For
residues with overlapping search areas, strips were extracted at the estimated
maximum for each component, and a scaling factor calculated expressing the
contribution of each component to the strip. These 1D strips were decomposed
against a library of spectra back-calculated by systematic sampling over a local
dihedral angle space, yielding estimates of backbone and side chain dihedral angles
for each residue. Although it is possible to decompose even heavily overlapped
strips with this procedure33, we did not do so here, due to the relatively low
number of such cases. Later stages of the protocol involve conformer selection
aimed at minimising a quantitative R-factor expressing the match between the
experimental strips and back-calculated spectra, or a fold-factor designed to isolate
the contribution to the R-factor from long-range NOESY contacts33.

For initial model building, unrestrained Rosetta ab initio72 folding simulations
were performed and generated 10,222 decoys. The corresponding CNH-NOESY
spectra of these decoys were back-calculated to evaluate the structure-averaged
fold-factors. The decoy with the lowest fold-factor was used to seed five
independent unrestrained molecular dynamics simulations. These refinement
simulations were carried out using the CHARMM36 force field73 in explicit solvent
using the polarisable TIP3P water model. Trajectories of a total length of
approximately 1 µs were run, with frames collected every 100 ps. An initial refined
ensemble was compiled through a global greedy minimisation of the R-factor as
previously described33, which converged on a total of 12 frames.

The 12 selected frames represent a thermodynamically relevant ensemble,
thermalized to the experiment’s temperature (313 K). It may not, however,
optimise R-factors well, as this depends on the ability of the MD trajectory to
reproduce the distributions of conformers present in the sample, particularly for
sidechain rotamers. To optimise R-factors further, we have developed an extended
protocol that proceeds via a restrained intermediate ensemble. Restraints for this
ensemble were derived from sub-sets of the trajectory selected by greedy R-factor
optimisation for single residues. These typically converge on R-factors close to the
noise level, and the distributions of backbone dihedrals, sidechain rotamers,
H-bond parameters and other distances extracted from these subsets are thus
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directly associated with low R-factors. This procedure was applied for all 107
observed strips, while jointly optimising any strips with overlapped intensities.
Restraints derived in this manner were supplemented by 56 NOE contacts
identified using the initial ensemble as a bootstrapping model. These were
primarily well-resolved contacts between aromatic sidechains and methyl groups
observed either in a 13C-HSQC-NOESY or in a 2D NOESY acquired with
suppression of signals from 15N-bound protons. The extracted restraints are
summarised in Table S2.

The intermediate ensemble was calculated in Xplor-NIH74 using short, low-
temperature simulated annealing runs, cooling from 300 to 100 K via 2000 steps of
molecular dynamics in vacuo (timestep 3 fs) with randomised initial velocities.
Each of the 12 structures from the initial ensemble was used to calculate five
restrained models. Each of these 60 models was then used to seed short,
unrestrained simulated annealing runs using a similar protocol, primarily aimed at
exploring surface sidechain conformations. Each run yielded a further five models
and the intermediate ensemble was formed by pooling the 360 resulting restrained
and unrestrained frames. A final set of 17 structures was selected by applying
greedy optimisation over all available strips. Accordingly, the selected ensemble
had improved R-factors relative to the initial ensemble, but can no longer be
considered thermodynamically relevant. In this respect it is closer in nature to
conventionally calculated structures based on NMR-derived restraints, however it
differs in that individual structures are allowed to deviate from restraints. For this
reason, restraint violations are not tabulated in Table S2.

For one residue, E23 at the C-terminus of α1, greedy optimisation failed to
produce R-factors commensurate with the quality of the strip, while factorisation
suggested a backbone polymorphism. This had not been resolved during greedy
optimisation, as it had not been adequately sampled in Rosetta model building, nor
during the MD simulations (Supplementary Fig. 12). The polymorphism was
localised to the backbone ψ angle of L22. To accommodate this, the α1–α2 loop was
remodelled by restraining L22 to either the canonical helical angles derived from
the greedy optimisation (φ/ψ=−56 ± 10°/−31 ± 8°), or the alternate conformer
suggested by factorisation ψ=−135 ± 30°. These restraints were applied during
further simulated annealing rounds, where the residues of the α1–α2 loop were free
(L22–L29) and all other coordinates fixed. Loop models were selected to optimise
R-factors for residues across the segment. This procedure also identified multiple
backbone conformations for S26, despite the low signal-to-noise of this strip.

The 15N{1H}-heteronuclear NOE experiment75 was acquired at 800MHz as a
pseudo-3D spectrum with interleaving of data points. The reported values are the
ratio of the intensity for each residue in an experiment with NOE mixing (mixing
time 3 s) versus a reference without mixing. MEXICO water exchange
experiments76 were acquired as a pseudo-3D spectrum at 800MHz with 5 mixing
times (τ) spaced linearly between 50 and 250 ms. The reported values are time
constants for backbone amide water exchange processes, calculated for each residue
by first subtracting and then normalising by a reference value representing τ= 0.
The resulting exponential was fitted after linearising using the polyfit routine
in NumPy.

NFS-60 cell proliferation analysis. NFS-60 cells were cultured in IL-3-containing
RPMI 1640 medium, supplemented with L-glutamine, 10% KMG-5 and 10% FBS
(CLS, cell line services). Before each assay, cells were pelleted and washed three
times with cold non-supplemented RPMI 1640 medium. After the last washing
step, cells were diluted at a density of 6 × 105 cells/ml in RPMI 1640 containing
glutamine and 10% FBS. In order to analyse cell proliferation, NFS-60 cells were
grown in the presence of varying concentrations of G-CSF wild-type and designed
variants. For this, five-fold dilution series were prepared from stock solutions of
wild-type G-CSF (40 ng/ml) and the designs (40 μg/ml) in RPMI 1640 medium
supplemented with glutamine and 10% FBS. 75 μl of each dilution were mixed with
the same volume of washed cells in a 96-well plate yielding a final cell density of
3 × 105 cells/ml and G-CSF concentrations varying from 0.00001 to 20 ng/ml for
wild-type and 0.01–20,000 ng/μl for the designs. Each 96-well plate contained
triplicates of each dilution and the according blanks, including wells containing
cells seeded in RPMI 1640 medium supplemented with L-glutamine, 10% KMG-5
and 10% FBS (cls, cell line services) and wells containing medium only. For end-
point analysis, following incubation for 48 h at 37 °C and 5% CO2, 30 μl of the
redox dye resazurin (CellTiter-Blue® Cell Viability Assay, Promega) was added to
the wells, and incubation was continued for another hour. Cell viability was
measured by monitoring the fluorescence of each well at a H4 Synergy Plate Reader
(BioTek) using the following settings: excitation= 560 ± 9 nm, Emission= 590 ±
9 nm, read speed= normal, delay= 100 ms, measurements per data point= 10.
The data were analysed and curves were plotted applying a four-parameter sigmoid
fit using SigmaPlot (Systat Software). For time-kinetics analysis, cells were mon-
itored for 136 h in the IncuCyte S3 Live-Cell Analysis System (Essen Bio) with a
×10 objective. Cell proliferation was analysed using IncuCyte S3 Software.

Surface plasmon resonance (SPR) binding assays. Multi-cycle kinetics experi-
ments were performed on a Biacore X100 system (GE Healthcare Life Sciences).
G-CSF Receptor (G-CSFR) (R&D systems 381-GR-050/CF) was diluted to 50 μg/
ml in 10 mM acetate buffer pH 5.0 and immobilised on the surface of a CM5 sensor
chip (GE Healthcare 29149604) using standard amine coupling chemistry. The
designs and rhG-CSF (USP RS Filgrastim, Sigma-Aldrich 1270435) were diluted in

running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% v/v
Tween-20). Analyses were conducted at 25 °C at a flow rate of 30 μl/min. Five
sequential 2-fold increasing concentrations of the sample solution (for Boskar3 and
Boskar4 from 5 to 80 nM; for Boskar4_t2 from 2.5 to 40 nM; for Boskar4_st2 from
6.5 to 100 nM; for rhG-CSF from 4 to 64 nM) were injected over the functionalized
sensor chip surface for 180 s, followed by a 360 s dissociation with running buffer.
At the end of each run, the sensor surface was regenerated with a 60 s injection of
10 mM glycine–HCl pH 2.0. The reference responses and zero-concentration
sensograms were subtracted from each dataset (double-referencing). Association
rate (ka), dissociation rate (kd), and equilibrium dissociation (Kd) constants were
obtained using the linearization method described in ref. 77 and were derived as
follows. Global fitting of the association curves to a 1:1 interaction model was
performed using the following equation:

ΓðtÞ ¼ ΓGG � ΓGG � e�kobs �t ð1Þ

where Г(t) describes the surface load capacity over time (t), ГGG is the equilibrium
surface load capacity, and kobs is the observed binding rate constant. The previous
equation was rewritten as:

ΓðtÞ ¼ cþ a � e�b�t

where the parameters a, b, and c were fit to the data to minimise the value of χ2 ,
which is evaluated by the expression:

χ2 ¼
∑ðΓfit � ΓobsÞ

2

n� p
ð2Þ

where Гfit is the Г(t) function with minimum sum of squared deviations from the
observed sensogram Гobs, n is the number of data points (n= 900), and p is the
number of parameters fitted by optimiser (p= 3). The optimisation was performed
using the Nelder–Mead method at a tolerance of 10−12 and a maximum number of
106 iterations. The optimisation bounds for parameters a, b, and c were (−7 × 102,
0), (10−4, 10−1), (0, 7 × 102), respectively. After fitting, the resulting kobs values
were plotted against the corresponding analyte concentrations (C) to perform a
linear regression according to the following equation:

kobs ¼ ka � C þ kd ð3Þ

where ka represents the slope, and kd represents the y-axis intercept of the linear fit.
The dissociation constant Kd was calculated as follows:

Kd ¼
kd
ka

ð4Þ

To measure the dispersion of a dataset, five additional linear fits of kobs(C)
function were performed as described above, but excluding one analyte
concentration at a time. Standard deviations of ka, kd, and Kd values were calculated
as follows:

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑ðxi � �xÞ2

N � 1

s

ð5Þ

where xi is the value of ka, kd, or Kd derived from the ith linear fit, �x is the mean
value of ka, kd, or Kd, and N is the total number of performed linear fits (N= 5).

CRISPR/Cas9-sgRNA RNP-mediated CSF3R KO in NFS-60 cells. A specific
guide RNA (sgRNA) for knock-out of the CSF3R gene (cut site: chr4
[+126.029.810: −126.029.810], NM_007782.3 and NM_001252651.1, exon 4,
112 bp after ATG; NP_031808.2 and NP_001239580.1 p.L38) was designed using
CCTop at (http://crispr.cos.uni-heidelberg.de)78. Electroporation of NFS-60 cells
was carried out using the Amaxa nucleofection system (SF cell line 4D-
Nucleofector kit, #V4XC-2012) according to the manufacturer’s instructions.
Briefly, 1 × 106 cells were electroporated with assembled sgRNA (8 µg) and HiFi
Cas9 nuclease protein (15 µg) (Integrated DNA Technologies). Clonal isolation of
single-cell derived NFS-60 cells was performed by limiting dilution followed by an
expansion period of 3 weeks. Genomic DNA of each single-cell derived NFS-60
clones was isolated using QuickExtract DNA extraction solution (Lucigen
#QE09050). PCR was carried out with mouse CSF3R-specific primers (forward: 5′-
GGCATTCACACCATGGGGCACA-3′, reverse: 5′-GCCTGCGTGAAGCT
CAGCTTGA-3′) and the GoTaq Hot Start Polymerase Kit (Promega, #M5006)
using 2 µl of gDNA template for each PCR reaction. In vitro cleavage assay was
done by adding 1 µM Cas9 RNP assembled by the same sgRNA used for the knock-
out experiment to 3 µl of each PCR product. The PCR reactions were incubated at
37 °C for 60 min and run on a 1% agarose gel. The PCR products that showed no
cleavage were purified by ExoSAP (ratio 3:1), which is a master mix of one-part
Exonuclease I 20 U/µl (Thermo Fisher Scientific, #EN0581) and two parts of
FastAP thermosensitive alkaline phosphatase 1 U/µl (Thermo Fisher Scientific,
#EF0651). Sanger sequencing of purified PCR products was performed by
Microsynth and analysed using the TIDE (Tracking of Indels by Decomposition)
webtool79.

Evaluation of time-dependent effects of the designs on the proliferation of

CD34+ HSPCs and NFS-60 cells. Cells were incubated in poly-L-lysine-coated
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96-well plates (2 × 104 cells/well) in an IncuCyte S3 Live-Cell Analysis System
(Essen Bio) with a ×10 objective at 37 °C and 5% CO2, and cell proliferation over
time was analysed. The CD34+ HSPC cell culture medium contained Stemline II
Hematopoietic Stem Cell Expansion medium (Sigma Aldrich; #50192) supple-
mented with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine and 1 µg/ml
Boskar3, 1 µg/ml Boskar4, or 100 ng/ml rhG-CSF. Cell proliferation was analysed
using IncuCyte S3 Software.

Colony-forming unit (CFU) assay of human HSPCs. CD34+ HSPCs at a con-
centration of 1 × 104 cells/ml were plated in 35 mm cell culture dishes in 1 ml
Methocult H4230 medium (Stemcell Technologies) supplemented with 2% FBS,
10 µg/ml 100× Antibiotic–Antimycotic Solution (Sigma) and 50 ng/ml rhG-CSF, or
1 µg/ml Boskar3 or Boskar4. Cells were cultured at 37 °C and 5% CO2. Colonies
were counted on day 10–14.

In vitro granulocytic differentiation of HSPCs. Human CD34+ HSPCs were
isolated from the bone marrow mononuclear cell fraction of two healthy donors by
magnetic bead separation using the Human CD34 Progenitor Cell Isolation Kit
(Miltenyi Biotech Germany; #130-046-703). CD34+ cells were cultured at a density
of 2 × 105 cells/ml in Stemline II Hematopoietic Stem Cell Expansion medium
(Sigma Aldrich; #50192) supplemented with 10% FBS, 1% penicillin/streptomycin,
1% L-glutamine and 20 ng/ml IL-3, 20 ng/ml IL-6, 20 ng/ml TPO, 50 ng/ml SCF,
and 50 ng/ml FLT-3L. For liquid culture granulocytic differentiation, expanded
CD34+ cells (2 × 105 cells/ml) were incubated for 7 days in RPMI 1640 GlutaMAX
supplemented with 10% FBS, 1% penicillin/streptomycin, 5 ng/ml SCF, 5 ng/ml IL-
3, 5 ng/ml GM-CSF and 10 ng/ml rhG-CSF, 1 µg/ml of Boskar3 or Boskar4, or
100 ng/ml of Boskar4_t2 or Boskar4_st2 (10 ng/mL of Boskar4_t2 or Boskar4_st2
were also tested in some experiments as indicated in the Fig. 7). Medium was
exchanged every second day. On day 7, medium was replaced by RPMI 1640
GlutaMax supplemented with 10% FBS, 1% penicillin/streptomycin and 10 ng/ml
rhG-CSF, or 1 µg/ml of Boskar3, or 1 µg/ml of Boskar4, or 10 or 100 ng/ml Bos-
kar4_t2, or 10 or 100 ng/ml Boskar4_st2, or PBS. Medium was exchanged every
second day until day 14. On day 14, cells were analysed by flow cytometry on a
FACSCanto II instrument using the following antibodies: mouse anti-human CD45
(Biolegend; #304036), mouse anti-human CD11b (BD; #557754), mouse anti-
human CD15 (BD; #555402), mouse anti-human CD16 (BD; #561248), and mouse
anti-human CD66b (BD; #555724). For all FACS analyses, vital mononuclear cells
were selected, and doublets were excluded based on scatter characteristics.

Cell morphology was evaluated on cytospin preparations on day 14 of culture.
10 × 104 cells per cytospin slide were centrifuged at 400 × g for 5 min at room
temperature using a Thermo Scientific cytospin 4 cytocentrifuge. Wright-Giemsa-
stained cytospin slides were prepared using a Hema-Tek slide stainer (Ames) and
evaluated using a Nikon Eclipse TS 100 microscope with a ×10 objective.

Assessment of phagocytosis kinetics. Neutrophils from day 14 of liquid culture
differentiation were cultured in RPMI 1640 medium supplemented with 0.5 % BSA
and pHrodo Green E. coli Bioparticles Conjugate (Essen Bio; #4616) according to
the manufacturer’s protocol (Essen Bio) at 37 °C and 5% CO2. Briefly, 1 × 104 cells
were seeded in 90 µl medium, and 10 µg of Bioparticles were added to a final
volume of 100 µl. The cells were monitored for 8 h in an IncuCyte S3 Live-Cell
Analysis System (Essen Bio) with a ×10 objective. The analysis was conducted in
IncuCyte S3 Software.

In vitro reactive oxygen species (ROS) production assay. Cells were seeded at a
density of 1 × 105 cells/ml with or without 10 nM fMLP (Sigma, #F3506) and
incubated for 30 min at 37 °C and 5% CO2. The level of hydrogen peroxide (H2O2),
a reactive oxygen species (ROS), was measured with the ROS-Glo H2O2 Assay kit
(Promega, #G8820) according to the manufacturer’s protocol.

Quantitative analysis of NETosis formation. Ex vivo generated neutrophils were
seeded at a density of 2 × 104 per well in a poly-L-lysin-coated 96-well plate in
RPMI without phenol red supplemented with 0.5% BSA and 250 nM IncuCyte®

Cytotox Green Dye (Incucyte #4633). NETosis was induced by adding 0,5 µM
Phorbol-12-myristate-13-acetate (PMA). Cells were analysed every 30 min at ×20
magnification on the IncuCyte S3 Live cell analysis system. Data analysis was
performed using IncuCyte Basic Software, as recommended by the manufacturer.

Chemotaxis. Neutrophils were isolated from peripheral blood of healthy donors
using EasySep Direct Human Neutrophil isolation kit (StemCell technologies
#19666) and resuspended in assay medium RPMI (Gibco, # 72400-054) supple-
mented with 0.5% FBS (Sigma Aldrich, # A8412-100) at a density of 8.3 × 105/ml.
The pre-cooled IncuCyte ClearView migration plate, including insert and reservoir
plate (Essen BioScience, cat. 4582), were coated with recombinant human fibro-
nectin fragment (Takara Clonetech, #T100B) and incubated at room temperature
for 60 min. After fibronectin was removed, an insert was placed in a new reservoir
plate filled with 200 μl of PBS, and 60 μl of neutrophil cell suspension (5000 cells/
well) with or without rhG-CSF, Boskar4_t2 and Boskar4_st2 at a final con-
centration of 10 ng/ml were loaded into the insert, followed by incubation at room

temperature for 45 min in a sterile condition. After that, the inserts were placed in a
fibronectin-coated reservoir plate containing 200 μl/well of rhG-CSF, Boskar4_t2
and Boskar4_st2 at a concentration of 100 ng/ml or control medium (RPMI with
0.5% FBS). The plate was placed into an IncuCyte S3 Live cell analysis system. After
30 min of incubation at 37 °C, recurrence scanning at ×10 magnification for every
45 min was scheduled for 24 h, according to the manufacturer’s manual. The
IncuCyte’s automated algorithms quantified the chemotaxis of neutrophils, using
whole-well images of the insert membrane from the top of the ClearView migration
plate. The chemotaxis results were reported as a decrease of cell numbers on the
top side area of the membrane.

Neutrophil reporter zebrafish experiments. The mpx:gfp Zebrafish reporter line
was used as a readout for neutrophil number. The embryos were collected at 1.5-
day post fertilization (dpf) and anaesthetised with 0.1% MS 222 (tricaine
methansulfonate), then injected with 4 nl of Moevan_control (16 ng), rhG-CSF
(8 ng), Boskar_t2(16 ng), or Boskar_st2 (16 ng) proteins into the cardinal vein.
After the injection by one and three days, embryos were positioned and orientated
laterally within cavities formed in 1% agarose on a 96-well plate and imaged by a
Nikon-stereomicroscope (SMZ18). Imaris software was used to count the number
of neutrophils (GFP-positive cells) in each embryos in the tail region. Fold-change
of the cell numbers were calculated by normalising to the average of uninjected
mpx:gfp groups.

Induction of granulopoiesis by designed proteins in C57BL/6 mice. B6.SJL-
PtprcaPepcb/BoyCrl mice (Ly5.1 mice) were maintained under pathogen-free
conditions in the research animal facility of the University of Tübingen, according
to German federal and state regulations (Regierungspräsidium Tübingen, M 05-
20G). Mice, aged between 6 and 8 weeks, were treated with intraperitoneal injec-
tions (i.p.) of rhG-CSF, Boskar4, Boskar4_t2, or Boskar4_st2 at a concentration of
300 µg/kg every second day for a total of five injections. Mice were sacrificed one
day after the last injection. Mice in the control group were treated with PBS, or
Moevan_control using the same schema. Bone marrow cells were isolated by
flushing with a 22 G syringe, and filtered through a 0.45 µm cell strainer prior to
counting and staining for flow cytometry analyses. Cells were stained with DAPI
(Sigma#D9542), anti-mouse CD45.1 PerCP (Biolegend#110725), anti-mouse Ly6C
AF488 (Biolegend#128022), and anti-mouse Ly6G APC (Biolegend#127614). Flow
cytometry was carried out on a FACS Canto II (BD), and data were analysed using
FlowJo (BD). Vital mononuclear cells were selected, and doublets were excluded
based on scatter characteristics. Gates were set according to fluorescence minus one
(FMO) controls.

Analysis of signalling effector activation in CD34+ HSPCs. CD34+ cells were
cultured in Stemline II Hematopoietic Stemcell Expansion Medium (Sigma-
Aldrich; #50192) supplemented with 10% FBS (Sigma-Aldrich; #F7524), 1% L-
glutamine (Biochrom; #K0283), 1% penicillin/streptomycin (Biochrom; #A2213)
and a premixed cytokine cocktail containing IL-3 (PeproTech; #200-03), IL-6
(Novus Biologicals; #NBP2-34901), TPO (R&D Systems; #288-TP200), rhSCF
(R&D Systems; #255-SC-200) and Flt-3L (BioLegend; #550606). Final concentra-
tions were 20 ng/ml for IL-3, IL-6 and TPO, and 50 ng/ml for SCF and Flt-3L. On
day 6 of culture, serum- and cytokine-starved (4 h) CD34+ HSPCs were treated
with 20 ng/ml of rhG-CSF, 10 μg/ml of Boskar3 or 10 μg/ml of Boskar4 for 30 or
60 min, fixed in 4% PFA (Merck; #P6148) for 15 min at room temperature, and
permeabilised by slowly adding ice-cold methanol (C. Roth; #7342.1) to a final
concentration of 90% and incubating for 30 min. Cells were left overnight in
methanol at −20 °C and stained on the next day by incubation for 20 min on ice in
PBS/2% BSA with specific antibodies recognising the phosphorylated signalling
effectors, phospho-Stat3 (Tyr705) (D3A7) XP rabbit mAb (Cell Signalling; #9145);
phospho-Stat5 (Tyr694) (C11C5) rabbit mAb (Cell Signalling; #9359); phospho
AKT (Thr308) (244F9) rabbit mAb (Cell Signalling; #4056S), and phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (E10) mouse mAb (Cell Signalling; #9106), or
the respective Alexa Fluor 488-conjugated isotype control antibody, anti-mouse
IgG (H+L) F(ab’)2 fragment (Cell Signalling; #4408) or goat anti-rabbit IgG H+L
(Abcam; #ab150077). Thereafter, cells were washed twice in ice-cold PBS/2% BSA
and analysed by FACS. The background-corrected fluorescence signal was dis-
tinguished from the corresponding phosphorylated proteins by subtracting the
fluorescence signal of the appropriate isotype control, estimated at each time point
of stimulation, from the specific phospho-protein signal.

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

Data availability
The data that support this study are available from the corresponding authors upon
reasonable request. The NMR structural data generated in this study have been deposited
in the Protein Data Bank under the accession code 7NY0, and in the Biological Magnetic
Resonance Data Bank under the accession code 34613. Source data are provided with
this paper.
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SUMMARY

Severe congenital neutropenia (CN) is a pre-leukemic bonemarrow failure syndrome that can evolve to acute

myeloid leukemia (AML). Mutations in CSF3R and RUNX1 are frequently observed in CN patients, although

how they drive the transition from CN to AML (CN/AML) is unclear. Here we establish a model of stepwise

leukemogenesis in CN/AML using CRISPR-Cas9 gene editing of CN patient-derived iPSCs. We identified

BAALC upregulation and resultant phosphorylation of MK2a as a key leukemogenic event. BAALC deletion

or treatment with CMPD1, a selective inhibitor of MK2a phosphorylation, blocked proliferation and induced

differentiation of primary CN/AML blasts and CN/AML iPSC-derived hematopoietic stem and progenitor cells

(HSPCs) without affecting healthy donor or CN iPSC-derived HSPCs. Beyond detailing a useful method for

future investigation of stepwise leukemogenesis, this study suggests that targeting BAALC and/or MK2a

phosphorylation may prevent leukemogenic transformation or eliminate AML blasts in CN/AML and

RUNX1 mutant BAALC(hi) de novo AML.

INTRODUCTION

Pre-leukemia bone marrow (BM) failure syndromes are charac-

terized by abnormal differentiation and functions of hematopoi-

etic stem and progenitor cells (HSPCs). They frequently culmi-

nate in the development of myelodysplastic syndrome (MDS)

or acute myeloid leukemia (AML) (Alter, 2017; Collins and Dokal,

2015; Feurstein et al., 2016; Göhring et al., 2007; Savage andDu-

four, 2017; Skokowa et al., 2007, 2017; Wegman-Ostrosky and

Savage, 2017). The prevailing hypothesis of leukemia develop-

ment in inborn pre-leukemia syndromes postulates that homeo-

stasis, self-renewal, proliferation, or differentiation of HSPCs is

disturbed because of inherited mutations (Alter, 2017; Collins

andDokal, 2015; Feurstein et al., 2016; Göhring et al., 2007; Sko-

kowa et al., 2007, 2017; Wegman-Ostrosky and Savage, 2017).

These ‘‘unfit’’ HSPCs are exposed to constant stress through

intrinsic HSPCs defects and extrinsic abnormalities within the

HSPC niche, which together may lead to the acquisition of muta-

tions and/or chromosomal abnormalities in leukemia-associated

genes (Quentin et al., 2011; Skokowa et al., 2017). The back-

ground of an inherited disease can create selective pressure

that supports the outgrowth and evolution of mutant HSPCs

clones (Lensch et al., 1999). Severe congenital neutropenia

(CN) is a pre-leukemia syndrome that, in the majority of patients,

906 Cell Stem Cell 28, 906–922, May 6, 2021 ª 2021 Elsevier Inc.
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is caused by heterogeneous ELANEmutations encoding neutro-

phil elastase (NE) (Dale et al., 2000). The HSPCs of CN patients

fail to differentiate into neutrophilic granulocytes, without any se-

vere maturation defects in other blood lineages (Skokowa et al.,

2007, 2017; Welte and Dale, 1996; Welte et al., 2006). The cumu-

lative incidence of MDS or AML in CN patients is approximately

20% after 20 years (Rosenberg et al., 2006, 2010; Skokowa

et al., 2017). Exposure of CN HSPCs to high concentrations of

granulocyte colony-stimulating factor (G-CSF) partially reverses

granulocytic maturation defects (Skokowa et al., 2017; Welte

et al., 2006). However, there is a correlation between susceptibil-

ity to G-CSF therapy and frequency of leukemia (Rosenberg

et al., 2006, 2010). We recently reported a high frequency of ac-

quired cooperative mutations inCSF3R (encoding the G-CSF re-

ceptor) and RUNX1 (runt-related transcription factor 1) in 55% of

CN/AML patients (31 patients were studied) (Skokowa et al.,

2014). Recently, we described a clinical case of two cyclic neu-

tropenia (CyN) patients with acquired CSF3R mutations. One of

these patients co-acquired RUNX1 mutation, trisomy 21, and

developed AML (Klimiankou et al., 2016a). In the majority of

CN and CyN patients who developed AML or MDS, the emer-

gence of HSPCs clones carrying a CSF3R mutation preceded

the co-acquisition of RUNX1 mutations in the same cells (Sko-

kowa et al., 2014). The mechanism of leukemogenic transforma-

tion of HSPCs downstream of acquired CSF3R and RUNX1

mutations on the pathological background caused by CN-

associated inherited mutations is unclear. CSF3R mutations

are stop-codon mutations localized in the intracellular domain

of the G-CSF receptor, which is responsible for the inhibition of

STAT5-mediated proliferative signals by SOCS3, and the activa-

tion of STAT3-dependent differentiation (Dong et al., 1995, 1997;

Germeshausen et al., 2008; Gupta et al., 2014; Klimiankou et al.,

2016b; Skokowa et al., 2007). Missense and nonsense RUNX1

mutations in the DNA-binding Runt homology domain (RHD),

or truncating mutations in the transactivation domain (TAD),

have been detected in CN/AML patients (Beekman et al., 2012;

Skokowa et al., 2014). Numerous studies have reported a diver-

sity of mechanisms underlying the pathogenesis of missense

and nonsense RUNX1 mutations (Harada and Harada, 2011;

Imai et al., 2000; Michaud et al., 2002). Most of these studies

are performed in a mouse system or by overexpressing mutated

RUNX1. Interestingly, RUNX1 maps to chromosome 21, and

leukemic blasts from some CN/AML patients harbor trisomy 21

(Skokowa et al., 2014). Thus, the ratio of mutant to wild-type

(WT) RUNX1 alleles may contribute to leukemogenesis.

The establishment of a viable experimental model would be

essential for studying multistep leukemogenesis in CN. Trans-

genic mice with a knockin of the human ELANE mutation

exhibit no neutropenia phenotype under steady-state conditions

(Nanua et al., 2011). Despite some limitations, patient-specific

induced pluripotent stem cells (iPSCs) are an excellent alterna-

tive to animal models. Generation of CN patient-specific iPSCs

that recapitulate the maturation arrest of granulopoiesis has

been previously described (Hiramoto et al., 2013; Morishima

et al., 2014; Nayak et al., 2015). iPSCs have been used to study

leukemogenesis and to identify compounds targeting AML

(Chang et al., 2018; Chao et al., 2017; Hsu et al., 2019; Papape-

trou, 2019; Ruiz-Gutierrez et al., 2019;Wesely et al., 2020). Using

CRISPR-Cas9 gene editing, it is possible to introduce distinct

mutations in iPSCs and to study stepwise, stage-specific leuke-

mia progression (Kotini et al., 2017). This approach allows the

development of leukemia models to compare different types of

mutations (e.g., missense versus nonsense) in endogenously ex-

pressed proteins (e.g., RUNX1).

In the present study, we established an in vitromodel of leuke-

mia evolution in CN using patient-derived iPSCs and CRISPR-

Cas9-mediated introduction of gene mutations. Using this

model, we described the upregulation of BAALC (brain and

acute leukemia, cytoplasmic) as a key leukemogenic event. We

identified a small-molecule inhibitor of MK2a phosphorylation

that targets CN/AML blasts without affecting healthy HSPCs.

This strategy could be applied to treat CN/AML or de novo

AML patients with RUNX1 mutations and/or elevated BAALC

expression.

RESULTS

Missense RUNX1mutations are associated with trisomy

21 in CN/AML patients

A comparison of cytogenetic abnormalities and type of acquired

RUNX1 mutations in 23 CN/AML patients revealed that 7 of 14

CN/AML patients with missense RUNX1 mutations only co-ac-

quired numerical or structural abnormalities of chromosome 21

(trisomy 21, add [21q]). In contrast, tetrasomy 21 was detected

in 1 of 5 CN/AML patients with nonsense or frameshift RUNX1

mutations (Table S1). Digital PCR (dPCR) revealed two copies

of mutated missense RUNX1 in two CN/AML and one CyN/

AML patient with trisomy 21, suggesting a crucial role of the

dosage of missense RUNX1 for leukemia initiation (Figure 1A;

Figure S1A).

iPSCmodel of stepwise leukemogenic transformation in

CN/AML

We generated iPSCs from two CN/AML patients harboring

ELANE mutations, p.C151Y and p.G214R (Figure 1B). Using

mononuclear cells (MNCs) isolated from peripheral blood

(PBMNCs) of CN patient 1 at time of overt AML, we generated

an iPSC clone carrying ELANE p.C151Y mutation only (CN1)

and two iPSC clones carrying ELANE mutation and acquired

nonsense CSF3R p.Q741X mutation in combination with

missense RUNX1 p.R139G mutation and trisomy 21 (CN/

AML1.1 and 1.2) (Figures S2A and S2B). dPCR showed one

of mutant RUNX1 allele, whereas in overt AML, 59%–68% of leukemia cells acquired RUNX1 mutations, indicating the gain of a second mutant RUNX1 allele.

Data are represented as mean ± SD.

(B) A stepwise in vitro model of leukemogenesis in congenital neutropenia through the generation of patient-specific iPSCs and the insertion of additional

mutations using CRISPR-Cas9 gene editing. Top panel represents the timescale of leukemic transformation in CN/AML patients; bottom panel represents the

generation of single iPSC clones for specific time points during disease progression.

(C) dPCR analysis of the allele frequency of WT and mutant (p.R139G) RUNX1 in CD45+ cells derived from CN1, CN/AML1.1, and CN/AML1.2 iPSCs.

See also Figures S1 and S2 and Table S1.
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copy of WT and two copies of mutated RUNX1 in iPSCs and

CD45+ cells (Figure 1C), in line with observations in primary

CN/AML blasts. Using CRISPR-Cas9 gene editing (Table S2),

we generated two iPSC lines, one carrying the heterozygous

CSF3R mutation p.Arg734SerfsX35 (CN1+CSF3R R734fs) and

another carrying the compound heterozygous CSF3Rmutations

p.Gln741AsnfsX59 and p.Ser742PhefsX29 (CN1+CSF3R

Q741fs) (Figure 1B; Figures S2C and S2D).

iPSC clones of CN patient 2 carrying ELANE p.G214R muta-

tion only (CN2) or ELANE mutation and acquired CSF3R

p.Q743X mutation (CN2+CSF3R Q743X+/�) were generated

from BMMNCs isolated at AML stage (Figure 1B; Figure S2A).

Heterozygous frameshift RUNX1 p.Glu175SerfsX7 mutation

was introduced in CN2+CSF3R Q743X+/� iPSC clone using

CRISPR-Cas9 (CN/AML2) (Figure 1B; Figure S2E).

We observed no off-target effects in the CRISPR-Cas9 gene-

edited iPSCs (Table S3). Array-CGH confirmed no chromosomal

abnormalities in CN1 iPSC clone, trisomy 21 in CN/AML1.1 and

1.2 iPSC clones, and the additional gain of a part of chromosome

12 in CN/AML1.1 iPSC clone (Figure S2B). The chromosome 12

gain is a frequent finding during iPSC maintenance, reflecting

high proliferation of these cells (Liang and Zhang, 2013). No

chromosomal abnormalities were detected in iPSC clones

derived from CN patient 2 (Figure S2B).

All iPSC lines expressed pluripotent stem cell markers (Figures

S3A–S3C), displayed alkaline phosphatase activity (Figures S3D

and S3E), differentiated into three germ layers (data not shown),

and had inactivated lentiviral plasmid used for reprogramming

(Figures S3A and S3B).

Impaired differentiation and elevated proliferation of

CN/AML iPSC-derived HSPCs

We performed in vitro embryoid body (EB)-based hematopoietic

andmyeloid differentiation (Dannenmann et al., 2020; Lachmann

et al., 2015) in generated iPSC lines (Figure S4A). The propor-

tions of immature cells showed only slight differences between

CN1 and CN/AML1 iPSC lines (Figure 2A; Figure S4B). For CN/

AML2, the percentages of CD45+CD34+ and CD34+CD43+ cells,

but not of CD41a+CD235a+CD45� cells, were increased

compared with CN2 (Figure 2B; Figure S4C).

To assess proliferation, HSPCs were collected at day 14 of EB

differentiation and cultured on FLT3-L-secreting feeder cells. We

observed a substantial increase in proliferation of CN/AML iPSC-

derived HSPCs from both patients compared with CN or healthy

donor (HD) HSPCs (Figures 2C and 2D). Proliferation of HSPCs

expressing mutated CSF3R was significantly higher than in CN

cells, but much lower than in CN/AML cells (Figures 2C and

2D). Granulocytic differentiation was markedly reduced in CN

and CN-CSF3R iPSCs compared with HD iPSCs and practically

abolished in CN/AML iPSCs (Figures 2E and 2F). Morphological

analysis of cytospin preparations revealed almost no mature

granulocytes in CN/AML samples (Figures 2G and 2H). CD34+

cells derived from CN iPSCs produced smaller numbers of

CFU-G and CFU-GM colonies compared with HD iPSCs. These

numbers were further decreased in CSF3R-mutated CN iPSCs

and CN/AML iPSCs (Figures 2I and 2J).

AML-associated gene expression signature in CN/AML

iPSC-derived HSPCs

We next examined whether top genes that we found to be

upregulated in primary CN/AML blasts (BAALC, HPGDS [he-

matopoietic prostaglandin D synthase], CD34, and CD109

[own unpublished observations of transcriptome studies]) might

be also elevated in CN/AML iPSC-derived HSPCs. We

confirmed increased mRNA levels of BAALC, HPGDS, CD34,

and CD109 in primary blasts of five CN/AML patients carrying

RUNX1 and CSF3R mutations compared with CD34+CD33+

BM cells isolated from three CN patients prior to leukemia devel-

opment (Figure 3A). BAALC,CD34,HPGDS, andCD109 expres-

sion was also increased in CD34+ cells derived from CN/AML1.1

and 1.2 iPSC lines compared with CN1 iPSCs, and BAALC

mRNAwas higher in CN/AML2 HSPCs compared with CN2 cells

(Figures 3B and 3C). BAALC protein was elevated in CN/AML

HSPCs of both patients (Figure 3D).

We further tested whether elevated BAALC level is caused by

mutated RUNX1. Indeed, introduction of mutated RUNX1

(p.R139G or p.R174L) in healthy individuals’ CD34+ cells led to

markedly increased BAALC mRNA, compared with WT RUNX1

transduced cells (Figure 3E).

We have reported elevated levels of STAT5a in primary CN/

AML blasts (Gupta et al., 2014). Here, upregulated STAT5a

mRNA and protein were detected in CN/AML iPSC-derived

HSPCs (Figures 3F–3I). Interestingly, RUNX1 mRNA and protein

expression was markedly increased in CN/AML1 cells with

missense RUNX1 and trisomy 21, whereas in CN/AML2, with

truncated RUNX1, only RUNX1 mRNA was elevated. G-CSFR

Figure 2. Hematopoietic differentiation of CN/AML patient-derived iPSCs

(A and B) Percentage of CD34+ cells derived from CN/AML1 (A) and CN/AML2 (B) iPSCs on day 14 of culture. Data are represented as mean ± SD from two

independent experiments. Group comparisons were done between CN and all other iPSC clones. Significant differences between groups to CN are indicated

(*p < 0.05 and **p < 0.01).

(C and D) Proliferation rate of CD34+ cells derived from CN/AML1 (C) and CN/AML2 (D) iPSCs on day 14 of culture. HSPCs were expanded on SL/SL feeder for

7 days. Data were normalized to healthy donor (HD) control and are represented as mean ± SD from two independent experiments. Significant differences

between groups to CN are indicated (*p < 0.05 and **p < 0.01).

(E and F) Percentage of iPSC-derived granulocytes (CD15+CD16+CD45+ andCD15+CD11b+CD45+) in CN/AML1 (E) andCN/AML2 (F). iPSCswere cultured under

EB differentiation conditions for 32 days. Data are represented as mean ± SD from two independent experiments. Group comparisons were done between CN

and all other iPSC clones. Significant differences between groups to CN are indicated (*p < 0.05 and **p < 0.01).

(G and H) Representative images of iPSC-derived hematopoietic cells at day 32 of differentiation stained withWright Giemsa are shown for CN/AML1 (G) and CN/

AML2 (H). Magnification at 403 is shown.

(I and J) CFU assay of iPSC-derived CD34+ cells isolated from EBs culture at day 14. Total CFU counts are shown for CN/AML1 (I) and CN/AML2 (J). Data are

represented as mean ± SD from two independent experiments in triplicate. Group comparisons were done between CN and all other iPSC clones. Significant

differences between groups to CN are indicated (*p < 0.05, **p < 0.01, and ***p < 0.001).

See also Figures S2–S4 and Tables S2 and S3.
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protein expression was enhanced in CN/AML1 but not in CN/

AML2 (Figures 3F–3I).

Leukemogenic effects of elevated BAALC in CN

To determine which of the candidate genes, BAALC, HPGDS,

CD109, or RUNX1, is responsible for the leukemogenic transfor-

mation in CN, we generated knockout (KO) CN/AML1 iPSCs for

each of these genes (Figure 4A). We created single guide RNAs

(sgRNAs) targeting the first coding exons of each gene, cloned

them into a pSpCas9(BB)-2A-GFP (PX458) construct (Ran

et al., 2013) (Table S2), and generated single-cell-derived CN/

AML1 iPSC clones with homozygous (RUNX1, BAALC) or com-

pound heterozygous (CD109, HPDGS) mutations (Figures S5A–

S5F). Pluripotency of selected iPSC clones was unaffected (data

not shown), and there was no evidence of CRISPR-Cas9 off-

target activity (Table S3).

BAALC, but not CD109, RUNX1, or HPGDS, KO resulted in a

dramatic induction of granulocytic differentiation and a signifi-

cant reduction in proliferation of CN/AML1 iPSC-derived HSPCs

(Figures 4B–4E; Figure S5G). Similarly, we observed a striking in-

crease in granulocytic differentiation along with a marked reduc-

tion in proliferation in CN/AML2 iPSC-derived HSPCs after

BAALC KO (Figures 4F–4I; Figure S5H). In contrast, BAALC

KO did not affect granulocytic differentiation in HD iPSCs but

induced granulopoiesis in CN iPSCs (Figure 4J; Figures

S5I–S5K).

We also assessed the inhibitory effect of BAALC KO on prolif-

eration of primary blasts from three CN/AML patients. BAALC

KO (CRISPR-Cas9 KO efficiency was about 80%) led to a

marked reduction of cell proliferation measured on day 14 of cul-

ture compared with mock electroporated cells (Figure 4K).

Leukemia-specific gene expression signature in CN/

AML iPSC-derived HSPCs

We compared the transcriptome of CN and CN/AML iPSC-

derived HSPCs from both patients. Differential gene expression

analyses using DESeq2 R package (Love et al., 2014) identified

132 up- and 570 downregulated genes, as well as 570 up- and

1,422 downregulated genes between CN/AML and CN stages

for patient 1 and patient 2, respectively (log2 fold change

[log2FC] > 1 or < �1, adjusted p < 0.05; Figures 5A and 5B; Fig-

ures S6A and S6B; Tables S4 and S5). Gene set enrichment

analysis (GSEA) revealed E2F targets, MYC targets, and the

oxidative phosphorylation pathway as top significant altered

pathways in CN/AML1, whereas platelet-specific genes were

enriched in CN1 (Figure 5C). G2M checkpoint signaling, E2F

targets, and TGF-b signaling were significantly deregulated in

CN/AML2, whereas the structural integrity of the ribosomes

was enriched in CN2 (Figure 5D).

To predict transcription factors that control differentially ex-

pressed (DE) genes, we performed eXpression2Kinases analysis

(Clarke et al., 2018). We detected RUNX1 binding motifs, GATA1

and GATA2 motifs, and AML-associated SUZ12 and EZH2 mo-

tifs (Figure 5E) to be significantly enriched in CN/AML cells of

both patients. TRIM28 and TP53 motifs were specifically en-

riched in CN/AML1 and CEBPB, NANOG, and KLF4 in CN/

AML2 (Figure 5E).

Using kinase enrichment analysis (KEA), we predicted kinases

that phosphorylate proteins regulated by the subnetwork of prior-

itized transcription factors (Clarke et al., 2018). A majority of en-

riched kinases, including HIPK2, MAPK1/3/14, CSNK2A1, ERK1,

and AKT1, were shared between both patients at the selected

threshold (p < 10�8) (Figure 5F). Unique enriched kinases (e.g.,

CDK1, JNK1, ERK2) were detected in CN/AML2 only (Figure 5F).

To determine the effects of SUZ12 and EZH2 differential bind-

ing in CN/AML,wemeasured total levels of H3K27me3 in CN and

CN/AML iPSC-derived CD34+ cells. SUZ12 and EZH2 belong to

a core subunit of PRC2 (polycomb repressive complex 2),

responsible for H3K27 methylation. We detected reduced

H3K27me3 levels in CN/AML cells compared with CN cells (Fig-

ure S6C), suggesting amodulatory effect ofRUNX1mutations on

the H3K27me3 status in CN/AML.

BAALC-dependent leukemogenic pathways in CN/AML

To identify BAALC-dependent leukemia-associated gene

expression, we compared the transcriptomes of CN/AML iPSCs

before and after BAALC KO. We identified 165 up- and 254

downregulated genes between CN/AML1 and CN/AML1 BAALC

KO, as well as 185 up- and 381 downregulated genes between

CN/AML2 and CN/AML2 BAALC KO (log2FC > 1 or < �1,

adjusted p < 0.05) (Figures 6A and 6B; Figures S6D and S6E; Ta-

bles S6 and S7). BAALC KO led to a dramatic shift in the gene

expression signature (Figures 6C and 6D). GSEA revealed

enrichment of oxidative phosphorylation, tricarboxylic acid

Figure 3. Upregulation of AML-associated genes in primary CN/AML blasts and CN/AML iPSC-derived CD34+ cells

(A) mRNA expression of indicated genes in BMMNCs from three CN and five CN/AML patients, measured using qRT-PCR. Gene expression levels were

normalized to b-actin and are shown relative to CN. Data are represented asmean ± SD from two independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001

compared with CN.

(B and C) mRNA expression of indicated genes in CD34+ cells derived from CN1 and CN/AML1 (B) as well as CN2 and CN/AML2 (C) iPSCs, measured using qRT-

PCR. Gene expression levels were normalized to b-actin and are shown relative to CN. Data are represented as mean ± SD from two independent experiments.

*p < 0.05, **p < 0.01, and ***p < 0.001 compared with CN.

(D) Western blotting of BAALC protein expression in CD34+ cells derived from HD, CN, and CN/AML iPSCs. Numbers indicate protein expression levels

normalized to b-actin and shown relative to HD. The results are representative of two independent experiments.

(E) mRNA expression ofBAALC in CD34+ cells from healthy individuals (n = 2) transducedwith control GFP,WTRUNX1, ormutantRUNX1 (p.R139G and p.R174L)

lentiviral constructs, measured using qRT-PCR. Gene expression levels were normalized to b-actin. Data are represented as mean ± SD from two independent

experiments. *p < 0.05.

(F and G) mRNA expression of indicated genes in CD34+ cells derived from (F) HD, CN1, and CN/AML1 and (G) HD, CN2, and CN/AML2 iPSCs. Gene expression

levels were normalized to b-actin and are shown relative to HD. Data are represented as mean ± SD from two independent experiments. *p < 0.05, **p < 0.01, and

***p < 0.001.

(H and I) Western blotting of indicated proteins in CD34+ cells derived from (H) HD, CN1, and CN/AML1 and (I) HD, CN2, and CN/AML2 iPSCs. Numbers indicate

protein expression levels relative to HD and normalized to b-actin. The results are representative of two independent experiments.
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(TCA) cycle, p53 signaling, and inhibition of platelet-specific

genes in CN/AML1 sample compared with BAALC KO (Fig-

ure 6E). E2F targets, G2M checkpoint-associated genes, TGF-

b signaling, and MYC targets were enriched in CN/AML2 cells

(Figure 6F).

Transcription factor enrichment analysis (TFEA) of DE genes

revealed RUNX1, GATA1/2, and SUZ12 transcription factor

binding motifs to be BAALC dependent in both patients. AR,

TCF3, RAD21, and NANOG motifs were deregulated in

CN/AML1 only. ERG1, STAT3, and ZC3H11A motifs were

CN/AML2 specific (Figure 6G).

CSNK2A1, CDK1, GSK3B, HIPK2, and MAPK14/p38a were

among the top BAALC-dependent kinases in both patients (Fig-

ure 6H). CN/AML2, but not CN/AML1, showed patient-specific

kinase enrichment (Figure 6H).

Key transcription factor motifs such as RUNX1, GATA1/2,

SUZ12, and SMAD4 as well as 7 of 12 kinases (e.g., MAPK14,

MAPK1, ERK1, AKT1) were enriched in CN/AML compared

with either CN or CN/AML BAALC KO stages in both patients

(Figures 6I and 6J). These data indicate that BAALC KO at least

partially restores CN phenotype in CN/AML cells irrespective of

the RUNX1 mutation type.

The anti-proliferative effect of a selective inhibition of

MAPK14/p38a-mediated MK2a phosphorylation in

CN/AML

UsingConnectivityMap (CMAP) analysis (Lambet al., 2006) of DE

genes between CN/AML and CN/AML BAALC KO HSPCs, we

evaluated drug candidates inducing a gene expression profile

similar to BAALC KO. A selective inhibitor of p38a-mediated

MK2a phosphorylation, CMPD1, was the first hit (Figure S7A).

This result is in line with the KEA: MAPK14/p38a was among the

top BAALC-dependent kinases in CN/AML (Figures 5F and 6H).

We assessed MK2a and p38a phosphorylation levels in CN

and CN/AML iPSC-derived HSPCs as well as in CN/AML cells

treated with CMPD1 and CN/AML BAALC-KO cells. We de-

tected elevated phospho-MK2a but not phospho-p38a levels

in CN/AML cells compared with CN (Figure 7A). At the same

time, CMPD1 treatment or BAALC KO resulted in a reduction

of MK2a but not p38a phosphorylation in CN/AML (Figure 7A).

Basal levels of non-phosphorylated MK2a and p38a proteins re-

mained unchanged in all groups (Figure S7B). These data

confirm BAALC-dependent phosphorylation of MK2a in

CN/AML.

We next tested the effects of CMPD1-dependent reduction of

MK2a phosphorylation on the growth of CN/AML cells. We

treated the BAALChigh AML cell line Kasumi-1 with CMPD1 and

found markedly reduced cell proliferation compared with

DMSO control (Figure S7C). Importantly, CMPD1 treatment of

CN/AML iPSC-derived HSPCs from both patients significantly

reduced cell growth without affecting the proliferation of HD

and CN iPSC-derived HSPCs (Figure 7B), compared with

DMSO groups. Moreover, treatment of primary blasts from three

BAALChigh CN/AML patients with CMPD1 led to a dramatic sup-

pression of proliferation, without affecting HD cells (Figures 7C

and 7D). A less prominent effect of CMPD1 was observed in

de novo BAALChigh AML samples (Figures 7E and 7F). BAALC

KO partially protected CN/AML cells from CMPD1-induced

death (Figure 7G). Additionally, BAALC mRNA levels were

slightly but significantly reduced after CMPD1 treatment (Fig-

ure 7H), suggesting feedback regulation of BAALC expression

by MK2a.

It has been reported that MEK1/2 inhibitor U0126, in combina-

tion with KLF4 activation, reduces the growth of BAALC-

expressing de novo AML cells (Morita et al., 2015). We thus

compared the effects of two MEK inhibitors, U0126 and AZD-

6244, on the proliferation of CN/AML and BAALChigh de novo

AML cells. U0126 treatment had no effects on cell proliferation

(Figure S7D), whereas AZD-6244 had a moderate effect (Figures

S7E–S7G). No effect of AZD-6244 was observed in Kasumi-1

cells (Figure S7C). The KLF-4 activator APTO-253, in combina-

tion with 1 mM AZD-6244, was either not effective at a dose of

Figure 4. BAALC upregulation is essential for leukemogenic transformation in CN/AML

(A) Schematic overview of the experimental design. CRISPR-Cas9-mediated gene editing of indicated genes was performed in CN/AML iPSCs followed by EB-

based differentiation. Hematopoietic differentiation was compared with unedited CN/AML iPSCs and HD iPSCs.

(B) Proliferation rate of CD34+ cells derived from CN/AML1 and CN/AML1 BAALC-KO iPSCs. CD34+ cells were expanded on SL/SL feeder for 7 days. Data were

normalized to HD and are represented as mean ± SD from two independent experiments. **p < 0.01.

(C) Percentage of iPSCs derived granulocytes (CD15+CD16+CD45+ andCD15+CD11b+CD45+) on day 32 of culture. Data are represented asmean ± SD from two

independent experiments. *p < 0.05.

(D) Representative images of iPSC-derived hematopoietic cells at day 32 of differentiation stained with Wright Giemsa at 403 magnification are shown.

(E) CFU assay of iPSC-derived CD34+ cells isolated at day 14 of culture. Total CFU counts are shown. Data are represented as mean ± SD from two independent

experiments in triplicate. Group comparisons were done between CN/AML1 and all other iPSC clones. Significant differences between groups to CN/AML1 are

indicated (*p < 0.05 and **p < 0.01).

(F) Proliferation rate of CD34+ cells derived from CN/AML2 and CN/AML2 BAALC-KO iPSCs. CD34+ cells were expanded on SL/SL feeder for 7 days. Data were

normalized to HD and are represented as mean ± SD from two independent experiments. **p < 0.01.

(G) Percentage of iPSC-derived granulocytes (CD15+CD16+CD45+ and CD15+CD11b+CD45+) on day 32 of culture. Data are represented as mean ± SD from two

independent experiments. *p < 0.05.

(H) Representative images of iPSC-derived hematopoietic cells at day 32 of differentiation stained with Wright Giemsa at 403 magnification are shown.

(I) CFU assay of iPSC-derived CD34+ cells isolated at day 14 of culture. Total CFU counts are shown. Data are represented as mean ± SD from two independent

experiments in triplicate. Group comparisons were done between CN/AML2 and all other iPSC clones. Significant differences between groups to CN/AML2 are

indicated (*p < 0.05, **p < 0.01, and ***p < 0.001).

(J) Percentage of iPSC-derived granulocytes (CD15+CD16+CD45+ and CD15+CD11b+CD45+) on day 32 of culture. Data are represented as mean ± SD from two

independent experiments. *p < 0.05 and **p < 0.01.

(K) Proliferation rate of primary CN/AMLmock and CN/AMLBAALC-KO blasts from three CN/AML patients. Gene-edited primary CN/AML blasts were expanded

on SL/SL feeder for 14 days. Data were normalized to mock cells and are represented as mean ± SD. *p < 0.05.

See also Figure S5 and Tables S2 and S3.
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10 nM of ATO-253 or toxic at 100 and 1,000 nM concentrations

(data not shown).

DISCUSSION

We present here an in vitromodel of stepwise leukemia develop-

ment in pre-leukemia BM failure syndromes, exemplified by CN.

Using CRISPR-Cas9 gene editing, we introduced gene alter-

ations associated with pre-leukemia and leukemia conditions

in iPSC lines of CN patients. By generating iPSCs recapitulating

non-leukemic and leukemia conditions, we were able to evaluate

hematopoietic differentiation and intracellular signaling differ-

ences between these two conditions. We observed almost

completely abrogated myeloid differentiation and elevated pro-

liferation of CN/AML iPSCs compared with control or CN iPSCs.

The elevated levels of AML-associated genes (e.g., BAALC,

STAT5) in HSPCs derived from CN/AML iPSCs along with their

increased proliferation and diminished differentiation argues for

their leukemic features. Therefore, our in vitro model recapitu-

lates stepwise leukemia development in CN. Given the absence

of animal models of ELANE-CN, in vitromodeling of CN and leu-

kemia using CRISPR-Cas9 gene editing of patient-derived

iPSCs is of high importance.

Different RUNX1 mutation types (missense, nonsense, and

frameshift) were detected in CN/AML (Beekman et al., 2012;

Skokowa et al., 2014). CRISPR-Cas9 gene editing allows a com-

parison of the effects of different mutations in endogenously ex-

pressed proteins. We provided evidence for dose-dependent

outcomes of missense mutations versus RUNX1 haploinsuffi-

ciency: missense RUNX1 mutations, but not nonsense or

frameshift mutation in RHD, require trisomy 21 to amplify the

leukemogenic effect of the mutated RUNX1. We generated

iPSC lines carrying ELANE, CSF3R, and, additionally, mutations

and chromosomal abnormalities mimicking CN/AML phenotype:

(1) missense RUNX1mutation and trisomy 21 with two copies of

mutatedRUNX1 or (2)RUNX1 haploinsufficiency without trisomy

21. In both conditions, myeloid differentiation was severely abro-

gated, and proliferation was elevated. We identified signaling

pathways deregulated by both missense and frameshift

RUNX1 mutations in CN/AML cells or affected explicitly by

each mutation. The vast majority of crucial signaling leukemia-

causing pathways, such as the activation of the E2F pathway,

an enrichment of RUNX1, GATA1/2, SUZ12, and EZH2 targets,

and targets of MAPK1/3/14, HIPK2, AKT1, and ERK1 kinases

were overlapped in CD34+ CN/AML cells with missense or

frameshift RUNX1 mutations. Interestingly, some transcription

factors and signaling pathways were regulated on the RUNX1

mutation type-specific manner: missense p.R139G RUNX1

regulated MYC targets and oxidative phosphorylation, while

truncated RUNX1 affected the constituents of ribosomes, G2M

checkpoint genes, and TGF-b signaling. These data provide a

better understanding of the mechanistic outcomes of different

types of RUNX1mutations in leukemogenesis. Particularly inter-

esting is the fact of the differential activity of SUZ12 and EZH2 in

CN/AML versus CN. SUZ12 and EZH2 are core PRC2 subunits,

suggesting possible changes of H3K27me3 distribution in

RUNX1 mutant cells. There is an enrichment of EZH2 mutations

in RUNX1mutant AML (Gaidzik et al., 2016; Stengel et al., 2018),

and H3K27 mutations cooperate with RUNX1 mutations in AML

(Lehnertz et al., 2017). In line with this, we detected reduced

H3K27me3 levels in CN/AML samples compared with CN sam-

ples. It would be interesting to further investigate a specific

H3K27me3 distribution in CN/AML cells.

We identified elevated BAALC levels in CN/AML blasts, and

CRISPR-Cas9-mediated BAALC KO inhibited proliferation,

simultaneously inducingmyeloid differentiation of CN/AML cells.

BAALC is upregulated in RUNX1-mutated de novo AML (Men-

dler et al., 2012; Metzeler et al., 2013), and we found that

mutated RUNX1 induced BAALC expression in HD HSPCs.

High BAALC expression is associated with aggressive AML

and poor prognosis (Weber et al., 2014). To study the mecha-

nism of leukemogenesis downstream of BAALC activation, we

performed RNA sequencing (RNA-seq) of CD34+ cells derived

from CN/AML and CN/AML BAALC-KO cells. BAALC KO led

to a marked shift in gene expression in CN/AML cells indepen-

dent of the RUNX1 mutation type. We detected oxidative phos-

phorylation, MYC, TGF-b, E2F, and G2M checkpoint-controlling

pathways to be BAALC dependent in CN/AML. Moreover,

RUNX1, SUZ12, SOX2, GATA1/2, SMAD4 and SALL4 transcrip-

tion factors as well as MAPK14, GSK3B, CSNK2A1, and CDK1/2

kinase pathways were found to be downstream of BAALC in

both CN/AML patients. These findings clearly demonstrate the

fundamental role of BAALC in leukemia development down-

stream of missense and truncated RUNX1 mutations.

Searching for the translational applications of our findings, we

identified the selective MK2a inhibitor, CMPD1, as the best drug

candidate mimicking BAALC-KO expression signature, when

comparing CN/AML with CN/AML BAALC KO using CMAP.

CMPD1 treatment effectively reduced proliferation of iPSC-

derived and primary CN/AML blasts without affecting HD and

CN HSPCs. This result was in line with inhibition of MK2a but

not p38a phosphorylation by CMPD1 treatment or BAALC KO.

These data argue for BAALC-dependent activation of MK2a

phosphorylation in CN/AML. Thus, CMPD1, or alternative

MK2a inhibitors, might be implemented in the treatment of

CN/AML and BAALChigh de novo AML. CN/AML and BAALChigh

Figure 5. Gene expression signature of CD34+ cells derived from CN and CN/AML iPSCs

(A andB) Volcano plot showing differentially expressed genes (DEGs; log2FC> 1 or <�1, adjusted p < 0.05) in iPSC-derivedCD34+ cells from (A) CN/AML1 versus

CN1 and (B) CN/AML2 versus CN2 group comparisons. The x axis shows the log2 fold change, and the y axis shows the�log10 adjusted p value. Colors represent

the significance of the genes in terms of p value and log2 fold change. Gene names are indicated for the top ten upregulated and top ten downregulated genes.

(C and D) GSEA version 4.0.3 analysis of normalized read counts of iPSC-derived HSPCs from CN/AML1 versus CN1 (C) and CN/AML2 versus CN2 (D) groups.

(E) Transcription factors predicted by TFEA of DEGs in CN/AML1 versus CN1 (red) and CN/AML2 versus CN2 (blue) groups. Common transcription factors are

plotted on the same graph. Data are displayed as –log10 adjusted p value.

(F) Kinases predicted by KEA of DEGs in CN/AML1 versus CN1 (red) and CN/AML2 versus CN2 (blue). Common kinases with p values < 10�8 are plotted on the

same graph. Data are displayed as �log10 adjusted p values.

See also Figure S6 and Table S5.
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de novo AML patients have aggressive leukemia with poor prog-

nosis, and our findings represent a first step toward the estab-

lishment of advanced therapies for these leukemias. Of note,

CMPD1 treatment was partially effective in CN/AML BAALC-

KO cells. At the same time, BAALC expression was reduced

upon CMPD1 treatment, suggesting a feedback regulation of

BAALC expression by MK2a pathway.

In summary, the present iPSC-based in vitro model is reliable

for investigating stepwise leukemogenesis in pre-leukemia BM

failure syndromes. Implementation of this model led to the char-

acterization of high BAALC expression and elevated MK2a

phosphorylation as ultimate leukemia-causing events in CN/

AML and the identification of CMPD1 as a potential therapeutic

drug for CN/AML and BAALChigh de novo AML patients. Inhibi-

tion of BAALC or treatment with MK2a inhibitors might prevent

leukemia development in CN/AML and eliminate RUNX1-

mutated BAALChigh de novo AML blasts (Figure 7I).

Limitations of study

Although we were able to identify a key signaling pathway of CN/

AML development and a potential drug targeting CN/AML

blasts, the CN patient-specific iPSCs model used in our study

has some caveats. The most important one involves the impos-

sibility to go further and study the in vivo behavior of iPSC-

derived CN/AML blasts and their sensitivity to CMPD1 therapy

using xenograft models in NSG mice. Up to now, it has been

almost impossible to efficiently engraft iPSC-derived HSPCs or

leukemia cells into NSG mice, with a limited number of studies

reporting successful engraftment.

Another limitation is the limited number of patients who were

evaluated here. Taken into consideration a relative rarity of CN

with even less CN/AML cases, BAALC expression levels and

MK2a phosphorylation status should be evaluated in a bigger

cohort of CN/AML patients and iPSC models with different CN-

associated mutations in, for example, HAX1, JAGN1, or SRP54.
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Lead contact

Further information and requests for other reagents may be directed to, and will be fulfilled by, the Lead Contact, Prof. Dr. Julia Sko-

kowa (Julia.Skokowa@med.uni-tuebingen.de).
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IGV v2.3.67 Broad Institute http://software.broadinstitute.org/software/igv/

Samtools v1.1 Li et al., 2009 http://www.htslib.org/

R The R Project for Statistical Computing https://www.r-project.org/

RStudio RStudio https://www.rstudio.com/
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Materials availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability

RNA-seq data have been deposited to the ArrayExpress database at EMBL-EBI (https://www.ebi.ac.uk/arrayexpress/) under acces-

sion number E-MTAB-10162.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

iPSC lines

CN andCN/AML patient samples for reprogramming were received from Severe Chronic Neutropenia International Registry (SCNIR),

Hannover, Germany. Informed written consent was obtained from all participants of this study. The experiments involving human

inducible pluripotent stem cells (iPSCs) were performed with the approval obtained from the Ethical Review Board of the Medical

Faculty, University of T€ubingen.

Generation of iPSC

Peripheral blood mononuclear cells (PBMNCs) or bone marrow mononuclear cells (BMMNCs) from 2 male CN/AML patients at

different stages of leukemic transformation andmale healthy donors were reprogrammed usingOct4, Sox2 and KLF4 (OSK) lentivirus

(pRRL.PPT.SF.hOct34.hKlf4.hSox2.i2dTomato.pre.FRT, kindly provided by A. Schambach, MHH Germany). Additional mutations in

CSF3R orRUNX1were introduced using CRISPR/Cas9 gene-editing, if not already obtained by reprogramming. iPSCswere cultured

on SNL-feeder cells (Public Health England) for general maintenance or feeder-free onGeltrex with StemFlexmedium (Thermo Fisher

Scientific) for further gene-editing experiments.

METHOD DETAILS

Reprogramming of PBMNCs

1.5x106 PBMNCswere cultured for 6 days in CD34+ cells expansionmedium (Stemline II medium, Sigma-Aldrich) supplemented with

10% FCS, 1% Pen/Strep, 1% glutamine and cytokines: IL-3 (20 ng/ml), Il-6 (20 ng/ml), TPO (20 ng/ml), SCF (50 ng/ml) and FLT3L

(50 ng/ml). All cytokines were purchased from R&D Systems. After 1 week, cells were transferred to Retronectin (Clontech)-coated

12-well plates together with OSK lentiviral supernatant at a multiplicity of infection (MOI) of 2. Four days later, cells were seeded on

SNL-feeder and cultured in a 1:1 mixture of iPSC-medium and CD34+ cell expansion medium supplemented with 2 mM valproic acid

and 50 mg/ml Vitamin C. Medium was gradually changed to iPSCs medium only. First iPSCs colonies appeared approximately three

weeks after initiation of reprogramming.

Sequencing of iPSCs

Genomic DNA of iPSCs was isolated using Nucleo-Spin Tissue Kit (Machery-Nagel) and DNA regions for sequencing were amplified

using the following primers: RUNX1-F 50-ACATCCCTGATGTCTGCATTTGTCC-30, RUNX1-R 50-TGTGGGTTTGTTGCCA

TGAAACGTG-30, ELANE-F 50-CGCCCTGAGCCTTGGTGACG-30, ELANE-R 50-AGCCACGGTGCCTGTTGCTG-30, CSF3R-F 50-ATG

GCATGTGTCAGGCATGT-30,CSF3R-R 50-AGTCACAGCGGAGATAGTGC-30. Sanger Sequencing was performed byGATCBiotech.

iPSCs culture

iPSCs were maintained on mitomycin-C treated SNL-feeder cells (Public Health England) in iPSC-medium consisting of DMEM F12

(Sigma-Aldrich) supplemented with 20% Knockout Serum Replacement (Invitrogen), 30 ng/ml bFGF (Peprotech), 1% non-essential

amino acids solution (Invitrogen), 100 mM 2-mercaptoethanol and 2 mM L-glutamine. iPSC-medium was replaced every day. For

CRISPR/Cas9 gene-editing experiments and expansion of single cell derived clones, iPSC lines were cultured on Geltrex with Stem-

Flex medium (Life Technologies).

CRISPR/Cas9 gene-editing of iPSC lines

Corresponding sgRNAs (Table S2) were cloned into all-in one pSpCas9(BB)-2A-GFP (PX458) plasmid, a gift from Feng Zhang (Addg-

ene plasmid # 48138) (Ran et al., 2013). CN- andCN/AML iPSC lineswere nucleofectedwith 1-5 mg PX458-sgRNA construct using P3

Primary Cell 4D-Nucleofector X Kit L (Lonza) and 4D Nucleofector (Lonza) or reverse transfected with TransIT�-LT1 Transfection Re-

agent (Mirus). BAALC KO in HD iPSCs was introduced by transfection with cytosine base editor plasmid BAAL-

C_p.19.NLS.BE3.2xNLS.GFP.PX458 which was generated by sticky end cloning of BE3 into PX458 backbone followed by cloning

guide RNA sequence BAALC p.19 (Table S2). BE3 insert was isolated from pCMV-BE3 plasmid which was a gift from the David

Liu lab (Addgene plasmid # 73021) (Komor et al., 2016). GFP+ cells were sorted 48 hours post-transfection and cultured on the

Geltrex. Single-cell clones were analyzed by Sanger sequencing at the gene-edited target regions. BAALC KO in primary

CN/AML cells was achieved by nucleofection of Cas9-sgRNA-BAALC-p.20 ribonucleoprotein (RNP) complex using P3 Primary

Cell 4D-Nucleofector X Kit L (Lonza) and 4D Nucleofector (Lonza). The RNP nucleofection protocol has been recently published
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by our group (Mir et al., 2020). Off-target sites were predicted using https://crispor.tefor.net (Concordet and Haeussler, 2018). The

top 3 sites with the highest off-target scores and/or exon localization were selected for Sanger sequencing (Table S3).

EB-based hematopoietic differentiation of iPSCs

iPSCs were dissociated from SNL-feeders or Geltrex (Thermo Fisher Scientific) coated plates using PBS/EDTA (0.02%) for 5 min. EB

generation was done via centrifugation of 20,000 cells per EB in 96-well plates using APEL serum-free differentiation medium (Stem-

Cell Technologies, Inc.) supplemented with bFGF (20 ng/ml) and ROCK Inhibitor Y-27632 dihydrochloride (Tocris). Next day, BMP4

(40 ng/ml) (R&D Systems) was added to the culture to induce mesodermal differentiation. On day four, EBs were plated on Matrigel-

coated 6-well plates (10 EBs/well) in APEL medium supplemented with VEGF (40 ng/ml) (R&D Systems), SCF (50 ng/ml) (Peprotech)

and IL-3 (50 ng/ml) (Peprotech). For neutrophilic differentiation, medium was changed 3 days later to fresh APEL medium supple-

mented with IL-3 (50 ng/ml) and G-CSF (50 ng/ml) (Amgen). First hematopoietic suspension cells appeared on day 12 - 14. Suspen-

sion cells were harvested every 3 - 4 days and analyzed starting from day 14 to day 32 (Dannenmann et al., 2020; Lachmann

et al., 2015).

Culture of iPSC-derived CD45+CD34+ cells, de novo CN/AML cells and AML cells on SL/SL feeder cells and drug

treatment

1-3x105 iPSC-derived CD45+CD34+ cells, primary CN/AML blasts, or de novo AML blasts were cultured on SL/SL feeder cells pro-

ducing FLT3L (kindly provided by C. Eaves, Vancouver, Canada) in HLTM/Myelocult H5100 medium (StemCell Technologies, Inc.)

supplemented with 10�6 M hydrocortisone, IL-3 (20 ng/ml), Il-6 (20 ng/ml), TPO (20 ng/ml), SCF (50 ng/ml) and FLT3L (50 ng/ml)

for 7 days with medium change every 3 - 4 days. For drug treatment, 1mM AZD-6244, 1 mM CMPD1 or DMSO was added to culture

medium and incubated for 7 days with medium change and addition of fresh drugs every 3 days. After 7 days, cell viability was as-

sessed by Trypan blue staining and counting using Neubauer cell counting chamber.

Transduction of CD34+ cells with RUNX1 constructs

CD34+ cells from healthy donors (2 3 105/well) were transduced with lentiviral supernatant at a MOI of 5. Lentiviral particles

expressed either control plasmid, WT RUNX1 or two RUNX1 mutants (p.R139G and p.R174L) cloned into pRRL.PPT.SFFV.i2RFP

vector (kindly provided by A. Schambach, MHH, Hannover, Germany). A second transduction was performed the next day.

Seventy-two hours post-transduction, GFP-positive cells were sorted and analyzed for RUNX1 and BAALC mRNA expression by

qRT-PCR. Vector and primer information is available upon request.

Quantitative RT-PCR

RNA was isolated using RNeasy Micro Kit (QIAGEN). cDNA was prepared from 0.2-1 mg of total RNA using Omniscript RT Kit

(QIAGEN). qPCR was performed using SYBR Green qPCR master mix (Roche) and Light Cycler 480 (Roche). Data were analyzed

using ddCT-method. Target genes were normalized to GAPDH and/or b-Actin as housekeeper genes. qPCR primer information

are available upon request.

Western blotting

1x106 cells were lysed in 200 ml of 3x L€ammli buffer. Protein was denatured for 10 min at 95�C. 5 ml of cell lysate in the L€ammli buffer

was loaded per lane. Proteins were separated on a 12% polyacrylamide gel and transferred on a nitrocellulose membrane (GE

Healthcare) (1 hour, 100V, 4�C). Membrane was blocked for 1 hour in 5% BSA/TBST and incubated with primary antibody overnight

(at 4�C). The following primary antibody were used: anti-RUNX1/AML1 (Cell Signaling Technology, #4334, 1:500), anti-STAT5a (Cell

Signaling Technology, #4807, 1:500) anti-G-CSFR (Santa Cruz Biotechnology, #sc-74026, 1:500), and b-Actin (Cell Signaling

Technology, #4970, 1:1000) and anti-BAALC (Santa Cruz Biotechnology, #sc-515606, 1:500). Next, membranes were washed

and incubated with secondary HRP-coupled antibody (Cell Signaling Technology, #7076 or #7074, 1:2000) for 1 hour at room

temperature. Pierce ECL solution (Thermo Fisher Scientific) and Amersham Hyperfilm (GE Healthcare) were used to detect chemi-

luminescence signals of proteins.

Alkaline phosphatase assay

iPSC colonies on SNL-feeders at day 10 of culture were washed with PBS, fixed in 4% PFA /10% sucrose in water and stained with

NBT/BCIP staining dye (Sigma-Aldrich) for 20 min at RT.

Array-CGH

Array-CGH was performed using the Agilent Human Genome Microarray Kits 2 3 400K (Agilent Technologies). Labeling and

hybridization of genomic DNA was performed according to the protocol provided by Agilent. Microarray slides were scanned using

an Agilent microarray scanner G2505B at a resolution of 2 mm. For image analysis, default CGH settings of Feature Extraction Soft-

ware (Agilent Technologies) were applied. Output files from Feature Extraction were subsequently imported into Agilent’s CGH data

analysis software, Genomic-Workbench. The Aberration Algorithm ADM2 was applied and Aberration Filters were set to: threshold

7.0, at least 4 probes with mean log2 ratio of ± 0.3 leading to a resolution of approximately 20 kb.

ll
Article

e4 Cell Stem Cell 28, 906–922.e1–e6, May 6, 2021



Flow cytometry

30,000 suspension cells collected fromEB-based hematopoietic differentiation systemwere used for flow cytometry. For cell surface

staining, cells were prepared in PBS/1% BSA containing 0.05% sodium azide and stained with specific mouse monoclonal anti-hu-

man antibodies. For detection of hematopoietic progenitor cells, a multicolor FACS antibody panel for ‘early-stage’ hematopoietic

differentiation using the following antibody was applied: CD33-BV421 (BioLegend, BL), CD34-PeCy7 (BD Biosciences, BD), KDR-

AF647 (BL), CD43-PE (BD), CD41a-FITC (BD), CD235a-FITC (BD), CD45-BV510 (BL), 7-AAD (BD). For detection of mature myeloid

cells, amulticolor FACS antibody panel for ‘late-stage’ hematopoietic differentiation using the following antibody was applied: CD15-

PE (BD), CD16-FITC (BD), CD14-APC-H7 (BD), CD45-BV510 (BL), CD33, BV-421 (BL), 7-AAD (BD). For iPSCs characterization, the

stem cell surface markers TRA1-60-PE (eBioscience) and SSEA4-FITC (BD) were analyzed. TRA1-85-APC (R&D Systems) was used

as a human iPSCs marker. Anti-mouse IgGk beads (BD) were used for compensation. Samples were analyzed using FACSCanto II

(BD) and FlowJo V10 (BD).

Morphological analysis

Wright-Giemsa stained cytospin slides were prepared using Hema-Tek slide stainer (Ames). Hematopoietic cells were classified into

4 groups according to the differentiation state: myeloblast and promyelocyte (MB/ProM), myelocyte and metamyelocyte (Myelo/

Meta), band and segmented neutrophils (Band/Seg) and monocytes/macrophages (Mo/MF).

Colony forming unit (CFU) assay

10,000 suspension cells from EB-based iPSC hematopoietic differentiation at day 14 were used for CFU-Assay using Methocult

H4435 enriched medium (StemCell Technologies). Colonies were counted after 10-14 days.

Digital PCR (dPCR)

Digital PCR was used for absolute endpoint quantification of gene copy numbers using TaqMan SNP genotyping Assay and Quant-

Studio 3D Digital PCR System (Thermo Fisher Scientific). dPCR was performed according to QuantStudio 3D Digital PCR protocol

using genomic DNA. Data was processed using QuantStudio 3D Digital PCR Analysis Suite Software (Thermo Fisher Scientific).

RNA sequencing (RNA-seq)

mRNA was isolated from iPSC-derived CD45+CD34+ cells using RNeasy Mini- or Micro Kit (QIAGEN). Isolated RNA was quantified

(Qubit RNA assay kit, Thermo Fisher Scientific) and quality was assessed using an Agilent 2100 Bioanalyzer. Samples with high RNA

integrity number (RIN > 8) were selected for library preparation. Using the TruSeq RNA Sample Prep Kit (Illumina) and 100-500 ng of

total RNA for each sequencing library, poly (A) selected single- and pair-end sequencing libraries were generated according to the

manufacturer’s instructions. All libraries were sequenced by the c.ATG (University Hospital Tuebingen) on an Illumina NextSeq500

platform at a depth of 20–30 million reads each. Read quality of RNA-seq data in fastq files was assessed using FastQC

(v0.11.4). Reads were aligned using STAR (v2.4.2a) (Dobin et al., 2013) allowing gapped alignments to account for splicing against

a custom-built genome composed of the EnsemblHomo sapiens genome v90. Alignment quality was analyzed using samtools (v1.1)

(Li et al., 2009) and visually inspected in the Integrative Genome Viewer (v2.3.67). Read counts per gene were extracted with HTSeq

count. Genes covered with less than 50 reads were excluded from the analysis leaving > 12,000 genes for determining differential

expression between the experimental groups. Normalized read counts for the genes were obtained in DESeq2 package (Love

et al., 2014) (v1.8.2) and used for GSEA to find significant differences between groups. Differential expression analysis was performed

using the DESeq2 package. Differentially expressed genes with log2FC > 1 or log2FC <�1, adjusted P value < 0.05 were selected for

downstream analysis. Heatmaps were produced in Heatmapper (Babicki et al., 2016). Venn diagrams were created in Venny 2.1

(https://bioinfogp.cnb.csic.es/tools/venny/index.html). eXpression2Kinases algorithm (Clarke et al., 2018) was used to identify up-

stream transcription factors that regulate differentially expressed genes and to perform kinase enrichment assay.

Connectivity map (CMAP) analysis

CLUE platform (https://clue.io/cmap) was used for CMAP analysis to evaluate the gene expression profiles of CN/AML and CN/AML

BAALC KO RNA-seq datasets for connectivity to known perturbagens (Subramanian et al., 2017).

Intracellular flow cytometry for phospho-MK2a, phospho-p38, MK2a and p38 in iPSC-derived CD34+ cells

iPSC-derived CD45+CD34+ cells were fixed for 15 min with 4% PFA and permeabilized for 30 min with 90% Methanol. Intracellular

protein staining was performed with the following antibodies for 45 min at RT: phospho-p38 PE (sc-166182), p38 AF 647 (sc-81621),

p-MK2a FITC (sc-293139) and MK2a AF 647 (sc-393609). All antibodies were purchased from Santa Cruz Biotechnology. The

following isotype controls were used: IgG2a, k PE (Miltenyi Biotec), IgG1k AF 647 (BD) and IgG1k FITC (BD). Samples weremeasured

on BD FACSCanto II.

Histone H3 trimethyl Lys27 ELISA

Total histone protein extracts were isolated from CN and CN/AML iPSC-derived HSPCs of both CN/AML patients using the EpiQuik

Total Histone Extraction Kit (Epigentek, catalog # OP-0006). Yield of the total histone protein extraction was measured by Quant-iT

Qubit protein assay kit (Thermo Fisher Scientific, catalog # Q33212). We quantified trimethylated lysine 27 in histone H3 (H3K27me3)
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using the Histone H3 methylated Lys27 ELISA kit (Active Motif, catalog #53106) according to the standard protocol. The assay was

performed in duplicates using 6 mg of total histone protein extract per well.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± standard deviation (SD). Comparison of two groups was performed using unpaired t test. Statistical

analyses were performed using GraphPad Prism 8 (GraphPad Software Inc.), Microsoft Excel 2010 (Microsoft Corp.) and DESeq2.

A p value < 0.05 was considered significant.
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Chapter 26

Gene Knockout in Hematopoietic Stem and Progenitor Cells
Followed by Granulocytic Differentiation

Perihan Mir, Malte Ritter, Karl Welte, Julia Skokowa,

and Maksim Klimiankou

Abstract

In this chapter, we present an optimized CRISPR/Cas9 RNP nucleofection approach for gene knockout
(KO) in hematopoietic stem and progenitor cells (HSPCs). With experimentally proved active locus-specific
sgRNAs, we routinely reach over 80% gene KO in HSPCs, thus avoiding the need for cell sorting or
enrichment of targeted cell population. Additionally, we provide a protocol for in vitro granulocytic
differentiation of HSPCs after gene KO and detailed description of granulocyte function tests which can
be applied to study the effects of a particular gene KO.

Key words Hematopoietic stem and progenitor cells, Gene knockout, CRISPR/Cas9, Single-guide
RNA, Ribonucleoprotein, Nucleofection, Granulocytic differentiation

1 Introduction

CRISPR (clustered regularly interspaced short palindromic repeat)
DNA editing technology is becoming a revolutionary tool in bio-
technology, medical, and biological research. In less than a decade
after publishing the critical discovery that CRISPR/Cas9 can be
reprogrammed to target a desired DNA locus in bacteria [1],
RNA-programmable gene editing has transformed biological
research, thanks to its extreme flexibility, efficiency, and ease of
use (see Chapters 1 and 19). Currently, the most popular choice
for genome editing is CRISPR/Cas9 system from Streptococcus
pyogenes. Briefly, the complex of Cas9 protein and a guide RNA
bind to DNA through base complementarity. This binding induces
DNA cleavage [2]. Gene KO can be achieved by error-prone DNA
repair mechanism called nonhomologous end joining pathway
which induces insertions or deletions (indels) at position of the
DNA cut site. Precise nucleotide sequence integration in desired
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DNA locus can be achieved by exploiting the homology-directed
repair pathway.

CRISPR/Cas9 system is widely used because of the short and
simple NGG protospacer-adjacent motif (PAM) sequence, the best
characterized on- and off-target profiles, availability of online tools
to assist in performing CRISPR/Cas9 experiments, and its exis-
tence in different formats (plasmid, RNA, protein) from an expand-
ing number of companies. Over the past few years, many
engineered Cas9 variants have been developed. Different Cas9
variants have been generated (e.g., high-fidelity Cas9 variants
including eSpCas9 [3], SpCas9-HF1 [4], and HypaCas9 [5], cata-
lytically dead Cas9 (dCas9) [6], Cas9 nickase [7], and Cas9 variant
with expanded PAM recognition site [8]). This discovery enables
targeted genome modification with unprecedented flexibility and
efficiency (see Chapter 21).

Another critical part of CRISPR/Cas9 system is a guide RNA.
Guide RNA can be used as single-guide RNA (sgRNA) or as a
two-component system which includes CRISPR RNA (crRNA)
and trans-activating CRISPR RNA (tracrRNA). Additionally,
chemical modifications of sgRNA can substantially increase
genome editing efficiency in human primary cells ([9], see
Chapter 2). Availability of highly purified Cas9 protein and chemi-
cally modified guide RNA with enhanced stability and low
immune-stimulatory properties from commercial vendors makes
nucleofection of CRISPR/Cas9 RNP complex the cost-effective
and efficient way of generating targeted gene KOs (seeChapter 26).

The advantages of CRISPR/Cas9 RNP complex nucleofection
over transfection with Cas9 and sgRNADNA (plasmid) or RNA or
virus-assisted delivery are as follows: it is a nontoxic, well-tolerable
genome editing approach with short but high activity window,
short persistence of RNP complex in the nuclei reduces probability
of cuts at off-target DNA loci, CRISPR/Cas9 RNP complex does
not require cellular transcription or translation machinery, no/low
induction of inflammatory or cell response against foreign DNA
and RNA after RNP complex nucleofection, and visualization of
RNP by labeling of Cas9 protein [10].

CRISPR/Cas9 gene KO efficiency depends on multiple fac-
tors. Among the most important is the on-target score of sgRNA.
Although, a broad range of prediction algorithms and methods for
on-target sgRNA activity estimation are available online [11–13],
the functional sgRNA validation after in silico on-target activity
analysis remains the most comprehensive way to identify a highly
active locus-specific sgRNA. Usually, 3–5 sgRNAs are tested per
gene or gene locus. In our hands, sgRNA efficiencies have varied
from 10% to 99% of edited allele. The secondmost important factor
for successful gene KO is the usage of a sufficient number of viable
HSPCs (too less or too many cells per nucleofection reaction may
lead to suboptimal results). Preliminary tests may help to determine
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the optimal amount of CRISPR/Cas9 RNP complex and the num-
ber of HSPCs used for nucleofection.

After successful induction of gene KO, HSPCs can be further
differentiated in vitro to cells of the myeloid lineage using appro-
priate culture conditions. If myeloid differentiation is not disturbed
by gene KO, then these cells are expected to demonstrate upregu-
lation of myeloid specific surface markers, morphological matura-
tion, and recapitulation of granulocyte functions. Thus, the
coupling of targeted gene KO approach via CRISPR/Cas9 RNP
nucleofection with a protocol of granulocytic differentiation of
HSPCs and granulocyte function tests allows investigation of the
role of certain genes in hematopoiesis in a fast and robust way. It
should be noted that the entire protocol can be completed in
3 weeks (Fig. 1).

Fig. 1 Scheme of gene KO in HSPCs followed by in vitro granulocytic differentiation. CD34+ cells are isolated

from BM or mobilized blood MNCs and expanded in vitro for 3–4 days. After expansion CD34+ cells are

nucleofected with CRISPR/Cas9 RNP using the Lonza 4D nucleofection system. Knockout HSPCs are

differentiated in vitro toward granulocyte lineage for 14 days and then analyzed by flow cytometry, morpho-

logic analysis, and granulocyte function tests. Gene editing efficiency is assessed 2–4 days after nucleofection

by T7EI assay and/or Sanger sequencing. Indel efficiency is determined by TIDE or ICE analysis web tools
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2 Materials

All reagents, lab equipment, and web tools described in this section
have been successfully tested by us, but other commercially avail-
able equivalents can be alternatively used after some optimization
steps.

2.1 CD34+ Isolation

and Expansion

1. Bone marrow (BM) or mobilized blood from healthy indivi-
duals or patients as source for CD34+ cells.

2. Ficoll-Paque density gradient media (density: 1.077 g/mL) for
isolation of BM or peripheral blood mononuclear cell
(BMMNCs or PBMNCs, respectively).

3. Human CD34 MicroBead Kit for magnetic beads-based isola-
tion of CD34+ cells from BMMNCs or PBMNCs.

4. Cell freezing medium: PSC cryopreservation medium or 90%
FCS supplemented with 10% DMSO.

5. CD34+ expansion medium: Stemline II Hematopoietic Stem
Cell Expansion medium supplemented with 10% FCS, 1% L-
glutamine, 1% penicillin/streptomycin, and a human recombi-
nant cytokine cocktail consisting of 20 ng/mL IL-3, 20 ng/
mL IL-6, 20 ng/mL TPO, 50 ng/mL SCF, and 50 ng/mL
FLT-3L.

6. 24- or 48-well cell culture plates.

2.2 CRISPR/Cas9

RNP Nucleofection

1. Chemically synthetized CRISPR/Cas9 single-guide RNA with
20-O-methyl 30phosphorothioate modifications at the 30 and 50

termini produced at small scale 15–20 nmol. For selection of
the most efficient sgRNA, it is recommended to order and test
3–5 sgRNAs per locus.

2. Alt-R® S.p. Cas9 Nuclease V3 or Alt-R® S.p. HiFi Cas9 Nucle-
ase V3 (IDT).

3. Amaxa 4D-Nucleofector™ System.

4. P3 Primary Cell 4D-Nucleofector Kit.

5. RNase-free aerosol-resistant pipette tips.

6. RNAse-free SafeSeal microcentrifuge tubes.

7. 1x TE Buffer pH 7.5.

2.3 Estimation

of Gene-Editing

Efficiency

1. DNA extraction kit.

2. Nanodrop or Qubit device and Qubit dsDNA High Sensitivity
Assay Kit.

3. PCR: GoTaq Hot Start DNA Polymerase Kit, PCR primers for
amplification of genome locus of interest.

4. PCR Nucleotide Mix.

458 Perihan Mir et al.



5. T7 Endonuclease I Assay (T7EI) is a quick and cheap method
of gene editing efficiency estimation which requires T7 Endo-
nuclease I and NEB buffer 2.

6. PCR product purification kit or enzymatic cleanup using
ExoSAP [14].

7. Sanger sequencing by commercial service provider or in-house
Sanger sequencing facility.

2.4 Analysis

of Granulocytic

Differentiation

1. Colony-forming unit (CFU) assay: MethoCult™ Enriched
(STEMCELL Technologies), IMDM with 2% FCS (STEM-
CELL Technologies), Antibiotic-Antimycotic Solution
(Sigma Aldrich), 35 mm culture dishes, sterile 16 gauge nee-
dles, 1.5 in. long with a metal Luer Lock hub (STEMCELL
Technologies).

2. Liquid culture differentiation: Differentiation medium 1 for
day 0–7 consists of RPMI 1640 supplemented with 10% FCS,
1% penicillin/streptomycin, and human recombinant cyto-
kines: 5 ng/mL SCF, 5 ng/mL IL-3, 5 ng/mL GM-CSF,
and 10 ng/mL G-CSF. Differentiation medium 2 for day
7–14 consists of RPMI 1640 supplemented with 10% FCS,
1% penicillin/streptomycin, and 10 ng/mL G-CSF.

3. Morphology analysis: Shandon Cytospin centrifuge, Cytospin
microscope slides, May–Grünwald, and Wright–Giemsa stain-
ing solutions.

4. FACS staining: antihuman CD45, antihuman CD34, antihu-
man CD33, antihuman CD11b, antihuman CD14, antihuman
CD15, antihuman CD16 antibodies, PBS supplemented with
2% FCS and 0.02% sodium azide.

2.5 Analysis

of Granulocyte

Functions

1. Chemotaxis: 24-well Transwell reaction plates, inserts with
5 μm pore size, N-formyl-Met-Leu-Phe (fMLP), RPMI 1640
medium, bovine serum albumin (BSA), 5 mL FACS tubes, flow
cytometer.

2. Phagocytosis: fluorescein-conjugated Staphylococcus aureus
BioParticles, RPMI 1640 without Phenol red, 5 mL FACS
tubes, flow cytometer capable of measuring FITC signal.

3. Netosis: IncuCyte® Live Cell Imaging system, Phorbol
12-myristate 13-acetate (PMA), RPMI 1640 without Phenol
red, BSA, 96-well plate flat bottom, Sytox green dye, 0.001%
Poly-L-Lysine Solution.

4. ROS production: ROS-Glo H2O2 Assay, bioluminescence
reader, and 96-well plates.
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3 Methods

3.1 sgRNA Design 1. Usually, the design of sgRNAs is performed with the assistance
of online web tools. We routinely use the DESKGEN cloud
platform (www.deskgen.com) or Benchling (www.benchling.
com). Both online resources require a free registration.

2. For gene KO, make sure to target all possible isoforms of the
gene of interest or design multiple sgRNAs (see Note 1).

3. Select all sgRNA target sites around the ideal position, and
evaluate on-target and off-target prediction scores (see Note
2).

4. Choose from 3 to 5 sgRNAs per locus with the lowest
off-target and highest on-target prediction score.

5. Test sgRNAs, as described in the following sections.

3.2 PCR Primers

for Assessing CRISPR/

Cas9 Gene-Editing

Efficiency

1. Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-
blast) is a suitable online tool to design PCR primers [15] for
assessing CRISPR/Cas9 gene editing efficiency by sequence
trace decomposition.

2. Design PCR primers to ideally have a PCR product length of
700 bp.

3. To allow correct estimation of gene editing efficiency by
sequence trace decomposition, the projected Cas9 cut site
should be located around 200 bp away from reverse and for-
ward primers used for sequencing.

3.3 CD34+ Isolation

and Expansion

1. Pipet 15 mL Ficoll-Paque medium into a 50 mL tube.

2. Dilute BM or mobilized PB sample 1:2 with PBS and carefully
layer it onto the Ficoll-Paque medium (see Note 3).

3. Centrifuge at 500 � g for 25 min at room temperature
(RT) with the centrifuge brake set off.

4. The mononuclear cell fraction is located in the interphase.
Transfer the complete interphase layer to a sterile tube and
wash the cells twice with 30 mL ice-cold PBS by centrifuging
at 300 � g for 8 min at 8 �C.

5. Resuspend cells in ice-cold PBS and the determine cell count of
BMMNCs or PBMNCs (see Note 4).

6. Resuspend cells in 300 μL MACS buffer. Use 200 μL FcR
blocking and 100 μL CD34 microbeads for up to 108 cells
(see Note 5).

7. Mix gently and incubate for 30 min at 4 �C in the refrigerator.

8. Wash cells with 5–10 mL MACS buffer by centrifugation at
300 � g for 10 min. Remove supernatant.
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9. Resuspend cells in 500 μL MACS buffer.

10. Place the separation column in the magnetic field.

11. Rinse the column with 3 mL MACS buffer if you use a LS
column, and if you use MS column, rinse with 500 mL prior to
use (see Note 6).

12. Apply cell suspension onto the column (seeNote 7). If desired,
collect the CD34-negative cells in the flow-through fraction.

13. Wash LS column three times with 3 mL MACS buffer (if you
use MS column, wash with 500 μL three times).

14. Remove column from magnetic field and put it onto a
15 mL tube.

15. Pipet 3 mL of MACS buffer on the column (1 mL for MS
column) and flush out the cells by pushing the plunger into the
column.

16. Determine number of CD34+ HSPCs (see Note 8).

17. Either use cells freshly for gene editing experiment or freeze
them for long-term preservation.

18. Perform cryopreservation in either 0.5 mL PSC cryopreserva-
tion medium or in 1 mL 90% FCS supplemented with
10% DMSO.

19. Defreeze CD34+ HSPCs in a pre-warmed standard medium
for suspension cells (e.g., RPMI 1640 with 10% FCS and 1%
penicillin/streptomycin) (see Note 9). After centrifugation,
resuspend the cells in hematopoietic stem cell expansion
medium.

20. Culture CD34+ HSPCs in CD34+ expansion medium at a
density of 2 � 105/mL (see Note 10) at 37 �C and 5% CO2.

21. Determine cell count at day 3 or day 4 after culturing. If cells
proliferate and cell viability is higher than 80% (e.g., by trypan
blue), perform CRISPR/Cas9 RNP nucleofection.

3.4 CRISPR/Cas9

RNP Nucleofection

1. Assemble Cas9 protein with sgRNA for 30 min at RT. Use
136 pmol Cas9 protein and 330 pmol sgRNA for 1� 106 cells.

2. For a single Nucleocuvette™ vessel, mix 18 μL of Supplement
1 and 82 μL P3 Primary Cell Nucleofector™ Solution from P3
Primary Cell Nucleofection Kit (Lonza) (see Note 11).

3. We recommend to use “mock” nucleofected cells to control
the effect of nucleofection itself.

4. Add CRISPR/Cas9 RNP complex to the nucleofection buffer
mix (see Note 12).

5. Wash cells once with PBS. Gently remove as much of the
supernatant as possible.
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6. Resuspend the cell pellet in the RNP-nucleofection buffer mix
and transfer the mixture into the Nucleocuvette™ vessel,
avoiding bubbles.

7. Place the Nucleocuvette™ vessel in the retainer of the
4D-Nucleofector X Unit.

8. Select and start the Nucleofector™ program CA-137 (see
Note 13).

9. Carefully transfer the nucleofected cells into CD34+ expan-
sion medium, avoiding repeated aspiration of the sample (see
Note 14). Culture CD34+ cells, as described in Subheading
3.3.

10. After 2–4 days, harvest 1 � 105 cells for DNA isolation to
determine the gene editing efficiency.

3.5 Estimation

of CRISPR/Cas9

Gene-Editing

Efficiency

1. Isolate DNA from harvested cells using the column-based
QIAamp DNA Mini Kit according to the manufacturer’s pro-
tocol and determine the DNA concentration using a Nanodrop
or Qubit.

2. Alternatively, for quick estimation of KO efficiency, lyse
0.5–1 � 105 cells in 25–50 μL of QuickExtract DNA Extrac-
tion Solution (Lucigen) and then incubate at 65 �C for 6 min
and at 98 �C for 2 min (see Note 15).

3. Run PCR for target genome locus of interest using the GoTaq
Hot Start Polymerase Kit. Per reaction, pipet a master mix
consisting of 4 μL of 5x Flexi buffer, 0.5 μL dNTP mix
(10 mM each), 1 μL 25 mM MgCl2, 1 μL forward and reverse
primer (10 μM each), and 0.125 μL Go-Taq polymerase (5 U/
μL). Add 100 ng DNA (or 2–4 μL of QuickExtract DNA
Extraction Solution) to the PCR master mix and PCR-grade
H2O to a final volume of 20 μL. The PCR program is as
follows: denaturation 1 min at 95 �C, annealing for 1 min at
the temperature that is optimal for selected primer pair (usually,
it is 5 �C below the Tm of the primers used), and extension
1 min at 72 �C. Repeat PCR cycles for 35 times. A final
extension for 5 min at 72 �C is recommended.

4. To quickly estimate gene-editing efficiency, T7EI assay may be
performed. T7EI recognizes and cleaves hetero-duplexed
DNA (see Note 16). First, mix 11 μL of PCR product and
2 μL of NEB buffer 2. Anneal PCR sample in thermal cycler
using the following hybridization conditions: denaturation at
95 �C for 10 min, annealing at 95–85 �C with ramp rate
�2 �C/s followed by second annealing at 85–25 �C with
ramp rate �0.3 �C/s. Add 2 μL of T7EI (20 U) to the sample

462 Perihan Mir et al.



and incubate at 37 �C for 1 h. Load sample into a 1.5% agarose
gel and run it at 85 V for 1 h. Detect PCR products using a gel
documentation system. In samples with successful gene edit-
ing, two low size extra bands are visible (Fig. 2a). The gene-
editing efficiency can be calculated using density profile of the
DNA bands by the following formula [16]:

% gene modif ication ¼ 100� ð1�ð1� f raction cleavedÞ1=2Þ

5. For analysis of gene KO efficiency by sequence trace decompo-
sition, PCR products from mock and CRISPR/Cas9 RNP
nucleofected cells should be purified by column-based QIA-
quick PCR Purification Kit or enzymatic PCR clean-up using
ExoSAP. Sanger sequencing traces have to be clean and have
sufficient length to allow confident decomposition. Assess the
gene modification efficiency using web tools such as TIDE
assay [17] (https://tide.deskgen.com) or ICE analysis

Fig. 2 (a) Agarose gel electrophoresis of PCR products after T7EI assay showing two extra bands in KO cells

revealed the presence of heteroduplexed DNA resulting from gene editing. (b) Representative result of CRISPR/

Cas9 RNP-mediated knockout in HSPCs showing Sanger sequencing of total population aligned to sequence

track of mock cells. The position of DNA cut is depicted by dashed line. Target DNA sequence for guide RNA is

underlined. (c) Representative ICE graph reconstructs the spectrum of indels in gene-edited HSPCs. Total

editing efficiency is estimated approximately 82% with r2 ¼ 0.96 and one base insertion in the majority of

cells. (b and c) were generated using ICE web tool from Synthego
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(https://ice.synthego.com). For that, upload sgRNA
sequence, sequencing traces (.ab1 file) of the mock sample,
and the sample after gene editing (Fig. 2b, c).

6. Detailed analysis of mutation composition in the edited cells
can be performed by cloning of PCR product into E. coli
followed by sequencing of single bacteria clones. The most
precise method of estimation of mutant allele frequency after
gene editing/gene knockout is deep sequencing of PCR prod-
uct generated from edited DNA locus.

7. Additionally, the analysis of off-target sites may be performed
(see Note 17).

3.6 Characterization

of Granulocytic

Differentiation

of HSPCs

3.6.1 Colony-Forming

Unit Assay

1. Resuspend 3–10 � 103 cells (see Note 18) in 300 μL IMDM
with 2% FCS, and then add 30 μL Antibiotic–Antimycotic
Solution.

2. Add the cell suspension to 3 mL MethoCult™ Enriched
medium. Vortex thoroughly, and wait until air bubbles
disappear.

3. Seed the cell suspension into two 3.5 cm culture dishes (1.1 mL
per dish) using sterile gauge needle.

4. Keep the plates in CO2 cell culture incubator for 14 days and
determine colony numbers and types at day 14 (see Note 19).

3.6.2 Liquid Culture

Granulocytic Differentiation

1. After CRISPR/Cas9 RNP nucleofection, seed the cells at a
density of 2 � 105/mL. During the first 7 days of differentia-
tion, the cells are kept in differentiation medium 1 with
medium exchange every second day (see Note 20).

2. At day 7, replace medium 1 with differentiation medium 2. The
medium has to be changed every second day until day 14.

3. At day 14, perform flow cytometric analysis using antibodies
specific for the following hematopoietic/myeloid markers:
CD45 (leukocyte marker), CD34 (HSPC marker), CD33
(promyelocyte marker), CD11b (myeloid cell marker), CD14
(monocyte marker), and CD15 and CD16 (neutrophil mar-
kers). You may determine neutrophil percentage by gating on
neutrophils as follows: CD45+CD11b+CD15+, or
CD45+CD11b+CD16+, or CD45+CD15+CD16+ cells.

3.6.3 Evaluation of Cell

Morphology

1. Load the Cytoclip™ slide clips by fitting the filter card, the
sample chamber, and the glass slide. Place an assemble Cyto-
clip™ slide clips in the slide clip support plate of the cytospin
centrifuge ensuring that the centrifuge is balanced.

2. Pipette 2 � 104 cells from liquid culture differentiation
(100 μL) into Cytofunnel™.

3. Centrifuge for 3 min at 200 � g.
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4. Stain cytospin slides for 5 min in May–Grünwald stain, rinse
shortly with ddH2O, and then stain for 10 min in Wright-
Giemsa stain. Afterwards rinse shortly with ddH2O.

5. Determine cell morphology using a microscope.

3.7 Granulocyte

Function Tests

3.7.1 Chemotaxis Assay

1. Resuspend the cells at 1 � 106 cells/mL in RPMI with 0.5%
BSA and seed 200 μL of the cell suspension on top of the
polycarbonate membrane with 5 μm pore size.

2. Fill the bottom well with RMPI 1640 medium supplemented
with 0.5% BSA with or without 1 nM fMLP (see Note 21).

3. Incubate the plate for 2 h at 37 �C, 5% CO2.

4. Add 70 μL of 50 mM EDTA to the lower chamber and transfer
the plate to 4 �C for 30 min.

5. After incubation, remove the inserts, resuspend the cells vigor-
ously, and transfer the cell suspension from the lower chamber
into FACS tubes.

6. Count cells on flow cytometer.

3.7.2 Phagocytosis

Assay

1. Resuspend 3–10 � 104 cells in 100 μL RPMI 1640 medium
supplemented with 2% BSA.

2. Add fluorescent-labeled Staphylococcus aureus bioparticles in a
ratio of 1:100 per cell and incubate at 37 �C for 2 h. Make sure
to have untreated controls to determine background
fluorescence.

3. After incubation, wash the cells twice with PBS supplemented
with 2% BSA, resuspend cells in PBS with 2% BSA, and then
measure the number of FITC-positive cells using f low
cytometer.

3.7.3 Netosis Assay 1. Coat the wells of a flat bottom 96-well plate for 30 min at RT
with 50 μL/well 0.0001% Poly-L-Lysin solution.

2. Remove the solution after coating and wash twice with PBS.

3. Seed 2� 104 cells in 100 μL per well, add Sytox Green reagent
to a final concentration of 250 nM, and let cells to adhere for
20 min at RT.

4. Carefully add stimulant of choice to induce net release. We
used PMA at 100 nM.

5. Place the plates in the IncuCyte® live cell analysis system and
perform phase-contrast and GFP imaging every 10 min at 20�
magnifications overnight.

6. Analyzed the data on integrated software.
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3.7.4 ROS Production 1. Seed the cells at a density of 1 � 105/mL, and then add fMLP
at a final concentration of 10 nM to activate ROS production.

2. Incubate for 30 min at 37 �C, 5% CO2.

3. Measure the level of hydrogen peroxide (H2O2) ROS by the
ROS-Glo H2O2 Assay Kit according to manufacturer’s
protocol.

4 Notes

1. The preferred localization of guide RNA binding site for intro-
duction of KO by CRISPR/Cas9 system is the first exon, which
is present in all coding RNA transcripts. It is important to make
sure that the selected DNA sequence is unique, thus reducing
the probability of multiple binding of guide RNA to human
genome.

2. Benchling and DESKGEN web sites provide on-target and
off-target scores for every designed protospacer sequence. For
comprehensive analysis of potential off-target sites, a
bioinformatics-based tool, COSMID (CRISPR Off-target
Sites with Mismatches, Insertions, and Deletions, https://
crispr.bme.gatech.edu) [18], may be used. Additionally, calcu-
lation of microhomology-associated score can be helpful for
the estimation of frequency of undesired in-frame deletion and
selection of the gene locus with high out-of-frame score.
Microhomology-Predictor tool [19] is available under http://
www.rgenome.net/mich-calculator.

3. When layering the PB or BM sample onto Ficoll-Paque
medium, pipet it gently to avoid mixing of medium and diluted
BM/mobilized blood sample.

4. In case of cells clumps, use a nylon mesh (pre-separation filter
with 30 μm, Miltenyi) to remove cell clumps prior to
microbead labeling, to avoid a clogged column.

5. You may scale up or down the amount of beads and FcR
blocking reagent, according to the cell number.

6. For 1 � 108 PBMNCs or BMMNCs, use either MS or LS
columns.

7. For each step, wait until the column reservoir is empty before
proceeding to the next step. At the same time, do not let the
column to dry out.

8. We recommend to check the isolated CD34+ cell fraction for its
purity by staining the cells with an anti-CD34 antibody and
flow cytometric analysis before proceeding with gene editing
experiments.
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9. Hematopoietic stem cell medium and cytokines are expensive
cell culture reagents. RPMI 1640 cell medium or other equiva-
lents may be used for the defreezing of CD34+ cells with no
adverse effects for the cells.

10. CD34+ HSPCs proliferate better in a dense cell culture with
close cell-to-cell contact. Do not seed them with a density
lower than 2 � 105/mL.

11. For testing several sgRNAs, you may use the Lonza 16-well
Nucleocuvette™ strip to nucleofect 1–10 � 105 cells in a total
volume of 20 μL. This way is cost-effective for saving
CRISPR/Cas9 RNP and valuable primary cells.

12. The total volume of RNP-nucleofection buffer mix should not
exceed 110 μL for nucleofection in the Nucleocuvette™ vessel.

13. Optional: we recommend to let the cells stay for 10 min after
nucleofection at RTor in cell culture incubator before transfer-
ring them into the cell culture plate.

14. Lonza Nucleocuvette™ vessel may be reused for up to three
times. Rinse the cuvettes three times with ddH2O and once
with EtOH. Then expose Nucleocuvette™ vessel with open lid
to UV light for at least 30 min.

15. Cell lysis in the QuickExtract DNA Extraction Solution does
not allow DNA concentration measurements. Usually, 2–5 μL
of the lysate is sufficient for PCR. If PCR yields no product
while the positive control shows specific PCR band, then dilute
the quicklyzed DNA 1:3–1:5 with the QuickExtract DNA
Extraction Solution and repeat PCR.

16. T7EI assay might not give an exact estimation of gene modifi-
cation efficiency.

17. CRISPR/Cas9 RNP off-targets site analysis may be performed
as follows:

(a) In silico prediction of off-target DNA loci followed by
Sanger sequencing of the top predicted off-target sites
(low sensitivity, time consuming, low output).

(b) Custom NGS panel designed for predicted off-target
DNA regions (high sensitivity, long turnover time).

(c) Whole genome or exome DNA sequencing with high
depth (can be expensive, especially at the genome level,
high quality, and amount of DNA is necessary).

18. CD34+ cells lose stemness during in vitro culture. The number
of cells plated for CFU experiment depends on how long cells
were kept in culture. If CD34+ cells are cultured more than
1 week, then use 10 � 103 cells per CFU experiment.
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19. Place two 3.5 cm CFU dishes and an extra dish with 2 mL of
PBS and without a lid in a 10 cm dish to avoid the 3.5
dishes from drying out.

20. It is not recommended to disturb the cells every second day by
collecting the whole medium volume. Instead, without dis-
turbing or soaking up the cells, gently remove as much
medium as possible and add the same amount of fresh medium
to the cells.

21. Each sample needs to be tested with and without chemoattrac-
tant (fMLP) to control for spontaneous migration. Addition-
ally, each condition should be conducted at least in technical
duplicates.
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A
Autosomal-dominant ELANE mutations are the most common
cause of severe congenital neutropenia. Although the majority of
congenital neutropenia patients respond to daily granulocyte colony

stimulating factor, approximately 15 % do not respond to this cytokine at
doses up to 50 mg/kg/day and approximately 15 % of patients will develop
myelodysplasia or acute myeloid leukemia. “Maturation arrest,” the failure
of the marrow myeloid progenitors to form mature neutrophils, is a consis-
tent feature of ELANE associated congenital neutropenia. As mutant neu-
trophil elastase is the cause of this abnormality, we hypothesized that
ELANE associated neutropenia could be treated and “maturation arrest” cor-
rected by a CRISPR/Cas9-sgRNA ribonucleoprotein mediated ELANE
knockout. To examine this hypothesis, we used induced pluripotent stem
cells from two congenital neutropenia patients and primary hematopoietic
stem and progenitor cells from four congenital neutropenia patients harbor-
ing ELANE mutations as well as HL60 cells expressing mutant ELANE. We
observed that granulocytic differentiation of ELANE knockout induced
pluripotent stem cells and primary hematopoietic stem and progenitor cells
were comparable to healthy individuals. Phagocytic functions, ROS pro-
duction, and chemotaxis of the ELANE KO (knockout) neutrophils were
also normal. Knockdown of ELANE in the mutant ELANE expressing HL60
cells also allowed full maturation and formation of abundant neutrophils.
These observations suggest that ex vivo CRISPR/Cas9 RNP based ELANE
knockout of patients’ primary hematopoietic stem and progenitor cells fol-
lowed by autologous transplantation may be an alternative therapy for con-
genital neutropenia. 

CRISPR/Cas9-mediated ELANE knockout
enables neutrophilic maturation of primary
hematopoietic stem and progenitor cells and
induced pluripotent stem cells of severe 
congenital neutropenia patients
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ABSTRACT

Introduction

Autosomal dominant ELANE mutations encoding neutrophil elastase (NE) are the
most common cause of severe congenital neutropenia (CN), an inherited bone mar-
row failure syndrome.1-3 Patients with CN suffer from severe life-threatening bac-
terial infections starting early after birth due to the absence or very low numbers of
neutrophils in the peripheral blood (usually less than 500 cells per mL3).



Hematopoietic stem and progenitor cells (HSPC) of CN
patients fail to differentiate into mature neutrophils. This
differentiation defect can be partially restored with daily
or alternate-day subcutaneous injections of recombinant
human granulocyte colony stimulating factor (rhG-CSF) in
supra-physiological concentrations.4 Although rhG-CSF
therapy improves the life expectancy and quality of life of
CN patients, a subgroup does not respond to rhG-CSF.
Additionally, about 15 % of CN patients developed
myelodysplastic syndrome (MDS) or acute myeloid
leukemia (AML) till now.3 There is a positive correlation
between a rhG-CSF dose required to achieve acceptable
neutrophil counts and a cumulative incidence to develop
MDS or AML in CN patients.5 Therefore, CN patients,
especially patients who either require high rhG-CSF
dosages (above 50 mg/kg/day) and those who do not
respond at all, need alternative therapeutic options.
Hematopoietic stem cell transplantation (HSCT) would be
a treatment of choice in CN patients, but it is associated
with many adverse events, e.g. acute or chronic graft-ver-
sus-host-disease (GvHD), life-threatening infections, graft
failure or graft rejection. Indeed, the overall survival of CN
patients after HSCT is approximately 80 % only. 

Recently established new technologies of
CRISPR/Cas9-mediated gene editing in mammalian cells6,7

offer novel therapeutic options, especially for inherited
monogenic disorders, including ELANE mutations associ-
ated CN. In this case, CRISPR/Cas9-mediated gene correc-
tion or knockout of the mutant gene in patient`s HSPC ex
vivo followed by autologous transplantation of the correct-
ed HSPC might be a better treatment than high dose rhG-
CSF or allogeneic stem cell transplantation. 

ELANE mutations induce unfolded protein response
(UPR) and endoplasmic reticulum (ER) stress in HSPC of
CN patients that leads to increased apoptosis and defec-
tive granulocytic differentiation.8-11 Therefore, inactivation
of ELANE using CRISPR/Cas9-mediated knockout may
abrogate UPR and ER stress caused by mutated ELANE
with subsequent restoration of granulocytic differentia-
tion. In support of this hypothesis, we recently identified
a β-lactam-based inhibitor of human neutrophil elastase
(NE), MK0339, which restored defective granulocytic dif-
ferentiation of induced pluripotent stem cells (iPSC) and
HL60 cells expressing mutated NE.12 In addition, a recent
report by Nayak et al. demonstrated the restoration of the
in vitro granulopoiesis of ELANE-CN patient-derived iPSC
upon treatment with Sivelestat, another NE-specific small-
molecule inhibitor.12,13 Moreover, the fact that individuals
showing mosaicism of inherited ELANE mutations have a
higher proportion of ELANE mutated mature neutrophils
hematopoietic cells in the bone marrow than in the
blood14,15 supports the hypothesis that inactivation of
ELANE mutations will improve neutrophil differentiation.

Another possibility to correct the disease phenotype is
the direct correction of the specific gene mutation by the
activation of homology-directed repair (HDR) of the
mutated gene allele after cutting by CRISPR/Cas9 and co-
transfection with a repair template. Most CN patients har-
bor inherited autosomal dominant missense or frameshift
ELANE mutations that are distributed throughout all five
exons and two introns.16 Therefore, CRISPR/Cas9-mediat-
ed correction of ELANE mutations would need to be
patient/mutation specific. Since mutated ELANE may
induce UPR and ER stress in edited cells, the introduction
of new indels in the ELANE gene during the process of

CRISPR/Cas9 based editing may be not beneficial for the
integrity of the hematopoietic stem cell (HSC) pool.

The first pre-clinical CRISPR/Cas9-based gene therapy
study of common inherited blood disorders, sickle cell dis-
ease, and β-thalassemia, was reported.17,18 In these set-
tings, the β-globin gene locus was inactivated by the intro-
duction of deletions in autologous HSPC by
CRISPR/Cas9-mediated gene editing. This was done to
mimic the hereditary persistence of fetal hemoglobin
mutations in HSC.17,18

Here, we describe a CRISPR/Cas9 mediated ELANE KO
by electroporation of HSPC and iPSC with ELANE specific
CRISPR/Cas9-sgRNA ribonucleoprotein (RNP) complex-
es. ELANE KO induces granulocytic differentiation of
HSPC and iPSC of CN patients harboring ELANE muta-
tions without affecting their phagocytic functions. These
results suggest that it may be possible to use CRISPR/Cas9
based ELANE KO in autologous HSCT as a therapy for
ELANE associated neutropenia. 

Methods

Patients
Three healthy donors and five severe congenital neu-

tropenia patients harboring ELANE mutations 
(ELANE-CN) were used in the study. Bone marrow and
peripheral blood samples from patients were collected in
association with an annual follow-up recommended by
the Severe Chronic Neutropenia International Registry.
Study approval was obtained from the Ethical Review
Board of the Medical Faculty, University of Tübingen.
Informed written consent was obtained from all partici-
pants of this study.

Cell culture
Human CD34+ HSPC were isolated from bone marrow

mononuclear cell fraction using Ficoll gradient centrifuga-
tion followed by magnetic bead separation using Human
CD34 Progenitor Cell Isolation Kit, (Miltenyi Biotech,
#130-046-703). CD34+ cells were cultured in a density of 2
x 105 cells/mL in Stemline II Hematopoietic Stem Cell
Expansion medium (Sigma Aldrich, #50192) supplement-
ed with 10 % FBS, 1 % penicillin/streptomycin, 1 % 
L-Glutamine and a cytokine cocktail consisting of 20
ng/mL IL-3, 20 ng/mL IL-6, 20 ng/mL TPO, 50 ng/ml SCF
and 50 ng/mL FLT-3L (all cytokines were purchased from
R&D Systems). Human induced pluripotent stem cells
(iPSC) were cultured on Geltrex LDEV-free reduced
growth factor basement membrane matrix (Thermo
Fisher Scientific, #A1413201) coated plates in a density of
2 x 105 cells/mL in StemFlex medium (Thermo Fisher
Scientific, #A3349401) supplemented with 1 % peni-
cillin/streptomycin. HL60 cells were maintained in RPMI-
1640 supplemented with 10 % fetal bovine serum (FBS)
(Gemini Bio Products, West Sacramento, CA, USA), 2 mM
L-glutamine, and 1 % penicillin/streptomycin (Thermo
Fisher Scientific) at 37°C and 5 % CO2.

Design of the ELANE-specific guide RNA (gRNA)
Specific CRISPR-RNA (crRNA) for the knockout of the

ELANE gene (cut site: chr19 [CTGCGCGGAGGC-
CACTTCTG, +852,969 : -852,969], NM_001972.3 Exon 2,
161 bp; NP_001963.1 p.F54) was designed using the
CCTop website.19
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CRISPR/Cas9-gRNA RNP mediated ELANE KO in iPSC
and HSPC

Electroporation was carried out using the Amaxa nucle-
ofection system (P3 primary kit, #V4XP-3024) according
to the manufacturer’s instructions. 1x106 human iPSC or
CD34+ HSPC were electroporated with assembled gRNA
(8 mg) and Cas9 (15 mg) protein (Integrated DNA
Technologies).

Isolation of single cell iPSC clones 
8 x 103 human iPSC were plated on Geltrex-coated 10-

cm dish in StemFlex medium (Thermo Fisher Scientific,
#A3349401) and RevitaCell supplement (Thermo Fisher
Scientific, #A2644501). The medium was changed every
24 hours without RevitaCell supplement. On day 7, single
iPSC colonies were picked and transferred to the Geltrex-
coated 96-well plates (one clone/well).

Colony Forming Unit (CFU) assay
CD34+ cells were resuspended in IMDM supplemented

with 2 % FBS (Stemcell Technologies, #07700) and
enriched Methocult (Stemcell Technologies, #H4435). The
cell suspension was plated on 3.5 cm dishes (3x103

cells/dish) for 14 days. 

In vitro phagocytosis assay
Cells were incubated with or without fluorescein-conju-

gated Staphylococcus aureus BioParticles (Invitrogen,
#S2851) at a ratio of 100 particles per cell for two hours at
37°C, washed twice with PBS/ 2 % BSA, resuspended in
300 mL FACS buffer and analyzed by flow cytometry.

Statistical analysis
Differences in mean values between groups were ana-

lyzed using two-sided, unpaired Student’s t-tests using
GraphPad Prism software.

Additional Material and Methods are available in the
Online Supplementary Material and Methods.

Results

Inhibition of ELANE expression restored defective 
granulocytic differentiation of HL60 cell lines express-
ing endogenous ELANE mutations

We created CRISPR/Cas9 edited mutant ELANE knock-
in HL60 human promyelocytic cell lines expressing either
p.P139L or p.C151Y ELANE mutations. All-trans retinoic
acid (ATRA) induced differentiation of wild-type and

M. Nasri et al.
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Figure 1. The effect of ELANE knock-down on the impaired myeloid differentiation
of HL60 cells expressing mutant neutrophil elastase. (A) CRISPR/Cas9 edited
human promyelocytic HL60 cells expressing p.P139L and p.C151Y mutant neu-
trophil elastase (NE) were electroporated with scrambled and anti-ELANE siRNA and
maintained in the complete medium for five days. Western blot (WB) analysis at day
4 shows complete knock-down of NE detected with an anti-NE monoclonal antibody.
For loading control, the membrane was stripped and re-probed with a β-actin-specif-
ic antibody. Representative WB membranes are depicted. (B) Myeloid differentiation
was induced with 2 mM ATRA (all-trans retinoic acid). After five days, cells were
labeled with CD11b myeloid differentiation surface marker and examined using
Fluorescence-activated cell sorting (FACS) analysis. The proportion of CD11b-PE pos-
itive cells is indicated. Data represent means ± SD from four independent experi-
ments. Two-sided, unpaired Student’s t-test P-values are shown, ***P<0.0001 and
***P=0.0043 for p.P139L and p.C151Y respectively compared to wild-type (WT). 

A

B



mutant HL60 clones revealed a typical impairment of
granulocytic differentiation capacities in both mutant cell
lines, as assessed by the significantly lower proportion of
cells expressing CD11b granulocytic differentiation mark-
er in p.P139L and p.C151Y mutant cell lines compared to
the wild-type (P<0.0001 and P=0.00043, respectively) on
day 5 of differentiation (Figure 1A-B and Online
Supplementary Figure S1A-C). These findings are consistent
with ELANE associated neutropenia patients phenotype.

As a proof-of-principle experiment, we have used RNA
interference (RNAi) technology to knock down the
expression of the ELANE gene in these cell lines. Thereby,
we investigated the biological effects of inhibition of
mutant NE on the granulocytic differentiation. Indeed,
transfection of commercially available siRNA against the
exon 4 of ELANE, completely knocked down the expres-
sion of NE in all cell lines. Production of CD11b positive
cells was significantly restored in both mutant cell lines
(P=0.00041 for p.P139L and P=0.00048 for p.C151Y), but

not in wild-type cells (Figure 1A-B and Online
Supplementary Figure S1A-C).

Design and validation of sgRNA targeting ELANE

We further generated guide RNA (gRNA) specifically
targeting exon 2 of ELANE by annealing CRISPR-RNA
(crRNA) with trans-activating crRNA (tracrRNA). gRNA
was incubated with recombinant Cas9 protein to generate
CRISPR/Cas9-gRNA RNP complexes. The gRNA targeting
exon 2 of ELANE (cut site: chr19[+852.969:-852.969],
Figure 2A) was selected to introduce stop-codon muta-
tions and to induce nonsense-mediated mRNA decay
(NMD) of ELANE mRNA, which is caused by stop-codon
or frameshift mutations at the beginning of ELANE
mRNA. Based on our experimental analysis, the selected
gRNA has high on-target activity with low off-target score
(data not shown). To evaluate inhibition of NE expression
by CRISPR/Cas9 RNP mediated targeting of exon 2 of
ELANE, we generated an ELANE KO myeloid cell line
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Figure 2. Establishment of CRISPR/Cas9 RNP-mediated ELANE knockout in THP-1 cells. (A)
ELANE was targeted using single guide ribonucleoprotein (RNP)-mediated (highlighted in
pink), which creates a double-strand break at NM_001972.2 exon 2, 161 bp after ATG;
NP_001963.1, p.F54. Schematic presentation of the cut site by sgRNA. (B-D) Myeloid cell line
THP-1 was electroporated with ELANE-specific CRISPR/Cas9 RNP. Single cell clones of ELANE
KO THP-1 cells were generated, as described in the Material and Methods. Representative
Sanger sequencing image (B), the bar chart of the TIDE assay (C) and representative  Western
blotting (WB) images of  neutrophil elastase (NE) and α-tubulin protein expression (D) in single
cell-derived ELANE KO THP-1 cells are depicted.
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THP-1, which has high basal expression levels of ELANE
and NE. The efficiency of ELANE knockout in the total
population of edited THP-1 cells was 77 %, as assessed by
Sanger sequencing and tracking of indels by decomposi-
tion (TIDE) analysis (data not shown). The pure ELANE KO
THP-1 cell clone has compound heterozygosity of 14 and
17 bp deletions on each allele (Figure 2B-C). The NE
expression was completely absent in the pure ELANE KO
THP-1 cell clone, as determined by Western blotting (WB)
using anti-NE antibody against the C-terminus of NE pro-
tein (Figure 2D, Online Supplementary Figure S2A-B). These
data suggest that sgRNA targeting ELANE that we
designed led to a complete loss of NE protein. 

Restoration of the in vitro granulocytic differentiation
in ELANE-CN iPSC clones after ELANE knockout

We generated iPSC from peripheral blood mononuclear
cells (PB MNC) of two ELANE-CN patients, harboring
ELANE mutations p.C151Y or p.A57V (CN p.C151Y iPSC
and CN p.A57V iPSC, respectively). Additionally, iPSC of
one healthy control (healthy ctrl iPSC) were evaluated. All
three iPSC lines expressed elevated mRNA and protein
levels of pluripotent stem cell-specific factors, displayed
alkaline phosphatase activity and expression of pluripo-
tent embryonic stem cell surface markers (Online
Supplementary Figure 3A-C). 

Next, we used electroporation of iPSC clones with
ELANE-specific CRISPR/Cas9-sgRNA RNP to generate
pure ELANE KO CN iPSC clones. For this, electroporated
iPSC were seeded on a geltrex coated culture dish and sin-
gle-cell derived iPSC clones were isolated transferred to
geltrex coated 96 well-plates for the subsequent selection
of ELANE knockout clones (Figure 3A). Confirmed ELANE
knockout iPSC clones have followed ELANE modifica-

tions: 274 bp del/ins in CN p.C151Y ELANE KO iPSC, and
17 bp del in CN p.A57V ELANE KO iPSC (Figure 3B). The
editing efficiency of healthy ctrl iPSC was 97 % (Online
Supplementary Figure S4A), therefore, we used the total
population of gene-edited healthy control (ctrl) iPSC for
further analysis. We did not detect any off-target activity
of the gRNA for the selected cDNA sites in all studied
iPSC, as assessed using Sanger sequencing (Online
Supplementary Figure S4B and Tables S1, S2). 

Applying a slightly modified in vitro embryoid body
(EB)-based iPSC differentiation method that allows gener-
ation of hematopoietic cells and mature myeloid cells for
approximately 30 days,22,23 we found an increase in the
percentage of CD15+CD16+CD45+ granulocytes in ELANE
KO CN-iPSC cell culture, as compared to CN-iPSC. The
generation of granulocytes from ELANE KO CN-iPSC was
comparable to iPSC generated from a healthy donor
(Figure 3C, 4A, and Online Supplementary Figure S5A).
Generation of immature hematopoietic cells
(CD34+KDR+, CD34+CD43+, CD45–CD235+CD41a+ and
CD45+CD34+ cells) and CD45+CD33+ myeloid progenitor
cells in ELANE KO CN- and CN-iPSC lines were similar or
increased, in comparison to corresponding MOCK treated
iPSC lines (Online Supplementary Figure S6A). 

A CFU assay was performed with ELANE-/- iPSC-derived
CD34+ cells from CN patients and showed elevated levels
of CFU-G but reduced CFU-M colony numbers, as com-
pared to CD34+ cells derived from MOCK treated CN
iPSC clones (Figure 4C). These data suggest that ELANE
knockout restores granulocytic differentiation in CN.

We did not observe any significant defects in in vitro
granulocytic differentiation of ELANE KO iPSC generated
from a healthy donor, as compared to MOCK treated cells
(Figure 4A-C, Online Supplementary Figures S5 and S6).
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Figure 3. Generation of
ELANE KO CN iPSC clones. (A)
Scheme of the ELANE-specific
CRISPR/Cas9-gRNA ribonu-
cleoprotein electroporation of
induced pluripotent stem cells
(iPSC) and generation of
ELANE KO iPSC clones.
Generation of single ELANE
knockout iPSC clones was
made by seeding single iPSC,
subsequent picking of each
clone and transferring them
into 96 well plates. Screening
of each iPSC clone was done
by Cas9 in vitro digestion and
Sanger sequencing. (B)
Scheme of CRISPR/Cas9
introduced modifications in
the ELANE gene in iPSC
clones of congenital neu-
tropenia (CN) patients. Red
inserts show positions of
indels in ELANE mRNA
(NM_001972.2) and numbers
refer to bp position after ATG.
(C) Scheme of the EB-based
hematopoietic/neutrophilic
differentiation of iPSC.  
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ELANE knockout in HSPC of ELANE-CN patients
restores diminished granulocytic differentiation 

To further evaluate the clinical applicability of ELANE
KO as a treatment option of ELANE-associated CN, we
performed CRISPR/Cas9 RNP-mediated gene editing in
primary bone marrow CD34+ HSPC of four ELANE-CN
patients (Table 1) and three healthy donors and differenti-
ated the cells towards neutrophils. ELANE knockout in
CD34+ HSPC was performed by electroporation of human
CD34+ HSPC with assembled ELANE specific sgRNA and
Cas9 protein (Figure 5A). The editing efficiency varied
between 27 % and 94 % (Figure 5B, Online Supplementary
Figure S7). As expected, NE levels in neutrophils differen-
tiated from the total population of edited cells were
markedly reduced (Figure 5C-D, Online Supplementary
Figure S8A-B). Moreover, ELANE KO leads to elevated
granulocytic differentiation, as assessed by the percentage
of CD15+CD11b+CD45+ cells (Figure 6A, Online
Supplementary Figure S9A-B) and morphological examina-
tion of cytospin preparations of mature granulocytes gen-
erated on day 14 of the in vitro granulocytic differentiation
using liquid culture (Figure 6B). At the same time, the ratio
of ELANE KO cells increased from day 7 to day 14 of dif-
ferentiation (Figure 5B). Simultaneously, the percentage of
CD34+CD45+ cells was reduced in ELANE KO cells of CN
patients, but not in healthy donor cells (Online
Supplementary Figure S10A). In one patient (CN I120F), no
difference in the percentage of CD15+CD11b+CD45+ cells
between MOCK and ELANE KO samples was observed,
but a clear improvement of granulocytic differentiation
was detected in cytospin slides. This finding may be
explained by relative mild neutropenia (Online
Supplementary Table 3) and possible expression of CD15 in
not fully mature myeloid cells in this patient. 

Scanning and transmission electron microscopy
revealed that ELANE KO cells of both healthy control and
one CN patient showed no significant differences in mor-
phology or intracellular structures, compared with MOCK
cells of a healthy donor (Figure 6C-D).

Altogether, these data suggest that ELANE KO cells have
a differentiation advantage over the HSPC carrying mutat-
ed ELANE. 

Neutrophils generated from ELANE KO HSPC exhibited
unaffected ROS production, phagocytosis and 
chemotaxis upon activation in vitro  

We further evaluated in vitro activation of neutrophils gen-
erated from ELANE KO HSPCs in liquid culture for 14 days.
We first performed an assessment of H2O2 levels (ROS) in
fMLP-activated ELANE KO neutrophils generated from a
healthy donor. We detected no differences between ELANE
WT and ELANE KO neutrophils (Figure 7A). 

Phagocytosis was evaluated by incubation of cells with
fluorescein-conjugated Staphylococcus aureus BioParticles
for two hours. Percentage of GFP+ granulocytes that
engulfed bacteria were assessed by FACS using gating on
granulocyte population in the dot plot of forward-scatter
light (FSC) versus side-scatter light (SSC) channels. We did
not detect any significant differences in phagocytosis of
ELANE KO neutrophilic granulocytes, as compared to
control MOCK cells (Figure 7B). As an independent evalu-
ation of phagocytosis kinetics, we performed live cell
imaging of neutrophils incubated with pHrodo Green 
E. coli Bioparticles Conjugate using IncuCyte ZOOM sys-
tem and observed similar phagocytosis behavior of

MOCK and ELANE KO neutrophils generated from a
healthy donor or one CN patient (Figure 7C).

Chemotactic activity of fMLP-treated neutrophils was
also comparable between MOCK and ELANE KO groups
(Figure 7D).
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Figure 4. ELANE knockout restored granulocytic differentiation of ELANE-CN
iPSC. (A) Flow cytometry analysis of suspension cells harvested from embryoid
body (EB)-based granulocytic cell culture of respective iPSC clones on day 28 or
32 of differentiation. Data represent means ± standard deviation (SD) from two
independent experiments. *P<0.05, **P<0.01. (B) Wright-Giemsa staining of
cytospin preparations of suspension myeloid cells harvested from iPSC culture
at day 28 or 32 of differentiation. Representative images are depicted. (C)
Colony-forming unit (CFU) assay of CD34+ cells harvested from EB-based iPSC
culture on day 14 of differentiation. Data represent means ± SD from two inde-
pendent experiments. *P<0.05.
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Unaffected phagocytic activity of ELANE KO PMN in
zebrafish embryos 

To evaluate the phagocytic activity of ELANE KO PMN
in vivo, we transplanted fluorescently labeled polymor-
phonuclear leukocytes (PMN) generated from ELANE KO
HD into zebrafish embryos (Figure 8A). PMN were inject-
ed into the duct of Cuvier, a wide circulation channel on
the yolk sac connecting the heart to the trunk vasculature.
Subsequently, Alexa-594-conjugated Staphylococcus aureus
BioParticles were injected locally in the tail fin close to the
caudal vein. Live imaging showed that human neutrophils
migrated into the caudal hematopoietic tissue (CHT),
which is equivalent to the fetal liver in mammals and pro-
vides a human-compatible environment.24,25 Confocal
imaging of this region revealed that most of the ELANE
KO neutrophils were found inside the perivascular pocket
(Figure 8B) and many of them have engulfed bacteria
(white arrows in Figure 8B and 8C, Online Supplementary
Movie S1). Time-lapse in vivo imaging of the xenotrans-

planted embryos also revealed that human ELANE KO
PMN have the capability to form surface protrusion with-
in the perivascular region (Figure 8D, Online Supplementary
Movie S2). We could not detect a difference between trans-
planted human ELANE KO and control MOCK PMN in
zebrafish embryos (data not shown). These observations
indicate that human ELANE KO PMN are able to migrate
and phagocyte in vivo. 

ELANE KO restores deregulated expression of UPR
gene BiP and anti-apoptotic factor Bcl-xl in ELANE KO
iPSC derived cells of CN patients

We further evaluated the effects of ELANE KO on the
expression of UPR gene BiP and anti-apoptotic factor Bcl-
xl (Online Supplementary Figure S11). We analyzed pure
ELANE KO HSPC (for Bcl-xl) or neutrophils (for BiP) gen-
erated from iPSC of two CN patients. We found that
ELANE KO HSPC express elevated mRNA levels of Bcl-xl
and BiP expression was markedly reduced in ELANE KO
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Figure 5. Efficient CRISPR/Cas9 RNP-based
ELANE knockout in HSPC. (A) Scheme of the
generation of ELANE KO HSPC using electropo-
ration with ELANE-specific CRISPR/Cas9-gRNA
ribonucleoprotein (RNP). (B) TIDE results of edit-
ed CD34+ HSPC at day 7 and 14 of liquid culture
differentiation. (C and D) Hematopoietic stem
and progenitor cells (HSPC) of healthy controls
(C), or two CN patients (D) were electroporated
with ELANE-specific CRISPR/Cas9 RNP, on day
14 of culture, cells were lysed in Laemmli buffer
and Western blotting (WB) analysis using anti-
neutrophil elastase (NE) antibody against C-ter-
minus of NE was performed, staining with α-
tubulin antibody was used as loading control.
Representative WB images of cells from two
independent experiments are depicted.
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PMN, compared to cells carrying mutated ELANE. As
expected, ELANE mRNA levels were severely diminished
in ELANE KO cells (Online Supplementary Figure S11).

Discussion

The majority of patients suffering from congenital neu-
tropenia respond well to daily treatment with rhG-CSF
leading to a normal quality of life. However, in the last 25
years, we learned that CN is a preleukemic syndrome and
that approximately 15 % of patients do not respond to

even ultra-high dosages (>50 mg/kg/d) of rhG-CSF.
Therefore, we are searching for other treatment modali-
ties for CN patients that may prevent leukemic transfor-
mation and may be useful for those who are requiring
high dosages of rhG-CSF or not responding at all to 
rhG-CSF. For these patients, the only available treatment
is stem cell transplantation with the risk of transplant-
associated adverse events such as acute or chronic GvHD.

In the present study, we described for the first time the
establishment of an in vitro cellular model of CRISPR/Cas9
mediated gene therapy of CN associated with autosomal
dominant ELANE mutations, the most frequent cause of
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Figure 6. ELANE KO restored granulocytic differ-
entiation of ELANE-CN primary HSPC. (A)
Differentiation capacity of ELANE knockout
CD34+ cells was assessed by liquid culture differ-
entiation after 14 days by investigating neu-
trophilic surface marker expression. Data repre-
sent means ± standard deviation (SD) from tripli-
cates. *P<0.05, **P<0.01, ****P<0.0001. (B)
Wright-Giemsa staining of differentiated cells
was conducted on day 14 allowing morphologic
discrimination of the cells. Representative
images are depicted. (C-D) Electron micrographs
of neutrophils generated on day 14 of liquid cul-
ture analyzed by scanning electron microscopy
(SEM) (C) and transmission electron microscopy
(TEM) (D). Representative SEM and TEM images
are depicted. Typical neutrophil morphology is
observed in all studied samples.
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CN. We tested ex vivo CRISPR/Cas9 RNP-based ELANE
knockout in HSPC of CN patients that may be used for
autologous transplantation as a therapeutic approach for
ELANE-CN patients. Virus- and DNA-free application of
CRISPR/Cas9 RNP markedly increases gene editing effi-
ciency and simultaneously decreases the probability and
frequency of off-target effects, because CRISPR/Cas9 RNP
activity is preserved in cells for only approximately 48
hours. We recently reported the establishment of the flu-
orescent labeling of CRISPR/Cas9 RNP complexes for
gene editing of primary hematopoietic stem cells and sub-
sequent sorting of gene-modified cells for further applica-
tions.26 Implementation of this method will improve the
efficiency of gene knockout or gene correction in HSPC,
including ELANE knockout or correction of ELANE muta-
tions. 

In case of ELANE KO, different combinations of the
ELANE gene editing are expected: we may generate
unedited, monoallelic edited (of mutated or WT allele), or
bi-allelic edited HSPC. Since we did not use any selection
marker for edited HSPC, we were not able to estimate the
proportion of HSPC with inactivation of the mutated
ELANE allele. The fact that the proportion of ELANE KO
cells was elevated upon granulocytic differentiation
strongly argues for the differentiation advantage of the
edited cells lacking ELANE (including loss of the mutated
allele). 

There are several potential unforeseen consequences of
the ELANE gene knockout strategy. For example, Tidwell
et al. reported the presence of two in-frame ATG codons
in exon 2 and exon 4 of ELANE.27 They showed that the
internal translation of NE can be initiated when the canon-
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Figure 7. Unaffected functions of ELANE KO neu-
trophils. (A, B, C) Reactive oxygen species (ROS)
assay (A) and phagocytosis assay (B, C) of granulo-
cytes generated on day 14 of liquid culture, as
described in the Methods section. Data represent
means ± SD from duplicates. *P<0.05, **P<0.01,
***P<0.0001. (C) Phagocytosis Kinetic using
IncuCyte ZOOM System of granulocytes generated
on day 14 of liquid culture as described in the
Methods section. Data represent mean ± standard
deviation (SD). (D) Chemotaxis depicted as fold
change between fMLP-treated and untreated gran-
ulocytes generated on day 14 of liquid culture.
Data represents mean ± SD, healthy control (ctrl)
(n=2), CN patient (n=1).

A

B C

D



ical translational start site and/or internal start sites in
exon 2 are disrupted and that expression of internally-ini-
tiated ELANE is pathogenic. We found a marked reduction
of ELANE mRNA, most probably due to the induction of
nonsense-mediated mRNA decay (NMD) of ELANE
mRNA after exposure of cells to ELANE-specific
CRISPR/Cas9 sgRNA RNP. We also did not detect any
additional NE protein bands on WB analysis of edited cells
using antibody recognizing C-terminus of NE. Based on
these observations, we concluded that our sgRNA is
inducing loss of NE protein without activation of the path-
ogenic ELANE forms from the internal ATG. 

We did not detect off-target activity in edited cells, but
recent results from Alan Bradley have suggested that the
introduction of CRISPR/Cas9 editing can cause multiple
genomic changes far beyond the actual target.28 Therefore,

for clinical applications, evaluation of the off-target activi-
ty of CRISPR/Cas9 on whole genome level using next-
generation sequencing should be performed. In addition, it
would be important to evaluate that the editing of ELANE
occurred in the repopulating hematopoietic stem cell pop-
ulation and that these cells maintained their ability to
engraft immunodeficient mice in vivo. Since most probably
HSC are not expressing NE, we will not expect any dam-
aging effects of the ELANE KO on the functions and
integrity of HSC. 

We demonstrated here, that CRISPR/Cas9 mediated
ELANE KO in HSPC and iPSC of CN patients induces
granulocytic differentiation and in vitro generated ELANE
KO neutrophils have no defects in the phagocytic activity,
ROS production, and chemotaxis. NE is a proteolytic
enzyme of the neutrophil serine protease (NSP) family,
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Figure 8. Human ELANE KO PMN are capable to migrate and to phagocyte S. aureus BioParticles in zebrafish embryos in vivo. (A) The scheme of in vivo phagocytosis
assay in zebrafish embryos xenotransplanted with human fluorescently labeled polymorphonuclear leukocytes (PMN). (B) A representative confocal image highlight-
ing the presence of transplanted human ELANE KO PMN in the caudal hematopoietic site of a zebrafish embryo at 53 hpf. White arrows indicate S. aureus
BioParticles phagocytosed by human ELANE KO PMN. CV: caudal vein; DA: dorsal aorta. Scale bar: 20 mm. (C) Three-dimensional rendering of a z-stacks of 12 mm
illustrating human ELANE KO PMN, one of them has engulfed S. aureus BioParticles (white arrow). Scale bar: 10 µm. (D) Still photographs from a time-lapse recording
illustrating the phagocytic activity of transplanted human ELANE KO PMN in the zebrafish embryo. Arrowheads indicate the formation of neutrophil protrusions.
Numbers indicate time in minutes. Scale bar: 10 mm.
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including also cathepsin G (CG), proteinase 3 (PR3) and
azurocidin (AZU1). NSP are stored in cytoplasmic gran-
ules, can be secreted into the extra- and peri-cellular space
upon cellular activation and considered to be crucially
involved in bacterial defense. NE and PR3 are very similar
in their substrate specificity supporting a potentially
redundant function for these two enzymes. Elane-/- mice
have normal neutrophil counts, but there are conflicting
results regarding the effect of NE-deficiency on neutrophil
extravasation to sites of inflammation, phagocytosis, and
neutrophil extracellular traps in mice. NE may or may not
be essential for these processes.29-33 Papillon-Lefevre
Syndrome (PLS) is the only human disorder known to
cause NE deficiency. This rare autosomal recessive disease
is due to loss-of-function mutations in the DPPI gene locus
with the loss of the lysosomal cysteine protease cathepsin
C/dipeptidyl peptidase I (DPPI). The activation of NSP,
including NE, depends on the N-terminal processing activ-
ity of DPPI. Therefore, PLS patients exhibit a severe reduc-
tion in the activity and stability of all three NSP including
NE. Intriguingly, patients with PLS have no defects in their
ability to kill bacteria e.g. Staphylococcus aureus or E.coli,
suggesting that redundancies in the neutrophil’s bacterici-
dal mechanisms negate the necessity for serine proteases
for killing common bacteria.34 Moreover, since the other
serine proteases including CG, PR3 and neutrophil serine
protease 4 remain intact, we do not expect for the result-
ant cells to develop any neutrophil-specific functional
anti-bacterial or immunodeficiency phenotype in ELANE
KO cells. Based on these observations, at this juncture, we
believe that CRISPR/Cas9 based knockout of ELANE in
HSPC of CN patients may restore defective granulopoiesis
in CN patients without seriously impairing neutrophil
functions. Further studies, including gene expression
analysis to understand which pathways are affected by
ELANE mutations and verifying that these pathways are
indeed restored by ELANE KO, are essential to justify the
therapeutic applications of ELANE KO technology in the
future. It will also contribute to the understanding of the
pathophysiology of the CN caused by ELANE mutations.
Our first attempts to investigate intracellular signaling
pathways affected by mutated ELANE revealed the
restoration of mRNA expression of anti-apoptotic Bcl-xl
factor that is downregulated in CN myeloid progenitor
cells.35 Moreover, we found downregulation of mRNA lev-
els of the key UPR player BiP, normally upregulated in
HSPC of CN patients harboring ELANE mutations.8-10

CRISPR/Cas9 technology also allowed correction of the
specific gene mutations. We selected the ELANE knockout
approach since ELANE mutations are heterozygous gain-
of-function gene defects that are distributed throughout
all five exons and two introns of ELANE and specific
ELANE mutations correction would require specific set-
tings for each patient based on the mutation position. In
addition, the requirement of the introduction of the donor
repair template DNA in a gene correction approach

requires the activation of HDR making it difficult to
achieve efficient correction in primary HSPC. We and
other investigators have reported that ELANE mutations
induce UPR and ER stress.8-11 We also described deregulat-
ed signaling pathways in HSPC of CN patients down-
stream of ELANE mutations, such as diminished expres-
sion of transcription factors LEF-1, and C/EBPα,36−39 abro-
gated expression and phosphorylation of the adaptor pro-
tein HCLS1,40 elevated apoptosis35 and hyperactivated
NAMPT/sirtuins.41 These intracellular defects may lead to
the elevated fragility of HSPC during ex vivo gene manipu-
lations and may affect gene correction efficiency.
Moreover, gene editing strategy directed to the correction
of ELANE mutations may lead to the creation of novel
missense or frameshift mutations that may result in the
novel mutant NE protein with damaging functions and
potential generation of the pre-leukemic HSPC clones
with proliferative advantage and possible leukemic trans-
formation. Adeno-associated virus (AAV)-based vector
may be used for the delivery of the donor repair template
and is considered safer than retroviral constructs. Two
groups recently published successful gene deletions as a
gene therapy approach to cure sickle cell disease, a com-
mon inherited blood disorder.17,18 It should be noted that
AAV-based expression constructs may induce anti-viral
host immune responses and may non-specifically inte-
grate into the host genome.  

In summary, we report here for the first time a method
of CRISPR/Cas9 mediated ELANE gene deletion in
hematopoietic stem cells and iPSC from CN patients har-
boring ELANE mutations. The ELANE gene deletion
resulted in the increase of granulocytic differentiation to
functional normal mature neutrophils in these patients in
vitro. Therefore, CRISPR/Cas9 based gene knockout of
ELANE in CN patients harboring ELANE mutation might
be a useful treatment option especially in patients requir-
ing high G-CSF dosages or do not responding to G-CSF at
all. In addition, it remains to be investigated in subsequent
clinical studies whether, in CN patients harboring ELANE
mutations, the ELANE gene knockout would also abrogate
the leukemogenesis. 
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Abstract

Patients with the pre-leukemia bone marrow failure syndrome called severe congenital neutropenia (CN) have an
approximately 15% risk of developing acute myeloid leukemia (AML; called here CN/AML). Most CN/AML
patients co-acquire CSF3R and RUNX1 mutations, which play cooperative roles in the development of AML. To
establish an in vitro model of leukemogenesis, we utilized bone marrow lin− cells from transgenic C57BL/6-d715
Csf3r mice expressing a CN patient–mimicking truncated CSF3R mutation. We transduced these cells with vectors
encoding RUNX1 wild type (WT) or RUNX1 mutant proteins carrying the R139G or R174L mutations. Cells
transduced with these RUNX1 mutants showed diminished in vitro myeloid differentiation and elevated replating
capacity, compared with those expressing WT RUNX1. mRNA expression analysis showed that cells transduced with
the RUNX1 mutants exhibited hyperactivation of inflammatory signaling and innate immunity pathways, including
IL-6, TLR, NF-kappaB, IFN, and TREM1 signaling. These data suggest that the expression of mutated RUNX1 in a
CSF3R-mutated background may activate the pro-inflammatory cell state and inhibit myeloid differentiation.

Keywords Severecongenitalneutropenia .Pre-leukemiabonemarrowfailure syndrome .G-CSFRmutations .RUNX1mutations

Introduction

Patients with the inborn pre-leukemia bone marrow failure
syndrome called severe congenital neutropenia (CN) have a
very low level (less than 500 cells/μl blood) or even a com-
plete lack of mature neutrophilic granulocytes in the peripher-
al blood which is caused by blockade of the terminal differ-
entiation of bone marrow myeloid progenitor cells at the
promyelocytes/myelocyte stage [1, 2]. In most CN patients,
this granulocyte differentiation defect can be successfully
treated by daily subcutaneous administration of recombinant
human granulocyte colony–stimulating factor (G-CSF).
Approximately 15% of CN patients develop myelodysplastic
syndrome or acute myeloid leukemia (MDS or AML).
Inherited mutations in the ELANE, HAX1, G6PC3, SRP54,
GFI1, and JAGN1 genes cause CN, and leukemic progression
has been seen in CN patients of all genetic groups [1].

CSF3R mutations resulting in the production of trun-
cated G-CSFR proteins that lack from one to four
phospho-tyrosine residues and exhibit defective receptor
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internalization were reported in a majority of CN patients
with overt AML or MDS [3–9]. However, transgenic
d715 Csf3r mice lacking three tyrosines do not develop
AML or MDS [3–9], suggesting that additional genetic
alterations in combination with CSF3R mutation are
needed for the progression of AML. We recently exam-
ined a large cohort of CN/AML patients (31 patients) and
found cooperative acquired mutations of CSF3R and
RUNX1 (runt-related transcription factor 1) in 55% of
CN patients with overt AML or MDS [10]. However,
the detailed mechanism underlying the leukemogenic
transformation downstream of CSF3R and RUNX1 muta-
tions remained unknown.

Acquired mutations in RUNX1 occur in AML, mostly
secondary to MDS, radiation therapy, or chemotherapy
[11–16]. Most RUNX1 mutations are acquired heterozy-
gous point mutations; they are predominantly located in
t h e Ru n t h omo l o g y /DNA - b i n d i n g (RHD ) o r
transactivation (TAD) domains. Interestingly, a majority
of patients with familial platelet disorder (FPD) and a pre-
disposition for AML have germline RUNX1 mutations
[17]. Some FPD patients with overt AML gain additional
RUNX1 mutations [17]. Among the described groups of
AML patients, the incidence of acquired RUNX1 mutations
is the highest in CN/AML patients. RUNX1 mutations in
CN/AML patients are distributed throughout the RHD
(primarily) and TAD of the RUNX1 protein, and some
hot spot positions have been noted [10]. For example, ami-
no acid residues 139 and 174 of the RUNX1 protein were
found to be mutated in four and three CN/AML patients,
respectively [10] (data not shown). The functional out-
comes of RUNX1 mutations at different positions have
not yet been clearly defined, but we speculate that they
may affect the DNA binding of RUNX1 to target genes
or the protein–protein interactions, intracellular localiza-
tion, protein stability, and/or post-translational modifica-
tion(s) of RUNX1.

The role of inflammation in cancer was first mentioned
in 1863 by Virchow [18]. A growing body of research
suggests that pro-inflammatory signaling acts through di-
verse mechanisms to increase the proliferation rate of he-
matopoietic stem and progenitor cells (HSPCs), which in-
duces genotoxicity, increases survival, and produces pre-
leukemia stem cells (pre-LSCs) with a high likelihood of
leukemic transformation [19].

In the present study, we sought to establish an
in vitro experimental model to study the intracellular
mechanisms of leukemia development downstream of
CSF3R and RUNX1 mutations. Using this model, we
identified upregulation of an inflammatory signature sig-
naling in mouse HSPCs expressing mutated CSF3R and
RUNX1. This expression signature may predispose CN
patients toward leukemic transformation.

Material and methods

Mice

Male d715 Csf3r mice on the C57BL/6J background have
been described previously [9]. Mice were housed under
pathogen-free conditions in the animal facility of Tübingen
University.

Cell purification and separation

Mouse bone marrow cells were isolated by flushing the long
bones with ice-cold PBS. Bone marrow mononuclear cells
were isolated by Ficoll–Hypaque gradient centrifugation
(Amersham Biosciences) and positively selected bone mar-
row lin− cells by immunomagnetic labeling with correspond-
ing MACS beads (Miltenyi Biotec). Cells were counted, and
viability was assessed by Trypan blue dye exclusion.

Generation of the lentiviral vectors expressing WT or
mutant RUNX1 cDNA

To generate RUNX1 mutants, we performed site-directed mu-
tagenesis. As a template, we used Lego-iG/Puro-RUNX1-wt-
CTAP plasmid expressing humanwild type (WT) RUNX1 gen-
erously provided by Dr. Boris Fehse and Dr. Carol Stocking.
Specific primers to introduce mutations p.Arg139Gly (R139G)
and p.Arg174Leu (R174L) in wild type RUNX1 nucleotide se-
quence were designed using the QuickChange Primer Design
tool (https://www.agilent.com/store/primerDesignProgram.jsp).
Primer sequences are available upon request. Lego-iG/Puro-
RUNX1-R139G-CTAP and Lego-iG/Puro-RUNX1-R174L-
CTAP plasmids were generated using the QuickChange II
Site-Directed Mutagenesis Kit (Agilent Technologies, Inc.) ac-
cording to the manufacturer’s instruction. RUNX1 cDNAs (WT
and two mutants) were subsequently re-cloned into lentiviral
pRRL.PPT.CBX3.SFFV.hRUNX1.i2.EBFP.puro.pre vector.
Transgene expression was controlled by the spleen focus–
forming virus promoter (SFFV) juxtaposed to the minimal ubiq-
uitous chromatin opening element (CBX3). EBFP translation
was initiated by an internal ribosomal entry side (i2).

Transduction of cells

Lin− cells were cultured in a hematopoietic stem cell expan-
sion medium consisting of Stemline II medium supplemented
with Pen/Strep, 10% FCS (Sigma-Aldrich), 1 μm dexameth-
asone, 100 ng/ml of mSCF, 4 ng/ml of mIL-3, 10 ng/ml of
hIL-6, 40 ng/ml of murine IGF-1, and 20 ng/ml of human Flt-
3L at 2 × 105 cells/ml for 2 days. Cells were transduced at
MOIs of 5–10 in the presence of polybrene (5 μg/ml) and
re-transduced after 12–24 h. Percentage of EBFP+ cells was
assessed by FACS.
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Detection of the human RUNX1 protein in transduced
bone marrow lin− cells from d715 Csf3r mice using
western blotting

A total of 1 × 106 transduced bone marrow lin− cells from
d715 Csf3r mice were lysed in 200 μl 3 × Laemmli buffer,
and protein was denatured for 10 min at 95 °C. Five microliter
of cell lysate in Laemmli buffer was loaded per lane. Proteins
were separated on a 12.5% polyacrylamide gel and transferred
on a nitrocellulose membrane (GE Healthcare) (1 h, 100 V,
4 °C). The membrane was blocked for 1 h in 5% milk and
incubated with primary rabbit anti-human and anti-mouse
RUNX1-specific (Cell Signaling Technology #4334) or
GAPDH (Cell Signaling Technology, #2118) antibody over-
night (at 4 °C). After that, membranes were washed and incu-
bated with secondary HRP-conjugated antibody (Cell signal-
ing, #7074) for 1 h at room temperature. Pierce ECL solution
(Thermo Fisher) and Amersham Hyperfilms were used to de-
tect chemiluminescence signal of proteins.

Liquid culture differentiation of transduced lin− cells

A total of 2 × 105 of transduced cells/ml were incubated for
7 days in RPMI 1640 GlutaMAX supplemented with 10%
FCS, 10 ng/ml hIL-6, 5 ng/ml IL-3, 5 ng/ml GM-CSF, and
10 ng/ml G-CSF. The medium was exchanged every second
day. On day 7, the medium was changed to RPMI 1640
GlutaMAX supplementedwith 10% FBS, 1% penicillin/strep-
tomycin, and 10 ng/ml G-CSF. The medium was exchanged
every second day until day 11. On day 11, cells were analyzed
by FACS using the following antibody: rat anti-mouse Gr-1
(BD 553128) and rat anti-mouse CD11b (BD 553312) on
FACSCanto II.

Colony-forming unit assay

A total of 1000 transduced EBFP+ cells were plated directly
after transduction in 1 ml methylcellulose medium
(MethoCult GFM3434; StemCell Technologies) supplement-
ed with 10 ng/ml of G-CSF. After 14 days of culture, the
numbers of CFU-G, CFU-GM, and BFU-E colonies were
counted. Cells were collected for the colony replating exper-
iments, washed 3 times with PBS, and plated 1000 cells/dish
in new methylcellulose for an additional 2 weeks (1st
replating). The procedure was repeated one more time (2nd
replating).

Microarray-based mRNA expression analysis

After 48 h of lentiviral transduction, lin− cells were starved for
24 h and subsequently treated with 10 ng/ml of G-CSF for
24 h. After that, transduced cells were sorted, and mRNAwas

isolated using the RNeasy Mini Kit (Qiagen, #74106) accord-
ing to the manufacturer’s instructions.

RNA from transduced lin− cells was subjected to microar-
ray analysis using the Affymetrix Microarray Platform. The
GeneChip WT cDNA Synthesis and Amplification Kit was
used to make double-stranded cDNA from total RNA, which
was then labeled with biotin (GeneChip WT Terminal
Labeling Kit). After chemical fragmentation of the biotin-
labeled cDNA targets, they were hybridized to the
GeneChip Mouse Gene 2.0 ST Array using the Fluidics
Station 450 and scanned using the Affymetrix GeneChip
Scanner 3000 with the GeneChip Operating Software 1.4
(Affymetrix, Santa Clara, CA). Data analysis was performed
using Affymetrix Expression Console Version 1.1 for invari-
ant set normalization, and the Ingenuity Pathway Analysis
(IPA) software (Qiagen) was used for identification of differ-
entially expressed genes. Motif activity response analysis
(MARA) was conducted using the Integrated System for
Motif Activity Response Analysis (ISMARA); CEL files
were uploaded to the server using the web interface.

Cytospin preparation, staining, and microscopic
image acquisition

After sorting, 1 × 104 cells were centrifuge onto microscope
slides at 250 rpm for 3 min. The slides were air-dried, and
subsequent Wright–Giemsa staining was carried out. Images
where acquired on a Nikon Eclipse TS100. Cells were cov-
ered with oil, and images were collected at × 630
magnification.

qRT-PCR

RNA isolation was performed using the RNeasy Micro Kit
(Qiagen). cDNA was synthesized from 1 μg total RNA with
the Omniscript RT Kit (Qiagen). qRT-PCR was conducted
with SYBR Green qPCR master mix (Roche) on a Light
Cycler 480 (Roche). Target genes were normalized to
ACTB. Primers are available upon request.

LSK cell analysis

A total of 2 × 105 cells were incubated with FcR blocking
antibody (BioLegend #101320), 7AAD, and lineage cocktail
biotin–conjugated antibody (BioLegend #79750, #79748,
#79752, #79748, #79749), and stained with APC-Cy7-
conjugated streptavidin (BioLegend #405208), anti-mouse
Sca-1 BV510–conjugated antibody (BioLegend, #108129),
and anti-mouse-c-KIT APC–conjugated antibody
(BioLegend, #105812). After staining and washing, cells were
analyzed on a CANTO II (BD) flow cytometer.
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Statistics

Statistical analysis was performed using a two-sided unpaired
Student t test for the analysis of differences in mean values
between groups.

Results

Diminished formation of myeloid colonies and
elevated replating capacity of d715 Csf3r lin− cells
transduced with mutated RUNX1

We isolated bone marrow lin− cells from d715Csf3rmice and
transduced these cells with lentiviral vectors encoding EBFP
and RUNX1 wild type (RUNX1-WT), or mutants, RUNX1-
R139G, or RUNX1-R174L. Amino acids 174 and 139 were
found to be “hot spots” for mutation in the RHD domain of the
RUNX1 protein, as they were detected in four and three CN-
AML patients, respectively (Fig. 1a) [10] (data not shown). At
72 h post-transduction, we performed colony-forming units
and replating experiments of sorted EBFP+ cells (Fig. 1b).
We observed comparable expression of human WT and mu-
tant RUNX1 proteins in transduced cells (Fig. 1c). Low levels
of endogenous murine runx1 protein were detected in BFP+

control transduced cells (Fig. 1c). Interestingly, d715 Csf3r

lin− cells transduced with mutated RUNX1 had markedly di-
minished capacities to formmyeloid colonies, including CFU-
G and CFU-GM, as compared with cells transduced with WT
RUNX1 (Fig. 1d). In line with these findings, CFU replating
experiments showed that cell transduced with each RUNX1

mutant had markedly higher replating capacities than
RUNX1 WT–transduced cells (Fig. 1e).

Reduced liquid culture myeloid differentiation of
d715 Csf3r lin− cells transduced with mutated RUNX1

We next compared the G-CSF-triggered myeloid differentia-
tion of transduced d715 Csf3r lin− cells in vitro. Transduced
cells were cultured in liquid culture myeloid differentiation
medium for 11 days (Fig. 2a). FACS was used to count the
absolute numbers of myeloid CD11b+ and Gr-1+ cells on day
11 of liquid culture, and the results showed that d715 Csf3r

lin− cells transduced with each of the RUNX1 mutants exhib-
ited reduced myeloid differentiation, compared with WT
RUNX1–overexpressing samples (Fig. 2b). At the same time,
nomarked difference was observed in the absolute numbers of
BFP+ cells between groups transduced with WT RUNX1 or
with each of RUNX1 mutants on days 3 and day 7 of liquid
culture differentiation. On day 11 of culture, numbers of BFP+

cells transduced with RUNX1-R139G mutant were signifi-
cantly (p < 0.05) increased, as compared with RUNX1 WT–
or RUNX1-R174L–transduced samples (Fig. 2c).

RUNX1 missense mutations induce inflammatory
signaling pathways in G-CSF-treated d715 Csf3r he-
matopoietic cells

We further aimed to identify intracellular signaling pathways
downstream of csf3r and RUNX1 mutations that may affect
the in vitro proliferation and myeloid differentiation of mouse
HSPCs. The d715 Csf3r lin− cells were expanded in HSPC
expansion medium and transduced with lentiviral vectors car-
rying RUNX1 WT, RUNX1-R139G, or RUNX1-R174L.
Transduced cells were starved for 24 h and then treated with
G-CSF for 24 h. EBFP+ cells were sorted in RLT buffer, and
mRNA expression was evaluated using an Affymetrix
MoGene 2.0 Chip (Fig. 3a). Representative images of
Wright–Giemsa–stained cytospins prepared from sorted cells
show no difference in the cell morphology between studied
groups: all samples show immature cell morphology (Fig. 3b).
These data suggest that the differences in mRNA expression
should not contribute to a strong diversity in the cell compo-
sition between studied groups.

After invariant set normalization, the expression levels of
the RUNX1 mutants were normalized to those obtained from
WT RUNX1–transduced cells. The fold change expression
table (Suppl. Table 1) was uploaded to the IPA software,
and the cutoff values were set to − 1.7 and + 1.7 for log fold
change, with the goal of identifying differentially expressed
genes. This analysis showed that 1113 and 1814 genes were
differentially expressed in the RUNX1-R174L and RUNX1-
R139G mutant groups compared with the WT RUNX1 group
(Suppl. Table 2). Overlap analysis revealed that 679 genes
(37.4% for the RUNX1-R139G mutant and 61% for the
RUNX1-R174L mutant) were co-regulated in both RUNX1

mutant groups (Fig. 3c). The 15 most highly up- and down-
regulated genes were very similar between the RUNX1mutant
groups. Of the top upregulated genes, 10/15 from the RUNX1-
R174L group and 14/15 from the RUNX1-R139G group were
co-activated in both groups. Of the top downregulated genes,
14/15 from the RUNX1-R174L group and 11/15 from the
RUNX1-R139G group were co-downregulated (Fig. 3d). A
comparison analysis performed using the IPA software re-
vealed that 46 and 79 canonical pathways were significantly
enriched (log(p value) ≥ 1.3 corresponding to p ≤ 0.05) in
d715 Csf3r lin− cells transduced with RUNX1-R174L or
RUNX1-R139G, respectively. Of these pathways, 11 in the
RUNX1-R174L group and 18 in the RUNX1-R139G group
were significantly activated (z-value ≥ 2) or inhibited (z-value
≤ − 2). Most of the regulated pathways belonged to members
of the activated innate immune pathways category; these in-
cluded NF-kappaB signaling, toll-like receptor signaling
(TLR), acute-phase response signaling, production of nitric
oxide and reactive oxygen species, pattern-recognizing recep-
tors, Trem 1 signaling, and IL-1 signaling. Activationwas also
seen among members of the inflammatory signaling
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pathways, such as IL-6 signaling, interferon signaling, Tec
kinase signaling, and leukocyte extravasation signaling (Fig.
3e, Suppl. Table 3).

Representative pathways of the innate immune
system activated in d715 Csf3r lin− cells transduced
with RUNX1 mutants

As examples of the activated canonical inflammatory and innate
immune signaling pathways, canonical TLR signaling and IL-6
pathways are depicted in Suppl. Figs. 2 and 3. TLR signaling
was upregulated in d715 Csf3r lin− cells transduced with the
R139G or R174L RUNX1 mutants; this resulted in activation

of transcription factors through Janus kinase 1 (JAK1) and p38
MAPK, promoting the expression of IL-1, TNF-alpha, and IL-
12 (Suppl. Fig. 2A, B). Interferon signaling acted through JAK1
and JAK2 to activate the transcription factors, STAT1 and
STAT2, thereby upregulating interferon response factors and
other pro-inflammatory genes (Suppl. Fig. 2A, B).

The upregulation of IL-6 signaling–dependent genes in
d715 Csf3r lin− cells transduced with each RUNX1 mutant
was also mediated through JAK signaling, but relied on the
transcription factor, STAT3, to confer translational regulation
in the nucleus. Additional IL-6-dependent activation of ERK1
induced the NF-kappaB-NF-IL-6 transcription factor complex
(Suppl. Fig. 3A, B).

Fig. 1 In HSPCs of d715 Csf3r

mice, RUNX1 mutations decrease
CFU-G and CFU-GM formation
but increase the replating
capacity. a Schematic of RUNX1
protein showing the location and
amino acid changes of the
mutations, which are indicated by
black triangles. The functionally
important Runt homology DNA-
binding domain (RHD) is shown
in blue, and the transactivation
domain (TAD) is shown in red. b
Schematic of CFU experiments
performed using transduced bone
marrow lin− cells of C57BL/6-
d715 Csf3r mice. c
RepresentativeWB images of lin−

cells of C57BL/6-d715 Csf3r
mice transduced with
corresponding lentiviral
constructs. GAPDH was used as
loading control. d CFU assay and
e replating CFU assay of
transduced C57BL/6-d715 Csf3r
lin− cells. Data represent means ±
SD from triplicates of two
independent experiments;
*p < 0.05, **p < 0.01,***
p < 0.001
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Upstream pathway analysis points toward
inflammatory dysregulation

Upstream analysis performed using the IPA software identi-
fied potential upstream regulators responsible for the gene
expression signatures observed in the studied groups. We de-
tected 768 upstream regulators in the RUNX1-R139G mutant
group and 875 regulators in the RUNX1-R174L mutant group
(Suppl. Fig. 4A, Suppl. Table 4). Five hundred upstream reg-
ulators were commonly found in both groups: 65.1% in the
RUNX1-R139G mutant group and 57.1% in the RUNX1-
R174L mutant group (Suppl. Fig. 4A). Among the 15 top
activated upstream regulators, 9/15 for RUNX1-R174L and
11/15 for RUNX1-R139G were shared between the groups.
Among the 15 top downregulated regulators, overlaps were
seen in 6/15 for RUNX1-R174L and 9/15 for RUNX1-R139G
(Suppl. Fig. 4B). Selected up- and downregulated candidate
genes were validated by qRT-PCR in the independent set of
experiments (Suppl. Fig. 4C). Also, staining of transduced G-
CSF-treated lin− cells with Sca-1 and c-kit antibody followed

by flow cytometry analysis revealed an increase of lin−Sca-
1+c-KIT+ cell population in RUNX1-R139G– and RUNX1-
R174L–transduced groups, compared with cells expressing
RUNX1 WT, or GFP CTRL (Suppl. Fig. 4D).

The top overlapping upstream regulators included a num-
ber of inflammatory cytokines, such as IL-15 and IL-18. IL-15
has been described as a responsible driver for chronic inflam-
mation in autoimmune diseases and hematological malignan-
cies [20]. Both IL-15 and IL-18 are confirmed targets for
antitumor activity [21, 22]. Another factor that promotes sur-
vival of leukemogenic cells, Bcl2a1 [23], was also highly
expressed, as were Ly6a and Sca-1, which are known as
stemness factors for HSPCs.24 The top downregulated genes
included anti-inflammatory genes, such as Il-10 [25], and the
cytokine-processing factor, Dpp4, which can increase prolif-
eration by prolonging cytokine signaling [26]. Interestingly,
Csf3r was among the highest expressed genes in both groups.
This is in accordance with the literature showing that G-CSF
sensitivity is increased in AML blasts with missense RUNX1
mutations.

Motif activity response analysis confirms the central
role of inflammatory and innate immunity signaling
and the presence of early molecular changes related
to MDS/AML downstream of Csf3r and RUNX1

mutations

We used the ISMARA [27] web tool to analyze the transcrip-
tion factor binding motifs enriched among the differentially
expressed genes. We found that the most highly enriched mo-
tif was Irf2_Irf1_Irf8_Irf9_Irf7 (z-value 4.564), which corre-
sponds to the interferon regulatory factors. This indicates that
an interferon-related change in inflammation signaling is re-
sponsible for at least some of the observed gene expression
differences. The Stat2 motif was significantly correlated with
the expression signature (z-value 2.707), and we observed
significant activation of the Klf4_Sp3 (z-value 2.349) and
Mecp-2 (z-value 2.627) transcription factor binding motifs
known to be associated with AML or MDS, but significant
downregulation of the Max–Mycn motif (z-value 2.016), up-
on transduction of d715 Csf3r lin− cells with RUNX1mutants
(Suppl. Fig. 5A). Finally, our inferred activity analysis of each
motif revealed that there was a high degree of similarity in the
significantly activated motifs associated with the two different
RUNX1 mutants (Suppl. Fig. 5B).

Discussion

The identification of cooperative CSF3R and RUNX1 muta-
tions in a majority of CN patients with overt MDS or AML
brought us one step closer to understanding leukemia devel-
opment [3]. Truncated CSF3Rmutations are a very rare event

Fig. 2 Liquid culture differentiation of transduced d715 Csf3r HSPCs. a
Schematic of the workflow for liquid culture myeloid differentiation of
transduced bone marrow lin− cells obtained from C57BL/6-d715 Csf3r

mice. b Transduced cells were subjected to liquid culture myeloid dif-
ferentiation (see “Material andmethods” for details). FACSwasused to
count the myeloid and granulocytic cells on day 11 of culture. Graph
bars represent absolute cell counts of Gr-1+ or CD11b+ cells. Data rep-
resent means ± SD from triplicates of two independent experiments;
**p < 0.01
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in de novo AML, while RUNX1 mutations are most frequent
among patients with secondary AML (sAML) after chemo-
therapy or radiation therapy, which represents about 30% of
adult AML cases. Acquired cooperative CSF3R and RUNX1

mutations in approximately 55% of CN/AML patients are a
unique feature and may reflect the inherited background of
patients with CN-associated gene mutations, such as those in
ELANE or HAX1. Mechanistically, ELANE mutations induce
unfolded protein response (UPR) [28, 29] and endoplasmic
reticulum (ER) stress, while mutations in HAX1 have pro-
apoptotic functions [30, 31]. The role of inherited CN-

associated mutations in the process of leukemogenesis needs
to be investigated. The presence of these mutations may pre-
dispose to acquisition of secondary mutations in CSF3R and
RUNX1 and the development of leukemia. Similar to second-
ary leukemias, wherein HSPCs are damaged by chemothera-
peutic agents or radiation therapy, inherited CN-specific mu-
tations may induce DNA damage or stress responses in
HSPCs. Indeed, using CN patient–derived iPSCs as an exper-
imental model, we recently showed that an elevation of DNA
damage in CN HSPCs precedes the leukemic transformation
[32]. In the present study, we found that csf3r and RUNX1

Fig. 3 Canonical pathway
analysis of microarray data
obtained from transduced d715
Csf3r HSPCs. a Schematic of the
experimental procedure
performed for microarray
analysis. The experiment was
conducted in duplicate. After
quality control analysis, one
sample from the RUNX1-R139G
group was excluded from the final
analysis. b Wright–Giemsa–
stained cytospin preparations of
Csf3r lin− cells transduced with
RUNX1 WT and mutants and
sorted for fluorescent protein
expression. Images were acquired
at × 630 magnification. c Venn
diagram depicting the overlay of
significantly up- or
downregulated transcripts in each
RUNX1 mutant group, as
compared with WT RUNX1–

transduced cells. d Canonical
pathways that were significantly
(−log(p value) > 1.3) enriched
and significantly predicted (z-
value > 2 and < − 2) to be up- or
downregulated in each RUNX1

mutant group compared with WT
RUNX1–transduced cells. Shared
pathways are marked with an as-
terisk (*). e IPA analysis of the
significantly regulated pathways
shared by lin− cells transduced
with each RUNX1 mutant, as
compared with WT RUNX1–

overexpressing samples.
Upregulated pathways are shown
in orange, and downregulated
pathways are shown in blue
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mutations in HSPCs induce reduced myeloid differentiation
and enhanced clonogenic potential. Our findings demonstrat-
ed that cells transduced with WT RUNX1 differentiated and
lost the capacity to proliferate, making no colonies in replating
experiments. In contrast, cells transduced with RUNX1 mu-
tants differentiate less, but retain proliferative potential.
Leukemogenic activity of csf3R and RUNX1mutations should
be further elaborated in vivo using a mouse model.

Elucidation of the deregulated intracellular signaling path-
ways downstream ofCSF3R andRUNX1mutations will help to
identify druggable targets, with the goal of eliminating
leukemia-predisposed HSPCs and/or specifically targeting
CN/AML blasts. Interestingly, mRNA expression analysis re-
vealed that HSPCs harboring mutations in Csf3R and RUNX1

exhibit activation of the inflammatory and innate immunity
pathways, including interferon signaling; IL-1, IL-6, IL-8, and
TLR signaling; and TREM1 signaling. Additionally, we also
found marked upregulation of Ly6a (also known as Sca-1), a
marker of stemness in HSPCs [24] that is also upregulated upon
inflammation [33–35]. IL-6 and IL-8 were previously known to
be hyper-activated in MDS and AML [19, 36, 37]. Moreover,
the increased genotoxic stress in HSPCs of 40% de novo MDS

cases has been associated with elevated TLRs/Myd88-triggered
intracellular signaling and IL-8 expression [19]. Most probably,
the presence of truncated CSF3R and RUNX1 mutations in
HSPCs of CN patients alters the pro-inflammatory cell state,
enhances proliferation, and increases the susceptibility of
HSPCs to genomic toxicity. Recent reports revealed that pre-
leukemic HSPCs carrying an ETV6-RUNX1 fusion gene or
having Pax5 haploinsufficiency evolved to precursor B cell
acute lymphocytic leukemia upon activation of the pro-
inflammatory pathways [38, 39]. The role of activated innate
immunity and inflammatory pathways in the leukemogenesis
of CN HSPCs was not studied yet. It would be interesting to
investigate the susceptibility and expression kinetics of TLRs
and the receptors for IL-1 and IL-8 on HSPCs from CN/AML
patients during the development of leukemia.

We found that the Spi1/PU.1 transcription factor motif is
activated in HSPCs downstream of Csf3r and RUNX1 muta-
tions. PU.1 is upregulated in hematopoietic cells of CN pa-
tients [40] and is an essential transcription factor for monocyt-
ic differentiation [41, 42]. PU.1 also acts as a maintenance
factor for pre- and leukemia-initiating cells [43]. The

Fig. 4 Proposed model for
leukemia development in CN. a
CN, CN-associated germline
mutations cause maturation arrest
of granulopoiesis at the stage of
promyelocytes/myelocyte. CN
CHIP, HSPCs that acquire
CSF3R mutations gain a
proliferative advantage that may
mimic the CHIP phenotype. CN
pre-leukemia, the co-acquisition
of RUNX1 mutation induces an
inflammatory milieu, leading to
genotoxicity, additional defects of
myeloid differentiation, and
elevated proliferation that
constitute the pre-leukemia stage.
CN/AML, the acquisition of
additional leukemia-associated
gene mutations or chromosomal
abnormalities results in AML or
MDS
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leukemogenic function of upregulated PU.1 in HSPCs of CN
patients has not been studied yet.

Taken together, our results support the following proposed
mechanism for leukemia development in CN: CSF3Rmutations
represent a state of clonal hematopoiesis of indeterminate poten-
tial (CHIP) in CN patients in that they confer a clonal advantage.
Co-acquisition of RUNX1 mutation further increases prolifera-
tion and genotoxicity, including hypersensitivity to pro-
inflammatory signaling. This combination may lead to acquisi-
tion of additional somatic mutations (e.g., in SUZ12 or ASXL1)
or chromosomal abnormalities (e.g., monosomy 7 or trisomy
21), which finally overt to MDS or AML (Fig. 4).
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KEY PO INT S

l LMO2 is deacetylated
by the NAMPT/SIRT2
pathway.

l LMO2 deacetylation is
essential for LIM
domain binding 1
binding and TAL1
complex activation
during hematopoiesis
and T-ALL
leukemogenesis.

Hematopoietic transcription factor LIM domain only 2 (LMO2), a member of the TAL1

transcriptional complex, plays an essential role during early hematopoiesis and is fre-

quently activated in T-cell acute lymphoblastic leukemia (T-ALL) patients. Here, we dem-

onstrate that LMO2 is activated by deacetylation on lysine 74 and 78 via the nicotinamide

phosphoribosyltransferase (NAMPT)/sirtuin 2 (SIRT2) pathway. LMO2 deacetylation

enables LMO2 to interact with LIM domain binding 1 and activate the TAL1 complex.

NAMPT/SIRT2-mediated activation of LMO2 by deacetylation appears to be important for

hematopoietic differentiation of induced pluripotent stem cells and blood formation in

zebrafish embryos. In T-ALL, deacetylated LMO2 induces expression of TAL1 complex

target genes HHEX and NKX3.1 as well as LMO2 autoregulation. Consistent with this,

inhibition of NAMPT or SIRT2 suppressed the in vitro growth and in vivo engraftment of

T-ALL cells via diminished LMO2deacetylation. This newmolecular mechanismmay provide

new therapeutic possibilities in T-ALL andmay contribute to the development of newmethods for in vitro generation of

blood cells. (Blood. 2019;134(14):1159-1175)

Introduction
Hematopoietic transcription factors that play crucial roles during
different stages of blood development are often deregulated
in leukemia,1-3 strengthening the view that appropriate regula-
tion of transcription factor networks is essential for maintaining
proper hematopoietic tissue homeostasis. One example of the
importance of dose and cell differentiation stage-dependent
expression of transcription factors in blood homeostasis is the
LIM domain only 2 (LMO2) protein, an essential transcriptional
regulator of early hematopoiesis.4,5 LMO2 knockout mice and
zebrafish exhibit a complete loss of hematopoietic cells.6,7Notably,
malignant cells from ;50% of patients with T-cell acute lym-
phoblast leukemia (T-ALL) express elevated levels of LMO2 or
its interaction partner SCL/T-cell acute lymphocytic leukemia 1
(TAL1).8-10 LMO2 is continuously silenced after commitment
to early T-cell progenitors, and its overexpression leads to pre-
leukemic alterations in thymocytes that culminate in T-ALL.11-15 It
has been shown that, in T-ALL, LMO2 reactivates a hematopoietic
stem cell (HSC)-specific transcriptional program, leading to en-
hanced self-renewal and proliferation of early T-cell progenitors
with reduced capacity for T-cell differentiation of T-ALL blasts.16A

recent study by Garcı́a-Ramı́rez et al demonstrated that the
presence of LMO2 in murine hematopoietic stem/progenitor
cells (HSPC) is necessary for the early stages of transformation
to T-ALL through in vivo reprogramming.17

LMO2, which is highly conserved in organisms ranging from
zebrafish to humans,5 consists of 2 LIM domains (LIM1 and LIM2)
connected by a short, flexible hinge region.18,19 LIM domains are
generally composed of 2 consecutive zinc finger motifs that me-
diate interactions with other proteins. The LMO2 protein forms the
core of the transcriptional TAL1 complex, anchoring its interaction
partners LIM domain binding 1 (LDB1), TAL1 (also known as SCL),
E47 (also known as transcription factor-3), and GATA binding
protein 1 (GATA1).20 Both LMO2 LIM domains serve as scaffolds
for assembly of the complex. Whereas the interaction with LDB1
involves all 4 zinc fingers, the interaction with the TAL1:E47
heterodimer is largely localized to the central hinge region, in-
volving the C-terminal zinc finger of LIM1 and the N-terminal zinc
finger of LIM2.19 GATA proteins are thought to interact mostly with
the LIM2 domain.18 Thus, LMO2 functions as an essential adapter
protein, allowing the proper assembly of the TAL1 complex.

© 2019 by The American Society of Hematology blood® 3 OCTOBER 2019 | VOLUME 134, NUMBER 14 1159
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Figure 1. Lysine deacetylation of LMO2 is essential for the LDB1 interaction and transcriptional activity of the TAL1 complex. (A) Schematic of the LMO2 protein showing
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Determining how LMO2 activity may be specifically targeted in
T-ALL requires an understanding of the mechanisms of LMO2
activation. There are only a few reports describing themechanism
of LMO2 activation. Two of them demonstrated autoregulatory
mechanisms of elevated LMO2 messenger RNA (mRNA) ex-
pression in HSCs and T-ALL cells.21,22 Posttranslational regulation
of protein function through deacetylation mediated by nicotin-
amide phosphoribosyltransferase (NAMPT) and sirtuin (SIRT) is
known to play a pivotal role during myeloid differentiation and
leukemogenic transformation of hematopoietic cells. The NAMPT/
SIRT pathway serves this function by activating a number of
proteins, including the CCAAT/enhancer binding proteins C/EBPa
andC/EBPb, the serine/threonine kinase AKT, the tumor-suppressor
p53, and the forkhead box transcription factor FOXO3.23-27

NAMPT is a NAD1-generating enzyme, and SIRT family proteins
(SIRT1-7) are NAD1-dependent class III histone deacetylases.28

Despite their high similarity, SIRT1 and SIRT2 have different
functions, targets, and preferential intracellular localizations. In
this latter context, SIRT1 is preferentially localized to the nucleus,
whereas SIRT2 is a cytoplasmic enzyme that transiently migrates
to the nucleus during the G2/M cell-cycle transition.29,30 It has
been demonstrated that a SIRT1 deficiency compromises he-
matopoietic differentiation of mouse embryonic stem (ES) cells,
and embryonic and adult hematopoiesis in the mouse.31 How-
ever, the role of NAMPT and SIRT2 during early stages of blood
cell development or T-ALL leukemogenesis is largely unknown.
Importantly, specific selective inhibitors of NAMPT, SIRT1, and
SIRT2 have been described,32-34 allowing functional analysis of
the specific role of these factors. In the present study, we inves-
tigated whether LMO2 is activated by NAMPT/SIRT2-mediated
deacetylation in T-ALL and in early blood development in vitro
and in vivo.

Methods
Cell culture
HEK293TandHEK293FTcellswere cultured inDulbecco’smodified
Eagle medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. MOLT-4 and MOLT-14 cells
were cultured in RPMI-1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin. Mononuclear cells isolated
from bone marrow or peripheral blood samples of 3 pediatric
T-ALL patients were transplanted IV into 8- to 12-week-old fe-
male NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (The Jackson
Laboratory, Bar Harbor, ME). T-ALL blasts isolated from spleen of
engrafted mice were used for the in vitro experiments and the
in vivo zebrafish engraftment. Written informed consent and
institutional review board approval of the University Hospital
Tübingen in accordance with the Declaration of Helsinki were
obtained for the use of T-ALL bonemarrow and peripheral blood
samples for this study.

Healthy donor-derived human iPS cells (hCD34-iPSC16)35 were
kindly provided by Nico Lachmann and ThomasMoritz (Hannover

Medical School, Hannover, Germany). This human iPS cell line
was maintained on mitomycin-C-treated (Sigma-Aldrich,
St. Louis, MO) SNL feeder cells in Dulbecco’s modified Eagle
medium/F12 (Sigma-Aldrich) supplemented with 20% Knockout
Serum Replacement (Thermo Fisher Scientific, Waltham, MA),
30 ng/mL basic fibroblast growth factor (Peprotec, Rocky Hill, NJ),
1% nonessential amino acids solution (Thermo Fisher Scientific),
100 mM 2-mercaptethanol (Thermo Fisher Scientific), and 2 mM
L-glutamine (Thermo Fisher Scientific). The culture medium was
replaced daily with fresh medium. Colonies were mechanically
passaged onto new SNL feeder cells every 10 days.

Hematopoietic differentiation of iPS cells
Undifferentiated iPS cell colonies were cultured on growth factor-
reduced Matrigel (Becton-Dickinson)-coated cell culture dishes
in Stemline II HSC expansion medium (Sigma-Aldrich) con-
taining insulin-transferrin-selenium (ITS) supplement (Thermo
Fisher Scientific) and cytokines (bone morphogenetic protein 4
[BMP4], 20 ng/mL, R&D Systems, Minneapolis, MN) was added
to the culture for the first 4 days and then replaced with vascular
endothelial growth factor 165 (VEGF 165) (40 ng/mL, R&D Sys-
tems) for 2 days. On day 6, VEGF 165 was replaced with a com-
bination of stem cell factor (50 ng/mL, R&D Systems), interleukin
3 (IL-3; 50 ng/mL, R&D Systems), and thrombopoietin (5 ng/mL,
R&D Systems). Thereafter, mediumwas replaced every 3 or 4 days.
FK866 (Sigma-Aldrich), AC93253 (Sigma-Aldrich), EX527 (Sigma-
Aldrich), or dimethyl sulfoxide (DMSO; vehicle control, Sigma-
Aldrich) were added to the fresh medium. Differentiated iPS cells
were dissociated using StemPro Accutase Cell Dissociation Reagent
(Thermo Fisher Scientific), harvested through a cell strainer (Miltenyi
Biotec, Bergisch Gladbach, Germany), and used for analysis.
CD341 cells were sorted using the CD34MicroBead Kit, human
(Miltenyi Biotec) following the manufacturer’s instructions.

Zebrafish experiments
Gene knockdown experiments were performed using wild-type
(WT) TE fish and the transgenic line Tg(-6.35drl:EGFP).36 Anti-
sense morpholino oligonucleotides (MOs) were obtained from
GENE TOOLS (Philomath, OR) targeting nampta (59-TGTGTG
ACCTGCAATGAAAGAAAGA-39) or sirt237 (59-ACCTCTAAAGGA
CACAAAAAAGGCT-39). MOs and plasmids (pcDNA3.1-pbef
[NAMPT], pcDNA3.1-SIRT2-flag, and pSIN4-EF1a-LMO2-IRES-
Puro, with WT or K74/78R mutant LMO2 complementary DNA)
were injected into 1-cell stage embryos using a PV830 Pneumatic
PicoPump (World Precision Instruments, Sarasota, FL) at nontoxic
levels (ie, 3.3 ng namptaMO, 2.5 ng sirt2MO and 25 pg plasmids).
Primers flanking exon 1 and exon 5 of the nampta gene (forward:
59-AGAGAAGCCGCGGATTTCAA-39; reverse: 59-CTCCAGTCC
TTCCAGGCTTC-39) and primers flanking exon 1 and exon 4 of
the sirt2 gene37 (forward: 59-GCTGGCTTATAGTTTTAAAGAGGG
TA-39; reverse: 59-AGTATGTAGCGAGCAACTGAGTC-39) were
used for subsequent reverse transcriptase polymerase chain re-
action (RT-PCR) to verifymorpholino-induced blocking of splicing.
Embryos at 24 hours postfertilization (hpf) were collected and

Figure 1 (continued) (E) Crystal structure of the LMO2:LDB1-LID complex (PDB 2XJY), highlighting electrostatic interactions of the deacetylated lysines 74 and 78 of LMO2

(green). The lysines and neighboring aspartates, D58 from LMO2-LIM1 and D354 from LDB1 (yellow), are shown as sticks; their cationic ammonium and anionic carboxylate

groups are outlined with dotted spheres representing their van der Waals radii. If the lysines were acetylated, they would carry 0 net-charge and could not complement the

negative charge of the aspartates. N and C termini and the individual zinc fingers (ZF1-ZF4) are labeled. (F) Co-IP of LMO2 and LDB1 proteins in lysates of HEK293T cells

transfected with indicated expression vectors. IP and immunoblot were performed with indicated antibodies. Representative western blot images are depicted. (G) Activity of

GYPA reporter containing the 456-bp upstream region ofGYPAwith putative binding sites for the TAL1 complex (upper). HEK293T cells were transfectedwithGYPA reporter construct

and the indicated expression vectors. The activation of GYPA reporter was measured as described in “Methods." Data show means 6 standard deviation (SD) (n 5 8). *P , .05.
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homogenized with a pestle for RNA isolation and NAD1 mea-
surement. RNA was isolated using the RNeasy Mini Kit (Qiagen)
following the manufacturer’s instructions. Images were collected
using an Axio ZoomV16 microscope (ZEISS).

Xenotransplantation experiments were performed using WT TE
or albino fish (albb4).38 WT embryos were treated with 0.003%
1-phenyl-2-thiourea to prevent pigment formation. MOLT-4 cells
were labeled with Vybrant CFDA SE Cell Tracer Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. Labeled cells
were suspended in phosphate-buffered saline at a density of 2 3

105 cells/mL, and 1 nL cell suspension (200 cells) was injected into
the perivitelline space of embryos at 24 hpf. Injected embryos were
incubated at 28°C for 1 hour followed by incubation with DMSOor
FK866 for 48 hours at 35°C. Drug-treated embryos were dissoci-
ated by passing through a 40-mm cell strainer (Greiner Bio-One) in
ice-cold FACS buffer (phosphate-buffered saline, 2% FCS, 0.05%
NaN3) and then analyzed using a BD LSR II Flow Cytometer
(Becton-Dickinson) and FlowJo software (FlowJo, LLC).

Xenotransplantation in mice
NSG mice (The Jackson Laboratory) were maintained under spe-
cific pathogen-free conditions in the research animal facility of
the University of Tübingen, Germany, according to German
federal and state regulations (Regierungspräsidium Tübingen,
K3/17). Primary T-ALL patient cells or MOLT-4 cells (0.5 3 106

cells each) were injected IV into 8- to 12-week old male NSGmice
and randomized to the treatment groups. Seven days after leu-
kemia inoculation,micewere injected intraperitoneally once a day
with 20 mg/kg FK866 hydrochloride hydrate (dissolved in 20%
[2-Hydroxypropyl]-g-cyclodextrin [HGC]) or 20% HGC, respec-
tively. Two or 3 weeks after starting the treatment, mice were
euthanized, and the bonemarrowwas analyzed for humanCD451

leukemia cells by flow cytometry. Engrafted T-ALL cells were
isolated from bone marrow samples using the human CD45
MicroBeads Kit (Miltenyi Biotec) following the manufacturer’s
instructions.

Statistical analyses
Statistical analyses were conducted using Student t test or
BootstRatio.39 Statistical significance was taken to be P , .05.

Results
Lysine deacetylation of LMO2 is essential for the
binding to LDB1 protein and activation of the
TAL1 complex
Using the in silico prediction algorithms PAIL,40 LysAcet41 and
LAceP,42 we identified 2 evolutionarily highly conserved lysine
residues, K74 and K78, in the LIM1 domain of LMO2 that may be
targets for deacetylation (Figure 1A). Acetylation of LMO2protein
was confirmed in immunoprecipitation assay using HEK293T
cells, in which acetylation of LMO2 protein was enhanced by

cotransfection with the lysine acetyltransferase p300 (Figure 1B).
We confirmed acetylation of the endogenous LMO2 protein in
the LMO2-expressing T-ALL cell line MOLT4 in immunoprecipi-
tation assay (supplemental Figure 1A-B, available on the Blood
Web site).

To evaluate the role of K74 and K78 of LMO2 on its deacety-
lation, we generated expression constructs containing WT or
deacetylation-mimic LMO2 mutant at the predicted lysine res-
idues (K74/78R). Immunoprecipitation assays in HEK293T cells
cotransfected with LMO2 constructs and p300 using anti-LMO2
antibody followed by western blot with anti-acetyl-K antibody
confirmed acetylation of WT LMO2 and demonstrated that
deacetylation-mimic LMO2 mutant at K74/78R could not be
acetylated (Figure 1C). LMO2 is a component of themultiprotein
transcriptional activation TAL1 complex, consisting of LMO2,
LDB1, TAL1, E47, and GATA1/2 proteins that exert transcrip-
tional activity toward target genes activated during early he-
matopoiesis and in T-ALL blasts (Figure 1D).43 Therefore, we
aimed to investigate whether LMO2 deacetylation on K74 and
K78 may affect its interaction with LDB1. Structurally, both K74
and K78 are accommodated in the second zinc finger of LMO2,
but only K74 is directly involved in the interaction with LDB1.
The association of LMO2 and LDB1 is driven by both polar and
hydrophobic contacts. The LDB1-LID domain binds in an elon-
gated conformation along the 2 LMO2 LIM domains by con-
tributing an additional b-strand to each of the 4 zinc finger
domains (Figure 1E). Consequently, a large network of backbone
hydrogen bonds is formed in these extended b-sheets, which are
fortified by several hydrophobic contacts between the LID and
both LIM domains. However, there are also several electrostatic
interactions, which are exclusively formed via the LIM1 domain.18

In addition to the described salt bridges between R40, E52, and
R70 of LIM1 and E362, R360, and E355 of LDB1-LID, we note that
K74 is also in direct van der Waals distance to D354 for an ionic
interaction. Together with D352, E353, and E355, D354 forms
a strongly anionic DEDE motif, which is counterbalanced by the
cationic R70 and K74. Consequently, when K74 is acetylated (and
thus neutralized), the interaction with D354 is lost and the elec-
trostatic balance between LMO2 and LDB1 impaired. In contrast,
K78 is not directly interacting with LDB1-LID but forms a salt
bridge with D58 of the same zinc finger (Figure 1E). It is con-
ceivable that this interaction is stabilizing the geometry of the LIM
domain. This notion is supported by the observation that in 1
instance of a LMO2:LDB1-LID crystal structure (PDB 2XJZ, chain
C), in which this interaction is broken, the geometry of LIM1 is
distorted and the LDB1-LID domain detached from the first zinc
finger.18 It is therefore conceivable that the acetylation of K78
would lead to a similar conformational change and thus abrogate
the LMO2:LDB1 interaction.

We compared the interaction between LDB1 and WT K74/78Q
(acetylation-mimic) or K74/78R (deacetylation-mimic) LMO2

Figure 2 (continued) concentration of DMSO was added as a vehicle control. Dead cells were excluded by trypan blue dye staining. Live-cell numbers are normalized to those

obtained in samples treated with DMSO (defined as 1). Data represent means 6 SD of triplicate determinations (*P , .05 compared with DMSO-treated cells). Duolink in situ

proximity ligation assay (PLA) of MOLT-4 cells (E) or primary blasts (F) from T-ALL patient (patient no. 3) treated with 10 nM FK866 or 100 nM AC93253 for 48 hours using anti-

LMO2 and anti-acetylated lysine antibodies. The same concentration of DMSO was added as a vehicle control. Representative images are shown. Scale bars: 10 mm. (G-H)

Proliferation ofMOCK,WT-LMO2, or K74/78R LMO2-expressingMOLT4 cells (23 104 cells/well of a 96-well plate) was evaluated over timewith the IncuCyte S3 Live-Cell Analysis

System. The experiment was performed twice, each in triplicate. (I) Co-IP assay of SIRT2 and LMO2 protein interaction in lysates of HEK293T cells transfected with SIRT2 and

LMO2 expression vectors. IP and immunoblotting were performed using the indicated antibodies. Representative images are shown. (J) Duolink in situ PLAs inMOLT-4 cells and

primary blasts of T-ALL patients. Cells were stained with anti-LMO2 and anti-SIRT2 antibodies. Representative images are shown. Scale bars: 10 mm. RLU, relative light unit.
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expression constructs by co-immunoprecipitation and indeed found
that the K74/78Q LMO2 mutant showed a weaker interaction with
LDB1 in comparison with WT and K74/78R LMO2 (Figure 1F).

Furthermore, we made a reporter gene construct containing a
456-bp upstream regulatory region of the human GYPA gene
containing GATA binding motifs, an E-box and SP1 binding
site specific for TAL1 complex binding44 and performed reporter
gene assay. We found that the acetylation-mimic K74/78Q LMO2
mutant suppressed GYPA promotor activity of the TAL1 complex
in comparison with WT and the deacetylation-mimic K74/78R
LMO2 mutant (Figure 1G). These results demonstrate that
deacetylation of LMO2 at lysines 74 and 78 is essential for the
transcriptional activity of the TAL1 complex.

Activation of LMO2 by NAMPT-mediated
deacetylation
Proteins may be deacetylated by the NAMPT/SIRT pathway.45

NAMPT is essential for the generation of NAD1 and activation of
NAD1-dependent protein deacetylases, SIRT (Figure 2A). To
evaluate whether transcriptional activity of the TAL1 complex is
affected by NAMPT-triggered LMO2 deacetylation, we compared
TAL1 complex-dependent activation of the GYPA promoter in
HEK293T cells in the presence or absence of the specific NAMPT
inhibitor FK866. Indeed, we observed markedly diminished ac-
tivation of TAL1 complex-dependent GYPA promoter activity
after NAMPT inhibition compared with DMSO-treated control
group (Figure 2B).

In vitro inhibition of NAMPT or SIRT2 suppresses
proliferation and induces apoptosis of T-ALL cells
by inhibiting LMO2 deacetylation
LMO2 and/or other components of the TAL1 complex are hyper-
activated in T-ALL.46,47Accordingly, we evaluated whether inhibition
ofNAMPTor SIRTs (SIRT1 and SIRT2) affects the proliferation and/
or survival of the LMO2-expressing T-ALL cell lines, MOLT4 and
MOLT14 (supplemental Figure 1A). We found that inhibition of
NAMPT (FK866) or SIRT2 (AC93253), but not SIRT1 (EX527), led
to a marked reduction in cell proliferation, as assessed by cell
counts, 3H-thymidine incorporation, and BrdU assays, compared
with vehicle (DMSO)-treated samples (Figure 2C; supplemental
Figure 1C-H; data not shown). Apoptosis was also elevated in
cells treated with FK866 or AC93253 (supplemental Figure 2A)
compared with vehicle controls. These phenotypic changes are
consistent with the almost completely abolished levels of intracel-
lular NAD1 (supplemental Figure 2B). Strong dependence of
MOLT4 cells on LMO2 was confirmed in CRISPR/Cas9-mediated
LMO2 knockout (KO) studies, where we found dramatically

diminished viability, proliferation, and elevated apoptosis of
MOLT4 cells upon LMO2 KO (supplemental Figure 2C-H;
supplemental Table 1).

We further evaluated the effects of NAMPT- or SIRT2 inhibition
on the survival of primary blasts from T-ALL patients. We selected
T-ALL patients expressing LMO2 and TAL1 levels comparable
to that of the LMO2-dependent MOLT4 cell line having high
LMO2 levels (supplemental Figure 1A; supplemental Table 2;
supplemental Figure 3A). Treatment of LMO2- andTAL1-expressing
primary blasts from T-ALL patients with FK866 or AC93253 also
led to markedly diminished cell proliferation and reduced NAD1

levels (in FK866 treated cells) (Figure 2D; supplemental Table 2;
supplemental Figure 3A-B). These findings are in line with the
diminished deacetylation of LMO2 following treatment of the
MOLT4 T-ALL cell line and primary T-ALL blasts with FK866 or
AC93253 comparedwith cells in vehicle control groups (Figure 2E-F;
supplemental Figure 3C). The specificity of the Duolink signal of
acetylated LMO2 protein was confirmed in LMO2 KO MOLT4 cells
(supplemental Figure 3D). Interestingly, FK866- or AC93253-treated
MOLT4 cells stably expressing the K74/78R LMO2 mutant showed
better proliferation compared with control transduced cells, as
evaluated using an IncuCyte cell proliferation assay (Figure 2G-H).

We further evaluated whether SIRT2 interacts with LMO2 to
induce its deacetylation. Indeed, direct interactions between
SIRT2 and LMO2 were detected by coimmunoprecipitation and
subsequent western blotting of lysates from HEK293T cells
cotransfected with SIRT2 and LMO2 (Figure 2I), as well as in
Duolink assays of T-ALL cell lines and primary cells from T-ALL
patients (Figure 2J; supplemental Figure 4A). Moreover, inter-
actions between endogenous LMO2 and LDB1 in MOLT-4 cells
were considerably diminished by inhibition of NAMPT or SIRT2
(Figure 3A-B; supplemental Figure 4B), and TAL1 complex activity
toward the GYPA reporter was reduced in SIRT2-KO HEK293FT
cells (Figure 3C; supplemental Figure 3C-D). In addition, mRNA
levels of the known LMO2-target genes, HHEX16 and NKX3.1,48

were strongly decreased in cells treated with FK866 or AC93253
(Figure 3D; supplemental Figure 4E). Consistent with the pre-
viously reported autoregulation of LMO2 expression in HSCs and
T-ALL cells,21,22 LMO2mRNA levels were reduced afterNAMPTor
SIRT2 inhibition (Figure 3D; supplemental Figure 4E).

Inhibition of NAMPT results in diminished
proliferation of T-ALL cells in vivo due to abrogated
deacetylation of LMO2
We further evaluated the effect of NAMPT inhibition on the
proliferation and survival of LMO2-expressing T-ALL cells in vivo.

Figure 3 (continued)means6 SD from 3 independent experiments (*P, .05). (B) Duolink in situ PLAs of MOLT-4 cells treated with 10 nM FK866 or 100 nM AC93253 for 48

hours. Cells were stained with anti-LMO2 and anti-LDB1 antibodies. Scale bars: 10 mm. (C) WT or SIRT2-knockout (SIRT2KO) HEK293FT cells were transfected with a GYPA

reporter and the indicated expression constructs. Transfected cells were cultured for 24 hours; activation of theGYPA reporter was measured as described in "Methods."

Signals measured in cells cotransfected with LMO2 andGYPA constructs were normalized to those in cells without an LMO2 expression plasmid (defined as 1). Data show

means6 SD (n5 8; *P, .05). (D) mRNA expression levels of the indicated genes in MOLT-4 cells treated with 10 nM FK866, 100 nM AC93253, or DMSO for 72 hours were

assessed using quantitative RT-PCR. Target gene/GAPDH mRNA expression ratios are shown. Data, expressed as arbitrary units (AUs), are means 6 SD from

3 independent experiments, each in triplicate (*P , .05 compared with DMSO-treated cells). (E-G) Xenotransplantation of T-ALL cells into zebrafish embryos. Zebrafish

embryos were transplanted with labeled primary T-ALL cells (E), MOLT-4 cells transduced with a WT (F), or K74/78R mutant LMO2-expressing lentivirus construct

(G). FACS, fluorescence-activated cell sorting. Xenotransplanted embryos were treated with 800 nM FK866 or DMSO for 2 days. Numbers of transplanted cells were

assessed as described in "Methods." Data represent percentage of labeled cells normalized to the average percentage of labeled cells in the DMSO-treated group. The

black lines represent mean6 SD. Each dot represents 4 embryos pooled as 1 biological sample. The number of analyzed embryos is indicated in the lower panel of each

figure (***P, .0001; **P, .001). (H) Representative western blot images of cell lysates of MOLT-4 cells transduced with the indicated lentivirus constructs using anti-LMO2

and anti-b-actin antibodies. NS, not significant.
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To this end, we injected MOLT-4 T-ALL cells or primary T-ALL
patient cells labeled with the dye carboxyfluorescein diacetate
succinimidyl ester into zebrafish embryos at 24 hpf and sub-
sequently treated embryos with FK866 or DMSO for 48 hours. In
line with our in vitro observations, the number of primary T-ALL
patient cells in FK866-treated embryos was markedly reduced
compared to control DMSO-treated samples (Figure 3E). In addi-
tion, transduction of MOLT-4 cells with a deacetylation-mimicking
LMO2 (K74/K78), but not with WT LMO2, protected these cells
from FK866-mediated cell death in vivo (Figure 3F-H).

In another series of experiments, we engrafted primary T-ALL
patient cells and MOLT-4 cells into immunodeficient nonobese
diabetic severe combined immunodeficiency IL2Rgc2/2 (NSG)
mice. Engrafted mice were treated with 20 mg/kg FK866 or
HGC (solvent for FK866) for 14 (MOLT-4 cells) or 21 (primary T-ALL
patient cells) days, once a day (Figure 4A-D). Similar to zebrafish
xenograft experiments, the percentage of engrafted T-ALL cells
was strongly reduced in FK866-treated mice compared with
HGC-injected control animals (Figure 4 B-C). LMO2 deacety-
lation was reduced and interactions between LMO2 and LDB1
were markedly diminished in T-ALL cells isolated from the bone
marrow of engrafted FK866-treated mice (Figure 4E-H). mRNA
expression levels of HHEX and NKX3.1 were reduced in MOLT4
cells engrafted in FK866-treated mice compared with that ob-
served in HCG-treatedmice (Figure 4I). Again, transduction of cells
with the deacetylation-mimicking K74/78R LMO2 mutant, but not
WT LMO2 (as control) prevented FK866-mediated abrogation of
engraftment (Figure 4C-D), and rescued downregulation of LMO2
target genes (Figure 4I). In line with this, LMO2 deacetylation was
reduced and interactions between LMO2 and LDB1 were much
weaker in LMO2-WT-transduced MOLT4 cells isolated from the
bone marrow of engrafted FK866-treated mice, but not in cells
transduced with the K74/K78 LMO2 mutant (Figure 4G-H).

Gene expression signature of
NAMPT-deacetylated LMO2 in T-ALL
To identify the gene expression program regulated by NAMPT-
deacetylated LMO2 in T-ALL, we performed RNA sequencing
(RNA-Seq) analysis of WT or K74/78 LMO2-expressing MOLT4
cells treated with FK866 or DMSO for 2 days (Figure 5A). We
detected 69 genes to be differentially regulated in WT LMO2-,
but not K74/78 LMO2-expressing cells after NAMPT inhibition
by FK866 (Figure 5B-C; supplemental Table 3). Among these
genes, we found tumor- or leukemia-associated candidates, as
PRDM1, HOXD13, RASL11B, TRAF1, IGFBP4, SOX7, SOX12,
CYP1B1, and CYP2E1 (Figure 5C). Pathway overrepresentation
analysis49 of the candidate genes revealed cytochrome P450,
tryptophan degradation, biological oxidation, direct p53 effec-
tors, and tumor necrosis factor a (TNF-a) signaling pathways to be
regulated by NAMPT-deacetylated LMO2 (Figure 5D). Using
iRegulon analysis of the transcription factor binding sites50 pre-
sented in FK866-treated WT LMO2, but not in K74/78 LMO2
MOLT4 cells, as comparedwith eachDMSOcontrol, we detected

PITX-, ZNF695-, MEF2-, and Ep300-binding motifs to be signif-
icantly enriched (Figure 5E).

The NAMPT-NAD1-SIRT2 pathway is essential
at early-stage hematopoietic differentiation of
iPS cells
Previously, we demonstrated that NAMPT activates myeloid
differentiation of CD341 bone marrow-derived HSC.23 LMO2
plays an important role during early stages of hematopoietic
differentiation.4,5 Knowing that leukemogenic role of LMO2 in
T-ALL may be linked to the abnormal reactivation of the HSC-
specific transcriptional program in T-lymphocyte progenitors,16

we aimed to study whether NAMPT-mediated deacetylation
of LMO2 is playing a role during early steps of hematopoietic
differentiation. We performed a serum- and feeder-free mono-
layer hematopoietic differentiation of iPS cells51,52 in the presence
of FK866, AC93253, or DMSO (Figure 6A). Interestingly, the
percentage of KDR1CD341 hematopoietic progenitor cells
on day 6 of culture was noticeably decreased by inhibition of
NAMPT or SIRT2 compared with the control DMSO-treated
group (Figure 6B-C), whereas the percentage of KDR1CD342

was not affected and the percentage of KDR2CD342 cells was
even increased at the highest inhibitor concentration (sup-
plemental Figure 5A-D). Inhibition of SIRT1 had no effect on
the formation of hematopoietic cells from iPS cells (supplemental
Figure 5E-G). Intracellular NAD1 levels in differentiated iPS cells
treatedwith FK866 weremarkedly suppressed on day 6 of culture
in comparison with the DMSO control group (supplemental
Figure 5H). Moreover, the emergence of CD431 hematopoietic
progenitor cells on day 13 of culture as well as colony-forming
unit formation was completely suppressed after SIRT2 inhibition
(Figure 6D-E). These results indicate that SIRT2 is essential during
early hematopoietic differentiation of human iPS cells down-
stream of the NAMPT-NAD1 signaling pathway.

LMO2 is deacetylated by NAMPT/SIRT2 during the
early stages of hematopoietic differentiation of
iPS cells
To identify whether LMO2 is a downstream target of the
NAMPT-NAD1-SIRT2 mediated deacetylation at the early stage
of hematopoietic differentiation, we compared the acetylation
state of LMO2 and other hematopoietic transcription factors
essential for early-stage hematopoiesis (TAL1 and RUNX1)5 in
iPS-derived hematopoietic cells on day 6 of culture. We used the
Duolink-proximity ligation assay (PLA)-FACS,53 which allows iden-
tification of endogenous protein complexes or protein mod-
ifications in single cells, and quantified the signal using flow
cytometry.54 Signal from total protein was obtained by staining
with a primary antibody specific for the protein of interest; signal
from acetylated protein was obtained using a combination of
primary antibody and acetyl-lysine antibody. Interestingly, only
LMO2 showed increased deacetylation in iPSCs-derived HSCs
on day 6 of culture (Figure 6F; supplemental Figure 6A). The
Duolink assay revealed an interaction of LMO2 and SIRT2 proteins

Figure 4 (continued) of human CD451 primary T-ALL patient cells (B) and Molt-4 cells (C-D) in bone marrow of FK866-treated mice to HGC group are shown. Data represent

mean6 standard error of the mean (****P, .0001), n5 5 to 8 mice per group. (E-H) Duolink in situ PLAs of human CD451 cells isolated from bone marrow of mice transplanted

with primary T-ALL patient cells (E-F) or MOLT-4 cells (G-H). “WT” and “K74/78R” indicate mice transplanted with MOLT-4 cells transduced with WT or K74/48R LMO2 mutant,

respectively. Cells were stained with anti-LMO2 and anti-acetylated lysine (E,G) or anti-LMO2 and anti-LDB1 antibodies (F,H). Representative images are shown. Scale bars:

10 mm. (I) mRNA expression levels of the indicated genes in human CD451 cells isolated from bone marrow of xenotransplanted mice. mRNA expression was assessed using

quantitative RT-PCR, and is expressed as arbitrary units (AUs). Target gene/GAPDH mRNA expression ratios are shown. Data show means 6 SD from 5 independent

experiments, each in triplicate (*P , .05).

ACTIVATION OF LMO2 BY DEACETYLATION IN T-ALL blood® 3 OCTOBER 2019 | VOLUME 134, NUMBER 14 1167



in iPSC-derived HSCs on day 6 of culture (Figure 6G) and inhi-
bition of SIRT2 resulted in elevated acetylation of LMO2 as well as
diminished interaction with LDB1 compared with control DMSO
treated cells (Figure 6H-I; supplemental Figure 6B-C). Target genes

of the TAL1 complex as well as FOS and FRZB (early hema-
topoiesis genes) mRNA expression were also suppressed in
iPS cell-derived HSCs on day 6 of culture in the presence of
NAMPT- or SIRT2-specific inhibitors (Figure 6J; supplemental
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Figure 6D). These data suggest an essential role of NAMPT-NAD1-
SIRT2-mediated deacetylation of LMO2 for the activation of TAL1
complexes in early hematopoiesis.

Inhibition of the NAMPT-NAD1-SIRT2 pathway
with morpholinos abrogates early hematopoiesis in
zebrafish embryos
We further evaluated the role of the NAMPT-NAD1-SIRT2 pathway
during early hematopoiesis in vivo in zebrafish. In zebrafish em-
bryos, developing blood cells appear in the blood island located
just before the yolk extension around 24 hpf.55 To analyze early
hematopoiesis, we used transgenic zebrafish Tg(-6.35drl:EGFP)
expressing GFP under the control of the draculin promoter, which
is expressed in hematopoietic progenitor cells within the lateral
plate mesoderm.36 We knocked down zebrafish orthologs for
NAMPT and SIRT2, (nampta and sirt2) by injecting 1-cell-stage
zebrafish embryos with antisense MOs.37 MO-induced mRNA
knockdown was efficient (supplemental Figure 7A). Although
nampta- or sirt2-knockdown embryos showed tail defects, these
phenotypes could be rescued by coinjection with expression
plasmid encoding human NAMPT or SIRT2, indicating nampta
and sirt2 specific knockdown (supplemental Figure 7B). We
quantified early hematopoiesis in zebrafish embryos by counting
GFP1 cells in the developing blood island at 24 hpf and found that
nampta and sirt2 MO-injected embryos had markedly reduced
numbers of hematopoietic cells comparedwith uninjected control
embryos (Figure 7A), which could be rescued by coinjection with
expression plasmid of human NAMPT or SIRT2 (supplemental
Figure 7C-D). In line with impeded hematopoiesis 24 hpf,
NAD1 levels as well as mRNA expression levels of down-
stream target genes of the TAL1 complex were downregulated by
knockdown of nampta and sirt2 genes (Figure 7B; supplemental
Figure 7E). These data suggest that the NAMPT-NAD1-SIRT2
pathway is indispensable for early hematopoiesis, most likely
through the activation of the TAL1 complex in zebrafish embryos.

While the morpholino knockdown data has to be confirmed with
genetic mutants, injection of zebrafish embryos with expression
plasmid of human deacetylation-mimic LMO2mutant (K74/78R),
but not WT LMO2, rescued nampta MO-induced defective he-
matopoiesis and mRNA expression of TAL1 complex target genes
at 24 hpf (Figure 7C-D). Together with our results in human
iPS cells, these results indicate that deacetylation of LMO2
at K74/78 by NAMPT and SIRT2 is crucial for early vertebrate
hematopoiesis.

Discussion
In the present study, we demonstrated for the first time that
NAMPT and SIRT2 are essential for the proliferation and survival
of T-ALL blasts in vitro and in vivo. We also found that NAMPT
and SIRT2 are important for blood cell formation in an iPS cell
model in vitro and in morpholino-mediated knockdown experi-
ments in zebrafish embryos in vivo. Therefore, we have opened
a new line of investigation into the role of NAMPT-mediated
protein deacetylation in developmental hematopoiesis and
T-ALL leukemogenesis. It would be interesting to investigate
whether NAMPT/SIRT2-mediated protein deacetylation gov-
erns the development of other tissues and organs of, for ex-
ample, mesoderm origin, and whether SIRT2 or other SIRTs are
involved.

The dose- and cell type-dependence of NAMPT in the hema-
topoietic system is well documented. Thus, hyperactivated
NAMPT and SIRT2 have been shown to induce uncontrolled
proliferation of hematopoietic progenitors and cause acute
myeloid leukemia.24 We demonstrated that inhibition of NAMPT
or SIRT2 suppressed proliferation and induced apoptosis of
T-ALL cells in vitro and in vivo. We previously published evidence
for an important role of NAMPT in later stages of the myeloid
specification of hematopoietic progenitors that depend on gran-
ulocyte colony-stimulating factor or granulocyte-macrophage
colony-stimulating factor.23,27 Most likely, NAMPT is also activated
by other growth factors essential for the induction of embryonic
hematopoiesis, such as BMP4, VEGF, and basic fibroblast growth
factor, or the development of T-ALL, such as common g-chain
signaling cytokines (gamma c-cytokines), including IL-2, IL-4, IL-7,
and IL-9.56-58We recently determined the involvement of the IL-13
pathway in NAMPT-triggered myeloid differentiation.26 Less is
known about the role of NAMPT and SIRTs in T lymphopoiesis.
Bruzzone et al showed impaired proliferation and function of
activating T lymphocytes uponNAMPT depletion in experimental
autoimmune encephalomyelitis.59 SIRT1 plays a role in Foxp31

T-regulatory cell function60 and in human CD81 memory T cells.61

Interestingly, we found that SIRT2, but not SIRT1, is important
during early stages of blood cell formation and T-ALL development
downstream of NAMPT activation. SIRT1 and SIRT2 have a high
degree of structural similarity and may have similar functions and
targets. However, there are also reports that SIRT1 possesses
specific functions that are not shared by SIRT2. The same is true for
SIRT2.27-29 In our system, it is obvious that these 2 SIRTs exhibit
different functions and have different downstream effectors.
Previous investigations by Han et al andOu et al demonstrated that
a SIRT1 deficiency causes increased apoptosis and diminished
hematopoietic differentiation in mouse ES cells.31,62 In contrast,
we found no effect of SIRT1 inhibition on early hematopoietic
differentiation, a difference that may be explained by the dif-
ferences in species and/or cell type used. Whether SIRT2 also
plays a role in apoptosis induction and/or hematopoietic differ-
entiation of mouse ES cells remains to be investigated.

Importantly, we indicated for the first time that LMO2 is a
downstream target of NAMPT signaling, showing that NAMPT/
SIRT2-mediated LMO2 activation by deacetylation on lysines
K74 and K78 is essential for LMO2 interaction with LDB1 and
formation of a transcriptionally active TAL1 complex (Figure 7E).
We found that LMO2 is deacetylated by NAMPT/SIRT2 during
early stages of hematopoietic differentiation and T-ALL devel-
opment (Figure 7E). This is the first report describing activation
of LMO2, a developmentally important protein, by deacetylation
on K74 and K78 within the LIM1 domain, which is essential for
the association of LMO2 with LDB1 protein and TAL1 complex
activation. Knowing this, it has becomepossible to perform structure-
based screens of chemical compounds to identify candidates
that either prevent LMO2 deacetylation and LDB1 binding in
T-ALL, or induce this interaction and enhance blood cell forma-
tion. Holen et al63 and von Heideman et al64 already described
FK866’s toxicity and safety analyzing the first clinical studies
for FK866 treatment in cancer patients. The dose-limiting toxicity of
FK866 is thrombocytopenia and various gastrointestinal symptoms
including nausea, vomiting and diarrhea. In our study, daily treat-
ment of NSG mice with FK866 for up to 21 days was well tolerated
with no premature deaths, as already described by Nahimana
et al65 and Matheny et al.66 Only some minor side effects were
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Figure 6. TheNAMPT-NAD1-SIRT2 pathway plays an essential role in early-stage hematopoietic differentiation of iPS cells via LMO2deacetylation. (A) Schematic of the
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observed, such as mild fatigue and reduced movement com-
pulsion. In zebrafish embryos, FK866 treatment did not show any
severe side effects even if used in higher concentrations.

LMO2 is expressed in early T-cell progenitors and is normally
switched off during T-lymphocyte differentiation.11-15 In T-ALL,
LMO2 continues to be expressed owing to recurrent chromosomal

Figure 6 (continued) derived from 3 independent experiments, each in triplicate. *P, .05. (F) Representative histograms of the Duolink-FACS analysis on the acetylation of the

indicated proteins in differentiated iPS cells on day 6. Blue, signal from total protein; red, signal from acetylated protein; lime green, negative control. (G) Duolink in situ PLA

assay in the differentiated iPS cells on day 6 of culture. Cells were stained with anti-LMO2 and anti-SIRT2 antibodies. Representative images are depicted. Scale bars: 10 mm. (H)

Representative histograms of the Duolink-FACS analysis on the acetylation of LMO2 protein in differentiated iPS cells on day 6 in the absence or presence of 100 nM AC93253.

The same concentration of DMSOwas added as a vehicle control. Blue, signal from total protein; red, signal from acetylated protein; lime green, negative control. Graph bars of the

total to acetylated protein Duolink-FACS signal ratio indicates the mean fluorescence intensity (MFI) of acetylated LMO2 protein signal divided by the MFI of total LMO2 protein

signal. Data are mean6 SD from 3 independent experiments. *P, .05. (I) Duolink in situ PLA assay in the differentiated iPS cells on day 6 of culture treated with 100 nM AC93253.

The same concentration ofDMSOwas added as a vehicle control. Cells were stainedwith anti-LDB1 and anti-LMO2 antibodies. Representative images are depicted. Scale bars: 10mm.

(J) mRNA expression levels of the indicated genes in differentiated iPS cells on day 6 of culture in the presence of 3 nM FK866 or 100 nM AC93253 were assessed using

quantitative RT-PCR and expressed as AUs. The same concentration of DMSOwas added as a vehicle control. Target geneACTBmRNAexpression ratiomeasured in the control

DMSO-treated sample was normalized to 1. Data aremean6 SD from3 independent experiments, each in triplicate. *P, .05 compared withDMSO-treated cells. ND, not detected.
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hematopoietic cells in the blood islands are shown. Data showmean6 SD (n5 5). *P, .05. Scale bars: 50 mm. (B,D) mRNA expression levels of the indicated genes in control and MO/

plasmid injected zebrafish embryos at 24 hpf were assessed using quantitative RT-PCR. Target gene/actb1mRNAexpression ratios are shown. Data showmean6 SD from 3 independent

experiments, each in triplicate. *P, .05. (E) Schematic for theNAMPT/SIRT2-mediated lysinedeacetylationof the LMO2 transcription factor that is essential for the interaction of LMO2with

LDB1 and formation of the TAL1 complex. This activates the oncogenic transcriptional program and promotes T-cell leukemia development or induces blood cell formation.
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translocations, deletions in an upstreamnegative regulatory region,
somatic acquisition of a neomorphic promoter, or gene therapy-
related retroviral insertionalmutagenesis at the LMO2 locus.8,22,67-70

In our T-ALL patient cohort, we did not compare LMO2 expression
levels to that of early thymocyte progenitors, but the samples
selected for further analysis showed comparable LMO2 ex-
pression level to the LMO2 dependent MOLT4 T-ALL cell line.
Activated LMO2 reactivates an HSC-specific transcriptional
program in T-cell progenitors, leading to enhanced self-
renewal and proliferation, with reduced capacity for T-cell dif-
ferentiation and transformation into T-ALL blasts.15,16 These data
are in agreement with our observation that LMO2 activation
by NAMPT/SIRT2-mediated lysine deacetylation is essential for
both formation of HSCs and T-ALL leukemogenesis. Most likely,
deacetylated LMO2 activates common downstream targets
that are important a specific transcriptional program in HSCs
and transformation of T-ALL blasts. At the same time, we
cannot exclude the involvement of other transcriptional targets
in addition to LMO2 that are activated by NAMPT and SIRTs
in HSCs and/or T-ALL cells. In addition, NAMPT-independent
mechanisms of LMO2 activation in HSCs and T-ALL cells should
be considered.

Using RNA-Seq analysis of MOLT4 cells stably expressing WT
or deacetylated LMO2 mutant, we were able to identify signal-
ing pathways such as cytochrome P450, tryptophan degrada-
tion, biological oxidation, P53- or TNF-a downstream signaling
cascades to be regulated by NAMPT-mediated LMO2 de-
acetylation. Components of the cytochrome pathway, CYPE1 and
CYP1B1, that were downregulated upon NAMPT inhibition in
a LMO2-dependent manner, are known to play a role in the ALL
pathogenesis.71-73 Additionally, tryptophan degradation may play
a role in the tumorigenesis and may be evaluated further for the
potential drug targeting.74,75 Most probably, LMO2 is involved in
themetabolic reprogramming of HSCs during T-leukemogenesis.76-78

P53mutations are frequent finding inALL that correlateswith poor
chemotherapy response.79 TNF-a is known to be involved in
different steps of leukemogenesis, including cellular transformation,
proliferation, survival, and resistance to chemotherapy.80-83 In
iRegulon analysis, we identified target gene enrichment for
known T-ALL-associated transcription factors, such as PITX,84

ZNF695,85 MEF2 family,86-91 and EP300.92 These data further
confirmed the important role of the LMO2 activation by NAMPT-
mediated deacetylation in the T-ALL development. It would
be interesting to investigate functional connection between
identified candidate genes and pathways and NAMPT-
activated LMO2 in the pathogenesis of T-ALL and early
hematopoiesis.

The 2 experimental models for studying early steps in hema-
topoiesis used here (in vitro iPS cells and in vivo zebrafish) have
offered us an excellent opportunity to study the involvement
of NAMPT/SIRTs in differentiation processes of diverse layers/
organs and at defined developmental stages. Our observations
may help establish improved culture conditions for modulating
NAMPT/SIRT signaling (eg, for large-scale in vitro generation of
hematopoietic cells from iPS cells).

Taken together, our findings demonstrate that a novel posttrans-
lational mechanism, NAMPT/SIRT2-mediated lysine deacetylation,
is involved in regulating the developmentally important protein

LMO2. This mechanism could prove profoundly important for
developmental biologists, tumor biologists, and clinical scientists/
oncologists. Our observations have translational significance,
suggesting the possibility of clinically targeting T-ALL leukemia
cells through specific inhibition of NAMPT-mediated LMO2
deacetylation. They also have implications for the large-scale
in vitro production of hematopoietic cells through modulation of
the NAMPT/SIRT2/LMO2 axis.
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