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Engineering a humanized animal model of polycythemia

vera with minimal JAK2V617F mutant allelic burden

Polycythemia vera (PV) is a chronic myeloproliferative neo-
plasm (MPN) characterized by the overproduction of red
blood cells. Over 95% of PV patients’ disease is driven by
the JAK2V617F mutation. While JAK2V617F mutant mouse
models have provided mechanistic insights into PV biology,
most of these models present a mutant cell burden much
higher than the variant allele frequency (VAF) of JAK2VG17F
found in PV patients. Thus, current PV mouse models result
in a limited understanding of the earliest stages of PV de-
velopment including what is the minimal mutant cell burden
required for disease manifestation. In order to circumvent
these limitations, we developed an engineered model of PV
utilizing CRISPR/Cas® homology-directed repair (HDR) to in-
troduce a JAK2V6717F mutation into the endogenous locus
of human CD34" cells. Xenografting targeted cells into NSGS
mice recapitulated human PV pathologies in vivo. We used
this tool to address two questions: (i) what is the minimum
mutant VAF needed to generate PV pathologies, and (ii) does
the developmental context of the cell of origin influence
disease trajectory of MPN. This model provides a valuable
preclinical tool to test new PV therapies in vivo and an alter-
native model to study the development and progression of
PV when primary patient samples are limited or unavailable.
Myeloproliferative neoplasms (MPN) are driven by somatic
mutations acquired in hematopoietic stem and progenitor
cells (HSPC), characterized by the deviant proliferation of one
or more myeloid lineages.? MPN can present as polycythemia
vera (PV; excess erythrocytes), essential thrombocythemia
(ET; excess platelets), or myelofibrosis (MF; bone marrow
fibrosis). The JAK2V617F mutation is a recurrent driver of
MPN.3-®* However, the burden of JAK2V617F mutant cells varies
widely in patients and can induce clinical phenotypes with
very low VAF.8" In PV, over 95% of patients have JAK2VG17F
as the driving pathogenic mutation, but the mutation burden
can be below 3% VAF in some patients.? It is not clear how
such a low mutant cell burden can generate MPN pathologies.
Current JAK2V617F mouse modeling strategies utilize retro-
viral transduction,® transgenic alleles,” or genetic knock-in
(KI) models.?*® However, most of these models yield high
JAK2V617F mutational frequencies that do not accurately
reflect the clonal trajectory of PV patients. In order to over-
come the limitations of mouse models, we recently developed
methods to transplant CD34* cells from MPN patients to
generate patient-derived xenografts (PDX). In the case of MF,
xenografting patient-derived CD34" cells is able to propagate
the genotypes, phenotypes and key patient pathologies such
as reticulin fibrosis in PDX* However, attempts to generate
PDX from PV patients has been less successful, with poor
engraftment and limited numbers of CD34* cells obtainable

from the blood of these patients. In order to circumvent these
issues, here we describe a novel model to study development
of human PV employing CRISPR/Cas9 methodology to intro-
duce the JAK2V6717F mutation into the endogenous locus of
HSPC obtained from human cord blood (CB) or healthy bone
marrow (BM; Online Supplementary Figure S1A).

For a pilot feasibility study, CB-derived CD34" cells were
nucleofected with CRISPR/Cas9 reagents to introduce the
JAK2VG17F (="VF”) mutation into the endogenous locus. For
a negative control, a single-stranded oligo donor nucleotide
(ssODN) was designed to introduce a silent mutation at the
same amino acid, such that there is no resulting protein
change (JAK2V617V =“VV”) but a single base genetic variant
that serves as a trackable barcode. This engineered system
was tested by xenografting a high input of 80,000 nucleofected
CD34* CB cells. Kl efficiency was 13-14% for both VF and VV
variants (Online Supplementary Figure S1B). There was high
human engraftment in both VF and VV groups in peripheral
blood (PB; Online Supplementary Figure S1C) and BM (On-
line Supplementary Figure S1D). JAK2V617TF cells exhibited
increased engraftment in the spleen (Online Supplementary
Figure STE), splenomegaly (Online Supplementary Figure S1F)
and propagation of the mutation in the BM (Online Supple-
mentary Figure S1G).

In order to model PV driven by low JAK2V617F mutant allele
burden, we utilized the Kl strategy but with a significantly low-
er cell input. We also sought to examine how the JAK2V617F
mutation can lead to distinct MPN pathologies by testing the
hypothesis that developmental context of the cell of origin in-
fluences the disease trajectory. CD34* cells from CB and adult
BM (donor ages =32, 39 years) were nucleofected as above
(Figure 1A) and 20,000 nucleofected cells were transplanted
intra-tibially into sub-lethally irradiated (2.5 Gy) NSGS mice.
JAK2VGB17F and JAK2V617V donor cells were present at low
frequencies in the PB of both recipient groups (Figure 1B, C).
The myeloid lineage compartment was increased in hCD45*
PB cells in mice that received the JAK2V617F mutant HSPC
derived from either BM or CB compared to JAK2V617V controls
(Figure 1D). Mice transplanted with JAK2V617F mutant HSPC
from both CB and BM donors displayed increased hemato-
crit, hemoglobin, and platelet counts, suggestive of a PV-like
phenotype (Figure 1E). WBC counts were not significantly
different (Figure 1E). Flow cytometric discrimination between
human- and mouse-derived erythrocytes showed mice re-
ceiving VF cells exhibited a higher percentage of human red
blood cells (Online Supplementary Figure S2A). Interestingly,
between weeks 16 and 24 post-transplant, certain recipients
of BM-derived JAK2V617F cells displayed a marked decrease
in hematocrit, hemoglobin, and platelet counts (Figure 1E),
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Figure 1. Engineering a humanized model of polycythemia vera. (A) Knock-in efficiency of VF and VV mutations in CD34* cells of
indicated source determined by next-generation sequencing. (B) Engraftment of human cells in the peripheral blood of NSGS
mice determined by flow cytometry. (C) Variant allele frequency (VAF) of engineered mutations in the peripheral blood (PB) of
NSGS mice determined by digital droplet plolymerase chain reaction. (D) Lineage distribution of engrafted human CD45* cells in
the PB of NSGS mice. (E) Blood counts of indicated recipient groups across the experimental time course. (F) Spleen weights of
mice receiving indicated human cells. (G) Engraftment of human cells in the spleens of NSGS mice. N=5-7 mice per group, data
are compiled from 2 independent experiments. *P<0.05, **P<0.01, ***P<0.001. Mean * standard error of the mean values are
shown. NSGS: age-matched irradiated non-transplanted mice; WBC: white blood cells; BM: bone marrow; CB: cord blood; VF:

JAK2VGTTF; VV: JAK2VGE1TV.

potentially suggestive of disease progression from PV to MF.
Spleen weights and human cell engraftment in the spleen
were increased in both JAK2V617F cohorts (Figure 1F, G),
representative of the splenomegaly often present in MPN
patients.

Human cell engraftment in the BM mirrored that of the PB
(Figure 2A), although overall cellularity was increased in
CB-derived JAK2VG17F recipients (Online Supplementary Figure
S2B). Again, the myeloid lineage in the BM was increased in
the groups which received JAK2V617F-derived cells (Figure
2B). Parallel flow cytometric analysis on mouse (m)CD45* BM
cells from the same mice showed there were no changes in

mouse blood cell lineages between any cohort, suggesting
that any observed effect was driven by transplanted hu-
man-derived cells (Online Supplementary Figure S2C). Hu-
man HSC (hCD45*, mCD45-, Lineage™ [CD3/14/16/19/20/56],
CD34*, CD38-, CD45RA", CD90*; Online Supplementary Figure
S2D) were detected in both CB- and BM-derived JAK2VG17F
cohorts, but not JAK2V617V recipients (Figure 2C), consis-
tent with our prior studies showing that normal human
HSC do not self-renew in the inflammatory environment of
NSGS BM.M* JAK2V617F-mutant BM cells showed increased
phosphorylation of STAT3 and STAT5, a canonical feature of
MPN patients (Figure 2D). Thus, in addition to reproducibly
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Figure 2. Manifestation of polycythemia vera pathologies from

a minimal JAK2V617F mutant allele burden. (A) Engraftment of

human cells in the bone marrow (BM) of NSGS mice. (B) Lineage distribution of engrafted human CD45* cells in the BM of NSGS
mice. (C) Absolute number of human hematopoietic stem cells (HSC) in BM of NSGS recipient mice for each donor group. (D)
Western blot analysis showing activation of the JAK/STAT pathway in VF targeted cells. (E) Variant allele frequency (VAF) of en-
gineered mutations in BM of NSGS mice determined by digital droplet polymerase chain reaction. (F) VAF of engineered mutations
specifically within human cell fractions. N=5-7 mice per group, data are compiled from 2 independent experiments. *P<0.05,
***P<0.001. Mean * standard error of the mean values are shown. NSGS: age-matched irradiated non-transplanted mice; CB:

cord blood; VF: JAK2VG17F; VV: JAK2VG17V.

generating hallmark MPN pathologies (Online Supplementary
Figure S3), this system also produces characteristic molecular
features of JAK2V617F-mutant MPN.

Six months post-transplant, VAF was determined by droplet
digital polymerase chain reaction (ddPCR) in whole BM and
purified hCD45* cells from the BM of xenografted mice as
previously described.™ The VAF of JAK2V617F in whole BM
essentially mirrored overall engraftment (Figure 2E). Within
the hCD45" BM cells, the VAF of VV-targeted cells remained
relatively consistent over the transplant period. In contrast,
there was a significant increase in the VAF of VF-targeted
cells (Figure 2F), demonstrating a competitive advantage for
JAK2V617F-mutant clones.

Reticulin staining of the BM revealed fibrosis in the majority
of recipients of BM-derived VF-edited cells (5/7), which was
not observed in recipients of CB-derived cells edited with
the JAK2VG17F mutation (Figure 3A). No reticulin fibrosis
was detected in any recipients of JAK2V617V control cells
(Figure 3B). Histopathology showed the BM from VF-target-
ed recipients displayed increased megakaryocytes (Figure
3C). Several BM-derived JAK2V617F recipients had distinc-
tive histopathology, presenting dysmorphic (hyper-lobated,
staghorn, and/or cloud-like nuclei) and/or multinucleated
(distinct, multinucleated nuclei amidst increased cytoplasm)

megakaryocytes (Figure 3D). Dysmorphic megakaryocytes
were significantly increased in recipients transplanted with
JAK2VG617F-edited cells from either CB or BM, whereas multi-
nucleated megakaryocytes were almost exclusively associated
with BM-derived JAK2V617F cells (Figure 3E). The frequency
of multinucleated megakaryocytes strongly correlated with
the degree of reticulin fibrosis in the BM (Figure 3F). Moreover,
in BM-derived VF recipients, fibrosis grade correlated with
decreasing hematocrit and increased spleen weight (Figure
3F). These pathologies are suggestive of disease progression
from PV to MF. This engineered system presents a unique
opportunity to study the molecular mechanisms that promote
MPN that may lead to these distinct disease trajectories.

In conclusion, we present an engineered humanized JAK2V617F
Kl system wherein a minority of mutant HSPC initiate MPN in
the background of normal hematopoiesis. A burden of mu-
tant cells at low VAF (<5%) was able to induce classical MPN
pathologies in NSGS mice, mimicking early-stage human PV.
However, it should be noted that due to differences in the
biology of NSGS mice, the MPN pathologies are not precise
recapitulations of human patients or some genetic mouse
models of MPN derived in C57Bl/6 backgrounds. While he-
matocrit was elevated in NSGS recipients of VF-edited cells,
it was markedly lower than that observed in PV patients.
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Figure 3. Histopathology of xenografted mice. (A) Representative bone marrow (BM) sections of NSGS mice from indicated groups
showing reticulin staining. (B) Quantification of the degree of reticulin fibrosis in BM of recipient mice from indicated groups. (C)
Representative histological images of BM sections of NSGS mice from indicated recipient groups. (D) Histopathology showing
multinucleated megakaryocytes (MK) in BM of a mouse receiving BM-derived JAK2V617F targeted cells. (E) Quantification of the
percentage of dysmorphic and multinucleated MK in the BM of recipient mice from indicated groups. (F) Correlations of BM re-
ticulin fibrosis grade with pathological parameters (non-linear regression) for recipients transplanted with BM-derived JAK2V617F-tar-
geted cells. Line of best fit (red) and 95% confidence intervals are shown. N=5-7 mice per group, data are compiled from 2 in-
dependent experiments. *P<0.05, ***P<0.001. Mean * standard error of the mean values are shown. NSGS: age-matched
irradiated non-transplanted mice; CB: cord blood; HCT: hematocrit; WBC: white blood cells; Hb: hemoglobin; Plt: platelets; MK:
megakaryocytes; VF: JAK2VG17F; VV: JAK2VG1TV.

Similarly, while splenomegaly was observed, it was not to
the same relative degree that can occur in MPN patients.
Despite these limitations, this model represents a robust and
reproducible tool for the investigation of JAK2V617F mutant
clone fitness and provides a platform for preclinical testing
of novel PV interventions. Moreover, the majority of the co-
hort receiving BM-derived VF-mutated CD34" cells developed
reticulin fibrosis at 6 months. At present, there is no mouse
model that reliably models the transformation of PV to MF
that we present here in a humanized system.
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