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ABSTRACT Granulocyte colony-stimulating factor receptor (G-CSFR), encoded by
the CSF3R gene, represents a major regulator of neutrophil production and function
in mammals, with inactivating extracellular mutations identified in a cohort of neu-
tropenia patients unresponsive to G-CSF treatment. This study sought to elucidate
the role of the zebrafish G-CSFR by generating mutants harboring these inactivating
extracellular mutations using genome editing. Zebrafish ¢sf3r mutants possessed sig-
nificantly decreased numbers of neutrophils from embryonic to adult stages, which
were also functionally compromised, did not respond to G-CSF, and displayed en-
hanced susceptibility to bacterial infection. The study has identified an important
role for the zebrafish G-CSFR in maintaining the number and functionality of neutro-
phils throughout the life span and created a bona fide zebrafish model of nonre-
sponsive neutropenia.
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ranulocyte colony-stimulating factor (G-CSF), also known as colony-stimulating

factor 3 (CSF3), acts via its cognate cell surface receptor, G-CSFR, or CSF3R, to play
a key role in both developmental and “emergency” granulopoiesis, augmenting the
proliferation, differentiation, and survival of myeloid progenitors and their neutrophilic
granulocyte progeny (1). In patients with severe congenital neutropenia (SCN), levels of
circulating neutrophils are extremely low, defined as <0.5 X 10%/liter, typically <10%
of average counts, and these patients suffer from ongoing episodes of opportunistic
bacterial infections that are potentially life threatening (2-4). G-CSF is utilized in the
clinic to successfully treat the majority of neutropenia cases, but a group of patients
remain unresponsive to the therapy (5). Within this patient cohort, “crippling” muta-
tions within the extracellular domain of G-CSFR have been identified (1).

The zebrafish is an established model for the investigation of hematopoiesis,
immunity, and related disorders (6, 7). Like mammals, zebrafish undergo distinct waves
of hematopoiesis (8), which are regulated by conserved cytokine receptor signaling
(9-17). Zebrafish possess a single G-CSFR, encoded by the c¢sf3r gene orthologue, which
has been shown to have a conserved role in developmental myelopoiesis (11). Ze-
brafish are also highly amenable to genetic manipulation, including genome editing
(18). A recent publication described the use of this approach to generate a ¢sf3r mutant
that exhibited a persistent basal deficit in neutrophils (19).

Mutant zebrafish lines that harbored G-CSFR variants based on those observed in
neutropenia patients unresponsive to G-CSF were generated by genome editing. These
¢sf3r mutant fish possessed severely reduced numbers of neutrophils during primitive,
definitive, and emergency hematopoiesis, which continued into adulthood. Impor-
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tantly, the mutant fish displayed functional deficits, including increased susceptibility to
bacterial infection and lack of responsiveness to exogenous G-CSF, with decreased
survival of adult neutrophils. Collectively, this work identifies a key and ongoing role for
zebrafish G-CSFR in maintaining levels of functional neutrophils and establishes a bona
fide model of neutropenia unresponsive to G-CSF.

RESULTS

Generation of a c¢sf3r mutant zebrafish based on neutropenia-associated mu-
tations. A variety of truncating mutations within the extracellular region of the human
G-CSFR that are associated with SCN and chronic idiopathic neutropenia (CIN) have
been described (Fig. 1A). To generate similar variants of zebrafish G-CSFR, transcription
activator-like effector nuclease (TALEN)-mediated genome editing was employed to
target c¢sf3r exon 13, which encodes the most membrane-proximal fibronectin type
lll-like domain of the extracellular region (Fig. 1B and C). TALEN-injected embryos were
raised to adulthood and crossed with wild-type fish, and F1 progeny were screened for
mutations by restriction fragment length polymorphism (RFLP) with Tagl that were
confirmed by sequencing. This identified two mutant alleles, csf3r™9v> and csf3rmdus,
representing 13-bp and 11-bp deletion mutations, respectively (Fig. 1D). Each caused a
frameshift that introduced a premature stop codon, leading to truncated G-CSFR
proteins lacking all transmembrane and intracellular sequences. Fish carrying these
alleles were outcrossed twice, and heterozygous carriers were then incrossed to
generate homozygote mutants for further analysis.

csf3r mutants possess reduced numbers of neutrophils throughout life. The
effects of these csf3r mutations on primitive hematopoiesis were assessed first. Com-
pared with wild-type embryos, homozygous csf3rmdus/mdus mutant embryos showed a
modest reduction in the myeloid progenitor marker spi7 (20) (Fig. 2A to C). Notably, an
almost complete loss of csf3r expression was observed at all time points (Fig. 2D to |).
Analysis with markers for mature myeloid cells demonstrated a substantial decrease in
mpo™ granulocyte cells (21) (Fig. 2J to L) and a smaller, but still significant, reduction
in the lyz*+ leukocyte cell population (22) (Fig. 2M to O). In contrast, IcpT1™+ leukocytes
(23) and mpeg1.1™ macrophages (24) were not affected (Fig. 2P to U). The mpo™ and
lyz™ myeloid cell populations also showed a migration defect (Fig. 2J, K, M, and N), as
previously noted in csf3r knockdown embryos (11). Similar results were obtained with
homozygous csf3rmdus/mdué mutants, and no differences were noted between hetero-
zygote mutants and the wild types (data not shown).

With regard to definitive hematopoiesis, no difference was observed in expression of the
HSC markers c-myb (25) (Fig. 3A to C) and runx1 (26) (Fig. 3D to F) at 3.5 days postfertil-
ization (dpf) between the wild type and the csf3rmdus/mdus or csf3pmdus/mdus mutant.
However, csf3rmdus/mdus embryos again showed negligible csf3r expression (Fig. 3G to I) and
significantly decreased numbers of mpo™ cells (Fig. 3J to L) at later time points, with the
number of mpo™ cells in heterozygotes again similar to those in the wild type (data not
shown). In contrast, there was no difference between wild-type and csf3rmdu/mdus mutants
in the numbers of lyz* (Fig. 3M to O), IcpT1+ (Fig. 3P to R), and mpeg1.1™ (Fig. 3S to U) cells
or the area of expression of the lymphoid cell marker rag1 (27) (Fig. 3V to X) or in the extent
of staining of hemoglobinized red blood cells with O-dianisidine (21) (Fig. 3Y and Z). The
¢sf3rmdus/mdus mytant produced similar results for mpo, lyz, and rag1 (data not shown).
Analysis of blood smears at 5 dpf confirmed a significant reduction in the number of
circulating neutrophils in csf3rmdus/mdus mutants (Fig. 3A’ to C').

Analysis of adult homozygous csf3rmdus/mdus fish confirmed that the number of
blood neutrophils remained markedly reduced relative to their wild-type siblings (Fig.
4A to Q). A significantly decreased neutrophil population was also observed in the
kidneys of csf3rmdus/mdus fish, but they were well differentiated, with hypersegmented
neutrophils observed, while erythroid numbers were slightly elevated (Fig. 4D to F).
Fluorescence-activated cell sorter (FACS) analysis of kidney cells from fish harboring the
csf3rmdus/mdus genotype on a transgenic mpo promoter-driven GFP [Tg(mpo:GFP)]
background (28) identified a decrease in both the total myeloid (Fig. 4G to I) and mpo™
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FIG 1 Generation of ¢sf3r mutants based on neutropenia-associated alleles. (A) G-CSFR and its perturbation in neutropenia. The schematic representation of
the G-CSFR shows the N-terminal leader sequence (open triangle), followed by the extracellular region comprising the immunoglobulin domain (red), four
conserved cysteines (thin lines), and a W-S-X-W-S motif (thick line) within the cytokine receptor homology domain (orange); three fibronectin type lll-like
domains (green); and a transmembrane domain (blue); as well as boxes 1 to 3 (numbered gray rectangles) within the cytoplasmic region (pink), which includes
four tyrosine (Y) residues. The exon boundaries of the zebrafish G-CSFR are shown by dashed vertical lines, and the relative positions of human G-CSFR
extracellular truncations associated with SCN or CIN are indicated above the diagram by arrows. (B and C) Genome targeting of zebrafish csf3r. (B) Schematic
representation of the intron/exon structure of part of the csf3r gene. Exons are represented as numbered boxes colored as in panel A, with the introns
represented by solid lines and spanning primers indicated by arrows. (C) Targeting of exon 13 with a TALEN pair. The relevant nucleotide sequence is shown,
with its targeting by left and right TALENs indicated and the Tagql restriction site italicized and underlined. (D) ¢sf3r mutant alleles generated. Shown are
sequences of homozygous wild-type (wt) and mutant (mdu5 and mdu6) csf3r alleles, with the respective translations shown below. The csf3rmdus allele
represents a 13-bp deletion and the csf3rm9us allele an 11-bp deletion, both of which cause a frameshift resulting in a small number of residues translated from
an alternative reading frame, followed by a stop codon that truncates at the C terminus of the third fibronectin type lll-like domain.
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FIG 2 Effect of G-CSFR truncation on primitive myeloid cells. Homozygous wild-type (wt) and csf3rmdu>/mdus (mdu5) embryos were
subjected to WISH with spiT at 16 h postfertilization (hpf) (A and B); ¢sf3r at 18 hpf (D and E) and 22 hpf (G and H); and mpo (J and
K), lyz (M and N), Icp1 (P and Q), and mpeg1.1 (S and T) at 22 hpf. Individual embryos were assessed for the number of spi1+ (C), csf3r+
(F and 1), mpo* (L), lyz* (O), Icp1* (R), and mpeg1.1+ (U) cells, with the means and standard errors of the mean (SEM) shown in red
and statistically significant differences indicated (****, P < 0.0001; ***, P < 0.001; ns, not significant). The dashed lines demarcate the
extents of migration of mpo* and lyz* cell populations.
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FIG 3 Effect of G-CSFR truncation on definitive hematopoiesis. Homozygous wild-type (wt), csf3rmdus/mdus
(mdu5), and csf3rmdus/mdue (mdu6) embryos were subjected to WISH with ¢-myb (A to C) and runx1
(D to F) at 3.5 dpf; csf3r at 4 dpf (G and H); and mpo (J and K), lyz (M and N), Icp1 (P and Q), mpeg1.1
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(Fig. 4J to L) populations. Histochemical staining of sorted myeloid cells demonstrated
an increase in hypersegmented neutrophils in csf3rmdu>/mdus fish (Fig. 4M to O).

csf3r mutants exhibit functional deficits. A range of functional responses were
also analyzed in the csf3r mutants. Responsiveness to G-CSF was examined by injection
of csf3a mRNA, which elicited a substantial increase in mpo™ cells in wild-type embryos
that was not observed in c¢sf3rmdu5/mdus mutant embryos (Fig. 5A). Next, lipopolysac-
charide (LPS) injection was used as a model of emergency granulopoiesis (11), which
also resulted in an increase in mpo™ cells in wild-type embryos but not in ¢sf3rmdus/mdus
or ¢sf3rmdué/mdus mutant embryos (Fig. 5B). In response to wounding, c¢sf3rmdus/madus
mutant embryos also displayed reduced migration of mpo™ cells compared to wild-
type embryos (Fig. 5C). Embryos were also subjected to infection with fluorescent
Escherichia coli. Bacterial numbers increased more rapidly in c¢sf3rmdus/mdus mutants
than in wild-type embryos, which reached statistical significance at 16 h postinfection
(Fig. 5D), and this increase was also evident by fluorescence microscopy (Fig. 5E and F).
This was reflected in significantly greater mortality of bacterially infected csf3rmdus/mdus
mutants than of wild-type embryos (Fig. 5G). Consistent with this, close monitoring of
csf3pmdus/maus gnd csf3rmdue/mdus mutants revealed reduced survival of juveniles under
normal husbandry conditions compared to the wild type (Fig. 5H). Finally, analysis of
the myeloid cell population in adult kidney marrow identified normal myeloperoxidase
staining but increased numbers of vacuoles (Fig. 5I), along with significantly higher
levels of apoptosis (Fig. 5J to L), in the ¢sf3rmdus/mdus mutants.

DISCUSSION

G-CSFR, encoded by the CSF3R gene, plays a major role in the production and
function of neutrophilic granulocytes in mammals. CSF3R mutations leading to defec-
tive forms of G-CSFR are associated with neutropenia in humans (4), while both Csf3—/~
(29) and Csf3r—/= (30, 31) mice display basal neutropenia with reduced survival of
neutrophils. Zebrafish possess a conserved G-CSFR (11), which was targeted using
genome editing to elucidate its role in granulopoiesis.

Zebrafish ¢sf3r mutants showed decreased numbers of primitive myeloid cells and
mature neutrophils during embryogenesis, similar to previous work in which zebrafish
csf3r was ablated using morpholinos (11). We further showed that the c¢sf3r mutants
displayed reduced neutrophil numbers into adulthood, which could not be examined
using transient morpholino-mediated knockdown. The decreased neutrophil numbers
were in agreement with recently described c¢sf3r knockouts containing introduced early
stop codons in the N-terminal immunoglobulin (Ig) domain of the G-CSFR, which
showed a selective neutrophil deficiency from embryogenesis into adulthood (19).
Importantly, the zebrafish csf3r mutants we generated possessed a number of relevant
functional deficits that were not reported with the Ig domain-based csf3r mutants.
Specifically, like the neutropenia patients harboring equivalent mutations, our zebrafish
¢sf3r mutants were unresponsive to G-CSF, as well as being neutropenic, and were
additionally resistant to LPS-induced granulopoiesis. They were also more susceptible
to bacterial infection, exhibiting increased bacterial loads and decreased survival, while
the overall survival of the csf3r mutants was also compromised. Their neutrophils
additionally showed reduced migration to sites of wounding in embryos and reduced
survival in adults, although the neutrophils present exhibited robust differentiation in
terms of nuclear segmentation and myeloperoxidase activity. These phenotypes were
comparable to several observed in Csf37/~ (29) and Csf3r—/— (30, 31) mutant mice,
further highlighting the strong conservation of this key aspect of leukocyte biology.

FIG 3 Legend (Continued)

(Sand T), and rag1 (V and W) or whole-embryo staining with O-dianisidine (X and Y) at 5 dpf or were
subjected to blood analysis at 5 dpf (A" and B’). e, erythrocyte; n, neutrophil. Individual embryos wetre
assessed for the numbers of ¢sf3r* (1), mpo* (L), lyz* (0), Icp1* (R), and mpeg1.1+ (U) cells. The area of
staining for ragl is expressed as a ratio to eye size averaged for individual embryos (X) or blood
differential counts (C’), with means and SEM shown in red and statistically significant differences
indicated (****, P < 0.0001; ***, P < 0.001; ns, not significant).
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Neutropenia occurs as sporadic and autosomal dominant forms, as well as being a
characteristic of a range of other disorders (4). Two major classes of CSF3R mutations
have been identified in neutropenia patients, with quite different disease etiologies (2,
32). One class represents acquired mutations that cause truncation of the C terminus of
the intracellular region of the receptor, resulting in sustained signaling in response to
G-CSF. These mutations are associated with a strong predisposition to myelodysplastic
syndromes (MDS)/acute myeloid leukemia (AML), but their contribution to SCN is likely
only minor (33). The other class of mutations are mutations within the extracellular
region of the receptor resulting in signaling-defective forms of the receptor (32), which
have been reported in patients with SCN and CIN who are unresponsive to normal
G-CSF therapy. The majority of such mutations result in large deletions that serve to
delete the transmembrane and intracellular regions, along with variable amounts of the
extracellular region (34-38).

On closer examination, these inactivating, unresponsive neutropenia-associated
alleles appear to form two distinct subgroups. One subgroup, representing a variety of
CSF3R mutations that cluster in a region encoding the cytokine receptor homology
(CRH) domain, affect a single allele but exert a dominant-negative effect on the
wild-type receptor and are associated with peripheral neutropenia, as well as a myeloid
maturation arrest in the bone marrow (34, 36, 39). In two of these cases, the patients
responded to high doses of G-CSF, in concert with either dexamethasone (40) or stem
cell factor (34). The other subgroup, representing biallelic CSF3R mutations typically
leading to truncations after the CRH, is associated with neutropenia but without
maturation arrest in the bone marrow (35, 37, 38), with one of the patients responding
to alternative treatment with granulocyte-macrophage colony-stimulating factor (GM-
CSF) (38).

The zebrafish csf3r mutant generated in this study represented an allele from the
latter subgroup. Notably, these mutants were neutropenic, but without a maturation
defect in the kidney marrow, and unresponsive to G-CSF, with heterozygote carriers
indistinguishable from wild-type fish. Collectively, these data provide strong support for
the notion that the zebrafish csf3r mutants we created faithfully recapitulate the
equivalent human mutants. They provide formal proof that such mutations cause
disease and suggest that this subgroup of extracellular mutations likely represent null
alleles for the gene. This research has also produced an animal model to explore
alternative approaches to restore neutrophil numbers in such cases.

MATERIALS AND METHODS

Fish husbandry and genetic manipulations. Zebrafish were maintained with standard husbandry
practices, following national guidelines for their care and use. Wild-type embryos at the 1-cell stage were
injected with 100 pg/nl mRNA encoding TALENSs (41) that targeted exon 13 of the ¢sf3r gene and raised
to adulthood. They were outcrossed with wild-type fish, and carriers of relevant mutant alleles were
identified from fin clips obtained under anesthesia with benzocaine. Following an additional round of
outcrossing, heterozygote mutant carriers were incrossed to generate homozygous mutant fish. One
allele was also crossed onto the Tg(mpo:GFP) (28) background. All studies involving animals were
approved by the Deakin University Animal Ethics Committee.

Genomic-DNA analysis. Genomic DNA from adult fin clips and whole embryos was isolated with
QuickExtract following the manufacturer’s instructions. It was subjected to PCR with csf3r-specific primers
and analyzed by RFLP with Tagl (with primers 5'-GATAATGACTACGGAGACCAGCG and 5'-GGAAACACC
GATACACACTCATACQ) or subjected to high-resolution melt analysis (42) (with primers 5'-CAACCACACA
CTAAATATCATGCCC and 5'-GTGACCTTCTTGCTGCGAGGCGAC) using Precision Melt Suremix and analysis
software (Bio-Rad) to identify potential mutants, which were confirmed by Sanger sequencing at the
Australian Genome Research Facility.

WISH and hemoglobin staining. Anesthetized embryos were dechorionated and fixed in 4%
(wt/vol) paraformaldehyde at 4°C before whole-mount in situ hybridization (WISH) with antisense

FIG 4 Legend (Continued)

hypersegmented neutrophils indicated by arrows. e, erythrocyte; eo, eosinophil; I, lymphocyte; n, neutrophil; p, precursor. Means
and SEM are shown, and statistically significant differences are indicated (***, P < 0.001; **, P < 0.01). (G to L) FACS analysis of
myeloid cells. Shown are analyses of kidney myeloid (G and H) and GFP* neutrophil (J and K) populations of wild-type (wt) and
csf3rmdus/mdus (mdu5) adult fish and their respective quantitations (I and L), with means and SEM shown and statistically significant

differences indicated (****, P < 0.0001; **, P < 0.01).
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cells for apoptosis using annexin V/7-AAD staining (J and K), with quantitation of early (AnnV*/7-AAD~) and late (AnnV*/7-AAD") cells (L). ****, P < 0.0001;

¥** P <0.001; **, P<0.01; *, P < 0.05; ns, not significant.
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digoxigenin (DIG)-labeled gene-specific probes, as described previously (43, 44), or subjected to staining
of hemoglobin with O-dianisidine (21). Quantitation was achieved by enumeration of individual cells or
by measuring the area of staining relative to eye diameter using CellSens Dimension 1.6 software
(Olympus) in a blind fashion on images taken on a dissecting microscope. Data from approximately 30
embryos were analyzed for significance with Student’s t test, using Welch’s correction where necessary,
with data tested for normality.

In vivo analyses. Embryos at the 1- to 8-cell stage were injected with in vitro-transcribed gcsf.a
MRNA, as described previously (11). To simulate emergency hematopoiesis, embryos at 48 h postfertil-
ization (hpf) were injected with 5ug/ml LPS and analyzed 8h later, as reported previously (11).
Wound-healing assays were performed by transecting the tips of the caudal tail fins of embryos at 3 dpf
with a scalpel after anesthesia with 0.1 mg/ml benzocaine, as described previously (22). Infection studies
involved injection of embryos at 72 hpf with 2 to 5 nl of ~9 X 10" CFU E. coli expressing green
fluorescent protein (GFP) (no. 25922GFP; ATCC) into the venous return using a published protocol (45),
with bacteria quantified by plate counting and visualized and imaged using an Olympus MVX10
fluorescence microscope and DP72 camera. Survival of infected embryos and juvenile fish was monitored
by regular visual inspection and displayed as a Kaplan-Meier curve, with statistical significance deter-
mined using a log-rank (Mantel-Cox) test.

In vivo and ex vivo analyses. Adult zebrafish kidney cells were prepared in ice-cold phosphate-
buffered saline (PBS) supplemented with 1 mM EDTA and 2% (vol/vol) fetal calf serum and passaged
through a 40-pm sieve. The cells were analyzed using a FACSCanto Il, with myeloid cells identified in
a side scatter/forward scatter (SSC/FSC) plot and neutrophils by GFP fluorescence for fish on the
Tg(mpo:GFP) background. Apoptosis was assessed using an annexin V-phycoerythrin (PE)/7-
aminoactinomycin D (7-AAD) apoptosis detection kit (BioLegend). Myeloid cells were sorted on a
FACSAria Il (BD Biosciences) for further analysis. Cytospin preparations were prepared from embry-
onic and adult blood, adult kidney, and sorted kidney myeloid cells and stained with Giemsa stain
or a myeloperoxidase kit (Sigma), and differential counts were performed. Data were analyzed for
significance with Student’s t test.
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