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Preclinical feasibility, safety, and efficacy testing of hematopoietic stem cell (HSC)-mediated
gene therapy approaches is commonly performed in large-animal models such as nonhuman
primates (NHPs). Here, we wished to determine whether mouse models would allow engraft-
ment of NHP HSPCs, which would enable more facile and less costly evaluation of promising
strategies. In this study, we comprehensively tested two mouse strains for the engraftment of
NHP CD34" hematopoietic stem and progenitor cells (HSPCs). No engraftment of NHP
HSPCs was observed in NSG mice, whereas the gene-humanized MISTRG model did demon-
strate dose-dependent multilineage engraftment of NHP cells in the peripheral blood, bone
marrow, spleen, and thymus. Most importantly, and closely mimicking the hematopoietic
recovery of autologous stem cell transplantations in the NHP, only HSC-enriched
CD34*CD90"CD45RA™ cell fractions engrafted and reconstituted the bone marrow stem cell
niche in MISTRG mice. In summary, we here report the first ‘“monkeynized”” mouse xenograft
model that closely recapitulates the autologous hematopoietic reconstitution in the NHP stem
and progenitor cell transplantation and gene therapy model. The availability of this
model has the potential to pre-evaluate novel HSC-mediated gene therapy approaches, inform
studies in the NHP, and improve the overall outcome of large-animal experiments. © 2019

Published by Elsevier Inc. on behalf of ISEH — Society for Hematology and Stem Cells.

Autologous hematopoietic stem cell (HSC) gene ther-
apy and editing is currently one of the most promising
treatment strategies for a broad variety of hematologic
diseases and disorders [1—4]. The transfer of thera-
peutic genes to repair deficiencies or the delivery of
nucleases to edit genes has the potential to cure
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diseases such as Fanconi anemia, severe-combined
immunodeficiency (SCID), HIV/AIDS, and hemoglo-
binopathies [5—8].

Clinical feasibility, safety, and, in particular,
engraftment of genetically modified HSCs is commonly
tested in nonhuman primates (NHPs) [9,10]. Benefits
of this large-animal model include close similarity in
size, weight, and physiology to humans; the ability to
perform autologous stem cell transplantations with full
multilineage support; and the opportunity to take fre-
quent peripheral blood (PB) and bone marrow (BM)
samples for a comprehensive long-term follow-up.
Most importantly, cross-reactivity of markers, reagents,
and drugs between humans and NHPs permits an
easy translation of successfully tested approaches into
clinical treatment strategies.

However, studies in NHPs are expensive and require
special facilities and trained staff, making high through-
put testing of novel strategies difficult. In many cases,
only individual and heavily preselected approaches are
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tested in autologous NHP transplantations. Unfortunately,
preselecting treatment strategies based on ex vivo experi-
ments or human xenograft assays can bear the risk of
misinterpretation, lack of translatability, or, in the worst
case, lead to failure of long-lasting and expensive large-
animal experiments.

The availability of a mouse model that supports
xenotransplantation of NHP cells, mimics the multili-
neage engraftment of hematopoietic stem and progeni-
tor cells (HSPCs) in the autologous setting [11], and
enables functional assessment of gene-modified NHP
cells would allow comprehensive and cost-efficient
high-throughput screening of potential treatment strate-
gies upfront. The ability to screen multiple experimen-
tal parameters in a mouse xenograft model would
provide the ability to objectively select conditions for
further testing in large-animal studies and ultimately
improve the outcome of NHP transplantation studies.

We have previously reported successful but low-
level engraftment of gene-modified baboon HSPCs in
the NOD/SCID mouse model [12]. Although we
detected multilineage donor chimerism and gene-
marked cells for up to 12 weeks in these mice, the
observed pattern of engraftment, clonal composition,
and frequency of gene marking barely resembled the
autologous transplantation situation in the baboon.

With the aim of establishing a “monkeynized” mouse
model that provides higher levels of engraftment, better
multilineage support, and more closely recapitulates autol-
ogous hematopoietic recovery, we here performed compre-
hensive engraftment studies of pigtail macaque (PM) and
rhesus macaque (RM) CD34" in two mouse strains, NSG
[13] and MISTRG [14]. Similar to xenograft studies of
human HSPCs, we assessed the multilineage engraftment
potential of NHP cells in various tissues, determined the
homing and engraftment of NHP HSPCs into the BM
stem cell niche, and titrated the number of SCID-repopu-
lating cells (SRCs). To validate the read-out of this new
“monkeynized” mouse model, we further determined the
engraftment potential of phenotypically and functionally
defined NHP HSPC subsets in analogy to our recently
reported study in the NHP [11].

Methods

Cell sources and CD34" enrichment

NHP CD34" cells were harvested, enriched, and cultured as
described previously [11,15,16]. Briefly, before enrichment of
NHP CD34" cells, red cells were lysed in ammonium chloride
lysis buffer, WBCs incubated for 20 minutes with the 12.8
immunoglobulin-M anti-CD34 antibody, washed and incubated
for another 20 minutes with magnetic-activated cell-sorting anti-
immunoglobulin-M microbeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany). The cell suspension was run through magnetic
columns enriching for CD34% cell fractions with a purity of
60—80% confirmed by flow cytometry.

Flow cytometry analysis and fluorescence-activated cell
sorting

Antibodies used for flow cytometric analysis and fluores-
cence-activated cell sorting (FACS) of NHP and murine cells
are listed in Supplementary Table E2 (online only, available
at www.exphem.org). Dead cells and debris were excluded
via forward scatter/side scatter gating. Flow cytometric anal-
ysis was performed on an LSR IIu (BD Biosciences, Franklin
Lakes, NJ), Fortessa X50 (BD Biosciences), and FACSAria
IIu (BD Biosciences). Cells for in vitro assays were sorted
using a FACSAria Iu cell sorter (BD Biosciences).

Colony-forming cell assays

For colony-forming cell (CFC) assays, 1000—1200 sort-purified
NHP or CD34 subpopulations were seeded into 3.5 mL of Colo-
nyGEL 1402 (ReachBio, Seattle, WA). Hematopoietic colonies
were scored after 12—14 days. Arising colonies were identified
as colony-forming unit (CFU)-granulocyte (CFU-G), CFU-mac-
rophage (CFU-M), granulocyte-macrophage (CFU-GM), or
burst-forming unit-erythrocyte (BFU-E).Colonies consisting of
erythroid and myeloid cells were scored as CFU-MIX.

Mouse xenograft transplantation

Neonatal MISTRG mice (CSFI™M [L-3/CSF2YRSIRPA'®
THPO™ Rag2™~ 1i2rg™'”) and NSG mice (NOD.Cg-
Prkdc*“112rg"™™'/Sz]) within 48—72 hours of birth or adult
(8=12 week) NSG mice received a radiation dose of
150 cGy (neonatal MISTRG/NSG) or 275 cGy (adult NSG)
followed 4 hours later by a 30 pL intrahepatic (neonatal
MISTRG/NSG) or 200 pL intravenous injection (adult NSG)
of sort-purified NHP CD34* cells or CD34 subpopulation.
Beginning at 6—8 weeks after injection, blood samples were
collected biweekly and analyzed by flow cytometry for
expression of NHP lineage markers (see Supplementary
Table E2, online only, available at www.exphem.org). After
16—24 weeks, animals were sacrificed and tissues were har-
vested and dissociated through 70 um filters for analysis. All
animal studies were carried out at Fred Hutchinson Cancer
Research Center in compliance with the approved institu-
tional animal care and use committee protocol #1483.

Statistics

Data analysis of limiting dilution experiments was performed
as described previously [17]. Statistical analysis of data was
performed using GraphPad Prism version 5 software. Signifi-
cance analyses were performed with unpaired, two-sided Stu-
dent ¢ test (*p < 0.05; **p < 0.01; ***p < 0.001).

Results

NSG mice do not support engraftment of NHP HSPCs

The NSG mouse model is the most frequently used xeno-
graft assay for human HSPCs [18]. To determine whether
NSG mice support multilineage engraftment of PM
HSPCs, bulk CD34" HSPCs from granulocyte-colony
stimulating factor (G-CSF)-primed BM aspirates as well
as sort-purified CD34 subsets enriched for HSCs
(CD90"CD45RA™), multipotent and erythro-myeloid
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progenitors (MPPs/EMPs: CD90"CD45RA™), or lympho-
myeloid progenitors (LMPs: CD90”CD45RA™) were indi-
vidually transplanted into sublethally irradiated adult and
neonatal NSG mice [11]. The frequency of NHP CD45"
cells in the PB was tracked longitudinally and the
engraftment of NHP cells in the BM, spleen, and thymus
was determined after 16—24 weeks at necropsy.

NSG mice did not support engraftment of CD34" cells
or sort-purified NHP CD34 subsets following transplanta-
tion in adult or neonatal recipients (Table 1A). Only a sin-
gle mouse receiving the HSC-enriched cell fraction
demonstrated low levels (<0.3%) of CD45" NHP cells in
the PB that was skewed toward the B-lymphoid lineage.
However, no engraftment of CD45" cells or NHP HSPCs
was observed in the BM or other tissues in this specific
mouse.

To determine whether the transplantation of higher
numbers of NHP CD34" cells would result in success-
ful engraftment in NSG mice, we injected up to
1 x 10° NHP CD34" cells in adult mice and 7.5 x 10
CD34" cells in neonatal mice (Table 1B). Even the
highest cell doses did not lead to detectable engraft-
ment in any tissues. Similarly, engraftment of CD34"
cells from an alternative stem cell source (steady-state
BM) or from the RM was not supported by the NSG
mouse model (Table 1C).

Engraftment, stem cell homing, and multilineage
differentiation of PM and RM HSPCs are not supported
by the NSG mouse model.

Robust multilineage engraftment of NHP HSPCs in
MISTRG mice

In addition to immunodeficiency of the host, successful
xenotransplantation of HSPCs requires interspecies

Table 1. Engraftment of NHP HSPCs in NSG mice

cross-reactivity of the “don’t eat me” signal mediated
by the SIRPa/CD47 axis [19]. NSG mice efficiently
support human HSPC engraftment because of a genetic
polymorphism stemming from the NOD genetic back-
ground that alters the glycosylation of the SIRP« pro-
tein and renders it cross-reactive with human CD47
[20]. We reasoned that the NOD-derived SIRP« recep-
tor may not be cross-reactive with NHP CD47, but that
the SIRPa/CD47 pair may be cross-reactive between
humans and NHPs. Indeed, these proteins are highly
conserved among primates (Table 2 and Supplementary
Table El, online only, available at www.exphem.org).
Therefore, we evaluated NHP hematopoiesis following
xenotransplantation in MISTRG recipient mice. In
MISTRG mice, the gene encoding human S/RPA was
knocked-in in the endogenous Sirpa locus, resulting in
physiological expression of the human SIRPa protein
[21,22]. MISTRG mice also harbor knock-in humaniza-
tion of several cytokine-encoding genes (Csfl, encod-
ing CSF-1 aka macrophage colony-stimulating factor
[M-CSF]; II-3, encoding interleukin-3; Csf2, encoding
granulocyte-macrophage  colony-stimulating  factor
[GM-CSF]; and Thpo, encoding thrombopoietin) [14].
The absence of these mouse cytokines affects mouse
hematopoiesis, resulting in a form of genetic precondi-
tioning that opens the BM niche for transplanted cells.
Furthermore, the human cytokines may support the
maintenance and differentiation of NHP HSPCs, since
most of these cytokines are highly conserved between
humans and NHPs (Table 2 and Supplementary Table
E1, online only, available at www.exphem.org).

We initially sort-purified PM CD34" cells and injected
them intrahepatically into neonatal preconditioned MISTRG
mice. We longitudinally tracked engraftment of NHP

Adult NSG Neonatal NSG
A PM - Primed BM - 1 x 10° cells/mouse PB BM PB BM
CD90 CD45RA™ 0/6 0/6 0/9 0/9
CD90*~CD45RA™ 0/8 0/8 — —
CD90"CD45RA™ 0/4 0/4 0/7 0/7
CD90*CD45RA™ 1/6 0/6 0/10 0/10
B PM - Primed BM - CD34" cell dose escalation Adult NSG Neonatal NSG
<1 x 10* 0/2 0/2 — —
5-10 x 10* 0/8 0/8 — —
10—15 x 10* 0/6 0/6 0/6 0/6
20-25 x 10* 0/2 0/2 0/4 0/4
50—75 x 10* 0/2 0/2 0/3 0/3
1x10° 0/4 0/4 — —
C PM/RM - 5 x 10° CD34" cells/mouse PM RM
Primed BM 0/4 0/4 0/4 0/4
Steady-state BM 0/4 0/4 0/2 0/2

Freshly isolated and sort-purified NHP HSPCs were injected intravenously into NSG mice via the tail vein (adult mice) or intrahepatically (neo-
natal mice) after sublethal irradiation. PB draws were performed every other week and the terminal end point for tissue harvest was performed
16—20 weeks after transplantation. Mice were considered to be engrafted when showing a distinct population of NHP CD45" cells >0.1% by

flow cytometry.
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Table 2. Cross-species conservation of amino acid sequences

% Homology =~ Mouse - Human  Mouse - PM  Human — PM
SIRP« 66.5% 67.8%* 91.9%*

CD47 70.3% 70.3% 99.8%

IL-3 32.1% 32.9% 82.1%
M-CSF 69.9% 69.4% 99.4%
GM-CSF 54.9% 53.5% 99.3%

TPO 74.3% 73.9% 95.1%

Categories: red, <50%; yellow, 50—90%; green, >90%.
*Rhesus mulatta (Macaca nemestrina sequence not available).

CD45" cells in the PB starting in week 8 and analyzed tis-
sues 16—24 weeks after transplantation.

In contrast to NSG mice (Table 1), NHP HSPCs
successfully engrafted MISTRG mice (Figure 1).
Development of phenotypical NHP granulocytes
(CD11b*CD147), monocytes (CD11b*CD14%), B cells
(CD20%), natural killer (NK) cells (CD16%), and T
cells (CD4*, CD8") was detected in the PB, BM,
spleen, and thymus of MISTRG mice (Figures 1A and
1B). In addition, NHP CD34" cells, as well as pheno-
typical CD34 subsets enriched for HSCs, MPPs/EMPs,
and LMPs, were detected in the BM of multilineage
engrafted MISTRG mice (Figure 1C).

Intrahepatic injection of 1-20 x 10° NHP CD34"
cells into MISTRG mice demonstrated dose-dependent
multilineage engraftment in the PB, BM, and spleen
(Figures 2A and 2D, Table 3A). Engraftment of NHP T
cells in the thymus was dose independent and showed
either full or no chimerism (Figure 2E). Mice receiving
>20 x 10° NHP CD34" cells became anemic or demon-
strated significant weight loss and were euthanized
8—10 weeks after transplantation. In contrast to human
HSPC transplantation in MISTRG [14], the frequency of
phenotypical NHP monocytes (CD11*CD14% cells) in
the PB and spleen was low but remained stable over
time. Among lymphoid cells, B cells were gradually
replaced by emerging T cells starting at weeks 12—14
(Supplementary Figures EIA—EID, online only, avail-
able at www.exphem.org).

Healthy mice did undergo planned -euthanasia
16—24 weeks after transplantation to analyze multiline-
age engraftment of NHP cells in different tissues. NHP
granulocytes were predominantly found in the BM,
monocytes in the BM and spleen, B cells in the spleen,
NK cells in the BM and thymus, and T cells in the thy-
mus of engrafted mice (Figures 1B, 2B—2E). Most
importantly, NHP CD34" cells were able to home and
repopulate the BM stem cell niche harboring a pheno-
typically distinct HSC-enriched subset as well as
downstream progenitors (Figures 1C and 2F). In addi-
tion, BM-resident NHP CD34"* cells were capable of
giving rise to myeloid, erythroid, and erythro-myeloid
colonies in CFC assays ex vivo (Figure 2G).

In summary, the MISTRG mouse model supports the
engraftment of NHP CD34" HSPCs and their multilineage
differentiation to immune cell lineages in the PB and tis-
sues. Furthermore, NHP CD34* cells can home into the
BM stem cell niche of MISTRG mice and successfully
reconstitute phenotypically distinct CD34" cell subsets.

NHP CD90*CD45RA™ cell fractions exclusively
engraft in MISTRG

The availability of this novel “monkeynized” MISTRG
mouse model enabled us to study the engraftment potential
of NHP CD34" subpopulations. Our previous studies per-
forming competitive repopulation experiments of cultured
and gene-modified CD34" subpopulations in the NHP
model showed that CD90*CD45RA™ HSC-enriched cell
fractions exclusively contain hematopoietic reconstitution
potential [11]. To determine the engraftment potential of
MPP/EMP- and LMP-enriched cell fractions and whether
co-administration of committed progenitor cells is required
for HSC engraftment, freshly isolated, sort-purified, and
unmanipulated HSC-enriched (I), MPP/EMP-enriched (II),
and LMP-enriched (IIT) cell fractions were transplanted
into individual neonatal MISTRG mice (Figure 3A).

In agreement with our observations in the autolo-
gous NHP transplantation setting [11], robust multiline-
age engraftment of NHP cells in the PB of MISTRG
mice was exclusively restricted to the sort-purified
HSC-enriched cell fraction (I: CD90"CD45RA™),
whereas no NHP cells were detected in mice injected
with the MPP/EMP-enriched (II) or LMP-enriched (III)
cell fraction (Figure 3B). Upon necropsy, NHP multili-
neage engraftment in the BM, spleen, and thymus was
only observed for mice transplanted  with
CD90*CD45RA™ cells (Figures 3C—3F). HSC-enriched
CD90*CD45RA™ cell fractions successfully gave rise
to multilineage hematopoietic cells in the PB, BM,
spleen, and thymus, similar to previous experiments
using bulk CD34% cells. Likewise, homing of CD34*
cells and reconstitution of the BM HSPC compartment
including all CD34 subsets was exclusively observed
for mice receiving HSC-enriched cell fractions
(Figure 3G). Most importantly, engrafted NHP CD34"
cells maintained their differentiation potential, giving
rise to erythroid and myeloid colonies ex vivo
(Figure 3H).

These data demonstrate that NHP CD90*CD45RA™
cells exclusively contain multipotent HSCs with multi-
lineage engraftment and BM reconstitution potential.

NHP CD90*CD45RA™ cell fractions are enriched for
multipotent HSCs

We have shown previously in the autologous NHP trans-
plantation setting that the number of transplanted
CD90*CD45RA™ cells correlates with the onset of neu-
trophil and platelet recovery and allows the prediction
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Figure 1. Multilineage engraftment of NHP cells in the MISTRG mouse model. (A) Gating strategy for the flow-cytometric assessment of NHP
CD45* cells (pCD45, 1st plot), granulocytes (CD11b"CD147) versus monocytes (CD11b*CD14%) (2nd plot), B cells (CD20") versus NK cells

(CD16%) (3rd plot), and different T-cell subsets (CD4"/CD8") (4th plot).

(B) Representative gating for the assessment of NHP lineage subsets in

the BM, PB, spleen, and thymus of successfully engrafted MISTRG mice. (C) Representative gating strategy for the assessment and quantifica-
tion of engrafted NHP CD34* HSPC subpopulations in the BM of MISTRG mice.

of successful long-term engraftment [11]; we have deter-
mined that a minimum of 122,000 CD90"CD45RA™
cells per kilogram of body weight is required to prevent
engraftment failure. To determine whether the xenograft
potential of NHP cells recapitulates the autologous NHP
transplantation setting and to quantify the frequency of
cells with mouse reconstitution potential, we next per-
formed limiting dilution experiments of NHP CD34"
HSPCs and CD90*CD45RA™ cell fractions.

Three different cell doses (10 x 10%, 7.5 x 10%, and
5x 10% were transplanted into MISTRG mice and
engraftment of NHP cells in the PB as well as other tis-
sues were analyzed as described previously (Table 3C).

Robust multilineage engraftment of NHP cells in the PB
and tissues was observed in all mice transplanted with
1 x 10° CD90*CD45RA™ cells, whereas chimerism was
lower in animals receiving the same number of bulk
CD34" cells (Figures 4A—4C). NHP chimerism in both
groups gradually decreased with lower numbers of cells
injected and the average frequency of NHP blood cells in
all tissues was consistently higher in mice transplanted
with CD90*CD45RA™ cells (Figures 4A—4C). Similarly,
greater engraftment of NHP CD34" cells, phenotypical
CD34 subsets, as well as CD34" cells with CFC potential
was seen in mice receiving CD90*CD45RA™ cells com-
pared with bulk CD34" fractions (Figures 4D and 4E).
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Figure 2. Multilineage engraftment of NHP CD34* HSPCs in the MISTRG mouse model. (A) Longitudinal tracking of NHP CD45" cells in the
PB of MISTRG mice after sublethal irradiation and transplantation of NHP CD34" HSPCs in different quantities as indicated in the figure leg-
end. (B—E) Frequency of NHP monocytes (CD11b*CD14%), granulocytes (CD11b"CD147), B cells (CD20"), NK cells (CD16%), and T cells
(CD4*/CD8*/CD4*CD8") in the (B) BM, (C) PB, (D) spleen, and (E) thymus 16—20 weeks after transplantation. Mice in all graphs and within
each group are organized from the highest to the lowest engraftment level in the BM. (F) Frequency of NHP CD34™ cells (total height of bars)
and CD34 subpopulations (color-coded) within BM-resident NHP CD45" cells. (G) Erythroid, myeloid, and erythro-myeloid colony-forming
potential of engrafted NHP CD34" cells. CD34" cells were sort-purified, introduced into CFC assays, and different colony subtypes (color-coded)
were quantified after 14 days. DP=CD4*CD8" double-positive T cells; ND=not determined; #= mice were subjected to early euthanasia due to
severe weight loss or anemia.

Limiting dilution calculation [17] for both cell fractions enriched for SRCs compared with CD34" bulk cells, with
determined that NHP CD34" cell fractions contained one an estimate of 1 in 72.2 x 10% cells (range 35—147 x 10°)
SRC in 131 x 10° (range 64—267 x 10%) transplanted cells demonstrating MISTRG engraftment potential (Figures 5A
(Figures 5A and 5B). CD90*CD45RA~ HSPCs were and 5B).
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Table 3. Engraftment of NHP HSPCs in MISTRG mice

Neonatal MISTRG

A PM CD34* PB BM
25 x 10* 717 6/7
50 x 10* 9/9 9/9
100 x 10* 6/6 6/6
200 x 10* 3/3 3/3
B PM CD34 Subpopulations
CD90 " CD45RA* 0/9 0/9
CD90"CD45RA~ 0/17 0/17
CD90*CD45RA™ 11/15 11/15
C Limiting Dilution
CD34*
5% 10* 0/4 0/4
7.5 x 10* 0/3 0/3
10 x 10* 4/5 3/5
25 x 10* 717 6/7
CDY0*
5% 10* 0/4 0/4
7.5 x 10* 172 172
10 x 10* 717 717
25 x 10* — —

Freshly isolated and sort-purified NHP HSPCs were injected intrahe-
patically into neonatal MISTRG mice after sublethal irradiation. PB
draws were performed every other week and the terminal end point
for tissue harvest was performed 16—24 weeks after transplantation.
Mice were considered to be engrafted when showing a distinct popu-
lation of NHP CD45" cells >0.1% by flow cytometry.

In summary, CD90"CD45RA™ HSPCs are enriched
for SRC potential and reliably engraft in MISTRG
mice when transplanting a minimum dose of 73 x 10°
cells per mouse.

Discussion

In this study, we demonstrate for the first time success-
ful high-level multilineage engraftment of NHP hemato-
poietic cells in the PB, spleen, thymus, and BM in a
xenogeneic transplantation mouse model. This novel
“monkeynized” MISTRG mouse model supports dose-
dependent engraftment as well as multilineage differen-
tiation of NHP blood cells, enables homing of NHP
HSPCs into the BM stem cell niche, and supports com-
plete reconstitution of phenotypically and functionally
distinct NHP HSPC subpopulations. Most importantly,
this mouse model recapitulates our recent findings
obtained by autologous NHP transplantation, thus
confirming exclusive enrichment of NHP stem and pro-
genitor cells with multilineage engraftment potential in
the CD34"CD90*CD45RA™ phenotype.

The analysis of primary NHP HSPCs using the
mouse xenograft model has rarely been performed in
the last decades. One of the first studies reporting suc-
cessful but low-level engraftment (0.13—2%) of gene-
modified and transplanted baboon HSPCs (2 x 10° cells
per mouse) was reported in 2003 by Horn et al. using

the NOD/SCID mouse model [12]. In their comprehen-
sive side-by-side comparison of autologous transplanta-
tion in the baboon versus the NOD/SCID xenograft
model, Horn et al. observed lympho-myeloid engraft-
ment of NHP cells in primary as well as secondary
mice [12]. Despite this encouraging finding, there was
a continuous decline in the level of engraftment over
the course of 12 weeks in the mouse xenograft model,
and we interpret this observation as indicating that
NHP SRCs were most likely short-term repopulating
cells rather than multipotent HSCs.

With this fairly limited frequency of chimerism,
NHP xenograft assays have not been extensively used
in the past years and little effort has been spent on
improving the existing model(s). However, with the
discovery of induced pluripotent stem cells (IPSCs),
the reprogramming of NHP fibroblasts/endothelial cells
into IPSCs, and the overarching goal to differentiate
NHP-IPSCs into functional HSPCs for regenerative
medicine, the requirement for a functional in vivo
readout of NHP HSPCs is becoming evident again. By
transplanting IPSC-derived HSPCs from the PM [23]
and cynomologus monkey (Macaca fascicularis) [24]
into sublethally irradiated NSG mice, successful multi-
lineage engraftment of up to 10% CD45" NHP cells
has been observed in the PB of individual mice [23].
Most importantly, IPSC-derived NHP HSPCs homed
into the murine BM stem cell compartment, gave rise
to erythro-myeloid colonies ex vivo, and engrafted into
secondary recipients [23]. Although these findings are
very encouraging, it remains unknown whether these
IPSC-derived NHP HSPCs would be capable of long-
term engraftment in an autologous transplantation set-
ting. Based on the observed incompatibility of NHP
HSPCs in the NSG mouse model, we would expect
that MISTRG mice could potentially demonstrate
greatly enhanced support for NHP-IPSC derived
HSPCs as well as mature blood cells.

Fueled by recent advances in HSC gene therapy and
editing, the demand for in vivo models that are feasible
for high-throughput screening of novel reagents (vec-
tors, nucleases), delivery methods (AAV, nanopar-
ticles), and target cell fractions is steadily increasing.
Closely reflecting the homing and reconstitution of the
BM stem cell compartment in the autologous setting,
the “monkeynized” MISTRG mouse model offers a
great opportunity to comprehensively test novel HSC
gene therapy and editing therapies before performing
long-lasting large-animal studies and ultimately apply-
ing novel strategies to patients. The detection of NHP
cells with a T-cell-like phenotype may potentially
enable us to test and pre-evaluate CAR T cells as well
as HIV treatment strategies that are currently either
tested ex vivo in T-cell cultures or in expensive NHP
studies [25]. Strategies including the knockout of
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Figure 3. Engraftment potential of freshly isolated NHP CD34 subpopulations in MISTRG mice. (A) Gating and sorting strategy for trans-
planted HSC-enriched (I: CD90*CD45RA™), MPP/EMP-enriched (II: CD90"CD45RA™), and LMP-enriched (IIl: CD90"CD45RA*) NHP CD34
subpopulations. (B) Frequency of NHP CD45" cells in the PB of transplanted mice over time. (C—F) Multilineage engraftment of NHP blood
lineages in the (C) BM, (D) PB, (E) spleen, and (F) thymus 20 weeks after transplantation. Mice in all graphs and within each group are orga-
nized from the highest to the lowest engraftment level in the BM. (G) Frequency of NHP CD34" cells (total height of bars) and CD34" subpopu-
lations (color-coded) within BM-resident NHP CD45" cells. (H) Erythroid, myeloid, and erythro-myeloid colony-forming potential of engrafted

NHP CD34" cells.

CCRS [7], the generation of anti-HIV CAR T cells
[26,27], or the development of broadly neutralizing
anti-HIV antibodies [28] can be comprehensively tested
in this novel model and inform large-animal studies.
More detailed analysis will be required to evaluate the
maturation and test the functionality of phenotypically
distinct NHP T-cell subsets (naive, effector, and mem-
ory) generated in this new mouse model.

The engraftment of NHP HSPCs in the BM stem
cell compartment as well as the maturation of NHP B
cells and T cells in the MISTRG mouse model are
very likely attributed to the nearly entire (99.8%) con-
servation of the “don’t-eat-me” signal between humans
and PMs (Supplementary Table E2, online only,

available at www.exphem.org). Although this model
promotes the differentiation of NHP HSPCs into phe-
notypically mature lymphocytes, the maturation of
NHP granulocytes and monocytes seems to be less
well supported due to potential incompatibility of
essential cytokines. Despite high amino acid conserva-
tion of human and NHP M-CSF (99.4% identity) as
well as GM-CSF (99.3%), two cytokines required for
terminal myeloid differentiation [29,30], IL-3 demon-
strates only 82.1% identity (Supplementary Table E2,
online only, available at www.exphem.org). IL-3 is a
critical factor in early hematopoiesis [31] and synergis-
tically acts with M-CSF as well as GM-CSF in myelo-
poiesis [32.33]; therefore, it may be the main cause for
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the low level of myeloid NHP cells in MISTRG mice.
Genetic engineering of MISTRG mice with NHP IL-3
would potentially help to overcome this limitation and
enable similar levels of NHP granulocytes and mono-
cytes observed with human cells [14].

One of the most important findings is the nearly identi-
cal engraftment pattern of NHP HSPC subpopulations.
Similar to our most recent report comparing phenotypi-
cally defined HSPC subsets in competitive and autologous
repopulation studies [11], the CD34*CD90*CD45RA™ sub-
set exclusively contained multilineage engraftment poten-
tial and the ability to reconstitute the BM stem cell
compartment. In contrast to our autologous studies co-
infusing sort-purified, cultured, and ex vivo gene-modified
subsets, engraftment studies of individual sort-purified
HSPC subsets in the MISTRG mouse model suggest that
the transplantation of CD90*CD45RA™ cells alone is suffi-
cient and does not require the co-administration of down-
stream progenitor cells. However, limiting dilution
experiments indicate that the xenograft potential of puri-
fied CD90*CD45RA™ cells in MISTRG mice is increased
when cotransplanted with downstream progenitors. It
remains unknown at this point whether committed progeni-
tors either support the BM homing of intravenously
administered CD90*CD45RA™ cells or protect more primi-
tive cells from exhaustion by providing short-term recov-
ery. Despite this open question, we here confirm that
freshly isolated and unmanipulated MPP/EMP- and LMP-
enriched CD34 subsets alone are not capable of engrafting
in the analyzed tissues. The reproducibility of engraftment
patterns observed in the autologous setting, as well as
comparable levels of chimerism with similar numbers of
transplanted human and NHP CD34" cells, further high-
lights the relevance of this mouse model for the preclinical
development and high-throughput screening of novel HSC-
mediated gene therapy and editing approaches.

When comparing the engraftment and multilineage
development of adult NHP CD34* cells versus human

adult CD34"% cells upon transplantation in MISTRG
mice, we observed that both species yielded very sim-
ilar results [34]. Chimerism reaches high levels (30
—50%) as early as 8 weeks after transplantation;
CD34" HSPCs, with an immunophenotype enriched
for long-term HSCs (CD90*CD45RA™), are found in
similar frequency; and multilineage differentiation,
including B and T lymphocytes as well as myeloid
cells, is observed. However, NHP monocytosis
appears to be defective, possibly due to insufficient
cross-reactivity of human IL-3 on the monkey recep-
tor. It is likely the transplantation of newborn monkey
CD34" cells would more robustly engraft, as observed
with human cord blood cells.

In summary, here, we show a novel “monkeynized”
mouse model that efficiently promotes the engraftment of
NHP HSPCs and closely resembles the engraftment kinet-
ics of NHP HSPC subsets observed in the autologous
transplantation setting. The availability of this novel NHP
xenograft model has the potential to significantly reduce
the costs for large-animal transplantations, facilitate the
high-throughput screening of gene therapy and potentially
CAR T-cell strategies in vivo, and enable a more objective
selection of conditions that are ultimately tested and
tracked long term in the NHP.
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Supplementary Table E1. Annotations for amino acid sequences from

UniProtKB/Swiss-Prot

Supplementary Table E2. Fluorochrome-conjugated antibodies used for flowcytom-

etry and cell sorting

Mouse Human Pigtail Epitope Clone Company NHP MU
L3 PO1586 P08700 A0A2K6DUDS CD3 SP34-2 BD Biosciences X
M-CSF P01587 P04141 AO0A2K6CV13 CD4 L200 BD Bioscience X
GM-CSF P07141 P09603 A0A2K6CXU2 CD8a RPA-TS8 eBioscience X
TPO P35419 P07202 AO0A2K6E494 CDI11b ICRF44 BioLegend X
CD47 Q61735 Q08722 AO0A2K6DDL9 CD14 63D3 eBioscience X
SIRPA P97797 P78324 HI9FQ76* CDI16 3G8 BioLegend X
*Rhesus Mulatta (Macaca nemestrina sequence not available) CD20 2H7 BloLe.gen(.i X
CD34 563 BD Biosciences X
CD45 D058-1283 BD Biosciences X
30-F11 eBioscience X
CD45RA 5H9 BD Biosciences X
CD90 5E10 BD Biosciences X
NHP: nonhuman primate; MU: murine
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Supplementary Figure E1. Longitudinal tracking of NHP multilineage engraftment in the PB of MISTRG mice. Frequency of NHP (A)
granulocytes (CD11b*CD147), (B) monocytes (CD11b*CD14%), (C) B cells (CD20™) and (D) T cells (sum of CD4*/CD8*/CD4*CD8") in the PB
over time after intra-hepatic injection of different NHP CD34" cell doses (as indicated in figure legend) into sub-lethally irradiated neonatal

MISTRG mice.
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