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Abstract

Immunocompromised mouse strains expressing human transgenes are being increasingly used in
biomedical research. The genetic modifications in these mice cause various cellular responses,
resulting in histologic features unique to each strain. The NSG-SGM3 mouse strain is similar to
the commonly used NSG (NOD sc/d gamma) strain but expresses human transgenes encoding
stem cell factor (also known as KIT ligand), granulocyte-macrophage colony-stimulating factor,
and interleukin 3. This report describes three histopathologic features seen in these mice when
they are unmanipulated or after transplantation with human CD34+ hematopoietic stem cells
(HSC:s), virally transduced hCD34+ HSCs, or a leukemia patient-derived xenograft. The first
feature is mast cell hyperplasia: unmanipulated, naive mice develop periductular pancreatic
aggregates of murine mast cells, whereas mice given the aforementioned human cells develop

a proliferative infiltrative interstitial pancreatic mast cell hyperplasia but with human mast

cells. The second feature is the predisposition of NSG-SGM3 mice given these human cells to
develop eosinophil hyperplasia. The third feature, secondary hemophagocytic lymphohistiocytosis/
macrophage activation syndrome (HLH/MAS)-like disease, is the most pronounced in both its
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clinical and histopathologic presentations. As part of this disease, a small number of mice also
have histiocytic infiltration of the brain and spinal cord with subsequent neurologic or vestibular
signs. The presence of any of these features can confound accurate histopathologic interpretation;
therefore, it is important to recognize them as strain characteristics and to differentiate them from
what may be experimentally induced in the model being studied.

Keywords

NSG-SGM3; NSG; hemophagocytic lymphohistiocytosis; macrophage activation syndrome; mast
cell hyperplasia; eosinophil hyperplasia

Immunocompromised mice are commonly used in biomedical research, and the various
combinations of genetic manipulations have led to an ever-increasing number of different
strains being encountered by pathologists.>89 One such mouse strain developed specifically
to facilitate better engraftment of human myeloid cells and regulatory T cells!! is the NSG-
SGM3 (NOD.Cg-Prkdcsc@ 1/2rg"mIWJI Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ) strain
(also known as NSGS).%7:9 Because of its immunocompromised status and ability to more
readily engraft a variety of human hematopoietic stem and progenitor populations, this strain
is used for various immuno-oncology, immunology, and infectious disease studies. The
NSG-SGM3 mouse is essentially the NSG (NOD.Cg-Prkdcse@ 1/2rg"™mIWJljSzJ) mouse with
the addition of three human transgenes, including those encoding human stem cell factor
(SCF, also known as KIT ligand, KITLG), granulocyte-macrophage colony-stimulating
factor (GM-CSF, also known as colony stimulating factor 2, CSF2), and interleukin 3 (IL-3).
These transgenes were initially expressed in mice on a C57BL/6 x C3H/HeN background,
and this line was later backcrossed onto the NSG strain.57

The three human cytokine transgenes were chosen for various reasons. Specifically, the
SCF/KIT ligand binds to the KIT receptor (CD117)87 and supports the engraftment and
differentiation of myeloid populations. It is also important in mast cell and eosinophil
development. It is the only one of the three human cytokines in NSG-SGM3 mice that
binds to both mouse and human receptor orthologs.16 Meanwhile, GM-CSF is another
strong inducer of myeloid differentiation, 2 whereas IL-3 can stimulate the proliferation of
hematopoietic stem cells (HSCs) and the development of megakaryocytes, in addition to
promoting both mast cell and basophil differentiation.51

The mice described in this report were either naive, had been “humanized” by
transplantation of human CD34+ HSCs, or had been used to establish models of human
leukemia. These mice were humanized by inoculating 4-week-old sublethally irradiated
mice with human CD34+ (hCD34+) umbilical cord blood (UCB) HSCs.6281 Multilineage
hematopoiesis occurs within 12 weeks. Another common use of NSG-SGM3 mice exploits
their enhanced ability to engraft different types of human myeloid leukemia,:8:97.104
including human leukemia cell lines and leukemia patient-derived xenografts (PDXs). A
less common leukemia model involves the implantation of human CD34+ HSCs that have
been genetically modified via viral transduction to express leukemia-initiating factors®:57.95,
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This study describes the development of three general categories of histopathologic features
in naive and humanized NSG-SGM3 mice and in NSG-SGM3 mice implanted with
transduced hCD34+ HSCs or leukemia PDXs. These features are believed to be due to

the expression of the three human transgenes for SCF, GM-CSF, and 11-3 on the NSG
background. Briefly, these features are mast cell hyperplasia, eosinophil hyperplasia, and the
development of lesions resembling those of secondary hemophagocytic lymphohistiocytosis/
macrophage activation syndrome (HLH/MAS). The development of this secondary HLH/
MAS-like disease in NSG-SGM3 mice is likely due to activation of macrophages by the
three human cytokines, especially GM-CSF. Interestingly, the development of histiocytic
proliferations has been previously reported in humanized NSG mice implanted with CD34+
HSCs#2:58.83 and we also include in this paper evidence that these same proliferations
develop in NSG mice when implanted with transduced hCD34+ HSCs and leukemia PDXs.
The reports in humanized NSG mice did not describe the presence of hemophagocytosis,
but it does occur to a mild degree in a subset of humanized NSG mice with histiocytosis!4.
This paper will provide the reader with a comparison of histiocytosis in NSG mice with the
more frequently severe hemophagocytic lymphohistiocytosis that develops in NSG-SGM3
mice and provide a rationale for our hypothesis that the NSG strain background of

the NSG-SGM3 mice is prone to the proliferation of histiocytes and a mild degree of
hemophagocytosis, and that the addition of the transgenes causes exuberant proliferation,
activation, and phagocytosis resulting in the clinical syndrome of HLH/MAS-like disease.

In this paper, the features of mast cell and eosinophil hyperplasia and secondary HLH/
MAS-like disease are described in NSG-SGM3 and NRG-SGM3 mice associated with
studies at four research institutions (St. Jude Children’s Research Hospital [St. Jude], the
University of California at Davis [UC Davis] via The Jackson Laboratory, the University

of Michigan [U Mich], and the University of Texas MD Anderson Cancer Center [MDA]).
All the mice associated with these different models exhibited similar phenotypes. One
reason that mice from four institutions were evaluated was to examine whether there was an
environmental contribution to the observations described. Because we believe the pathology
of secondary HLH/MAS-like disease is related to the histiocytosis that can develop in
humanized NSG mice, evaluation of the development of histiocytosis in NSG mice having
had received transduced hCD34+ HSCs and NSG mice implanted with a B-ALL PDX

is included. And finally, because secondary HLH/MAS is known to be associated with
infections by viruses and other microorganisms, all NSG-SGM3 mice were examined by

in situhybridization (ISH) for the presence of Epstein-Barr virus (EBV), cytomegalovirus
(CMV), and Mycoplasma spp. to rule out these infections.

Materials and Methods

Mice and experimental models

Animal care at all facilities.—Mice housed at all facilities were maintained under
strict specific pathogen free barrier practices using sterilized water, food, bedding, and
cages and were handled using aseptic techniques including the use of laminar flow hoods,
personal protective equipment and hair coverings. Mice were housed in temperature and
humidity controlled rooms that are maintained on a 12:12h light:dark cycle with 10-15
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room air changes per hour. All animals had ad /ibitum access to water and food. Mice at

all facilities were tested and reported as negative for the following viruses: ectromelia virus,
GDVII (Theiler’s) virus, lymphocytic choriomeningitis virus (LCMV), mouse adenovirus
(MAV), mouse hepatitis virus (MHV), mouse minute virus (MMV), mouse parvovirus
(MPV), pneumonia virus of mice (PVM), polyoma virus, reovirus 3, rotavirus (EDIM),

and Sendai virus; for the bacterium Mycobacterium pulmonis, and for fur mites and pin
worms. Mice at St. Jude, The Jackson Laboratory, and MDA were additionally tested and
reported as negative for K virus and mouse norovirus (MNV) and the bacteria Citrobacter
rodentium, Clostridium piliforme, Corynebacterium spp., Filobacterium rodentium (CAR
bacillus), Helicobacter spp., and Salmonella spp.. Mice at St. Jude and Jackson Labs were
additionally tested and reported as negative for murine chapparvovirus (MuCPV), Bordetella
spp., Streptobacillus moniliformis, and Pneumocystis spp. Mice at The Jackson Laboratory
and MDA were additionally tested and reported as negative for Hantaan virus, mouse
cytomegalovirus (MCMV), mouse thymic virus (MTV) and Encephalitozoon cuniculi. Mice
at The Jackson Laboratory were tested and reported as negative for LDH elevating virus
(LDEV). Mice at all facilities were on animal use protocols approved by their respective
institution’s IACUC.

NSG-SGM3 mice.—Evaluation of 3 naive, unmanipulated mice (one 5-month-old male,
one 5-week old male, and one 5-week old female) was performed as part of the routine
care and surveillance of a breeding colony of NOD.Cg-PrkdcSc 1/2rg"™ Wil Tg(CMV-
IL3,CSF2,KITLG)1Eav/MloySzJ (NSG-SGM3) mice maintained at St. Jude. This colony
was founded in 2014 with stock received from The Jackson Laboratory (Stock N0:013062).
Every 5 — 10 generations new stock is ordered with a complete turnover of the colony.

A total of 25 experimental NSG-SGM3 mice were evaluated for this report and included

14 mice which had been humanized by The Jackson Laboratory, 3 of which were shipped
to investigators at the U Mich, 2 to MDA, and 9 remained at the Jackson Laboratory,
Sacramento, CA facility. The remaining 11 of the 25 experimental NSG-SGM3 mice were
from the St. Jude breeding colony and were associated with leukemia studies conducted at
St. Jude. The leukemia models at St. Jude were generated via the implantation of transduced
hCD34+ HSCs or a human leukemia PDX (detailed below).

Humanized NSG-SGM3 mice.—Humanization of 14 NSG-SGM3 mice was performed
at The Jackson Laboratory when the mice were 4 weeks of age. Mice were irradiated with
100 cGy and injected via tail vein with hCD34+ UCB HSCs. At the respective institutions,
mice underwent no other experimental manipulation and were monitored daily. Between 11
and 38 weeks after their arrival animals were submitted for histopathologic evaluation upon
exhibiting various clinical signs (Table 1). Mice housed at The Jackson Laboratory were
submitted to the Comparative Pathology Laboratory at UC Davis, and the mice at U Mich
and MDA were submitted to their respective comparative pathology laboratories.

NSG-SGM3 mice implanted with transduced hCD34+ umbilical cord blood
(UCB) HSCs.—Three mice from the St. Jude colony were implanted with human CD34+
UCB cells that had been transduced with a lentiviral vector carrying the fusion gene TCF3-
ZNF384, which was predicted to cause leukemia.2> At 8 weeks of age, 2.5 x 10* GFP-sorted
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cells were injected intrafemorally into sublethally irradiated (225 cGy) mice that were
monitored daily for signs of illness. Mice were submitted for pathology evaluation between
12 and 20 weeks post-transplant (Table 1).

NSG-SGM3 mice implanted with PDX samples of acute erythroid leukemia
(AEL).—The eight NSG-SGM3 mice from AEL PDX studies were also from the St. Jude
colony. PDXs were obtained by bone marrow biopsy and stored as cryopreserved cell
suspensions in the St. Jude Biorepository. PDX samples were thawed and directly injected
into mice without having been cultured or passaged in any mice. Three separate PDX
samples were implanted into these eight mice. AEL PDX #1 was implanted into 4 mice,
AEL #2 into 3 mice, and AEL#3 into one mouse. At 9 weeks of age, mice were irradiated
(250 cGy) prior to transplantation with 1.5 to 2 million cells via tail vein injection. Mice
were monitored daily for signs of illness and were submitted for pathology evaluation
between 4 and 32 weeks post-transplant.#3 One mouse from each group developed the
abnormalities described below and underwent full histopathologic evaluation, and details for
these three mice are in Table 1.

NRG-SGM3 mice implanted with AML PDX samples.—Sixteen NRG-SGM3
(NOD.Cg-Rag1tmiMom jjorptmIWjl Tq(CMV-1L3,CSF2,KITLG)1Eav/J) mice were obtained
by St. Jude from The Jackson Laboratory. These mice differ slightly from the NSG-SGM3
strain in that they have a targeted knockout mutation in the RagZ gene instead of in the
Prkdc gene, but both strains are on the NOD/ShiLtJ genetic background, have a complete
null allele of the gene encoding the interleukin 2 receptor common gamma chain, and have
transgenic expression of the three human cytokines. This strain shows the same increased
ability to engraft myeloid leukemia as does the NSG-SGMS3 strain8. At 8 weeks of age, mice
were irradiated (250 cGy) prior to transplantation with 1.5 million cells via intravenous

tail vein injection. All mice received the same AML PDX, which had been collected

and stored similarly to the AEL PDXs. Mice were monitored daily for signs of illness

and were submitted for pathology evaluation at the experimental endpoint of 20 weeks
post-implantation. Those with lesions are detailed in Table 1.

NSG mice.—A total of 23 NSG (NOD.Cg-Prkdcs@ [[2rg"™I"WJ/|SzJ) mice from leukemia
studies conducted at St. Jude were evaluated. These mice were part of a colony bred at

that facility, originally purchased from The Jackson Laboratory (Stock N0:005557) and
restocked every 5-10 generations. Of these, 5 were implanted with transduced hCD34+
HSCs and 18 with cells of a human B acute lymphoblastic leukemia (B-ALL) PDX.

NSG mice implanted with transduced hCD34+ UCB HSCs.—A group of five mice
were implanted as described for NSG-SGM3 mice receiving these cells. At 32 weeks
post-implantation all mice were sacrificed with none having shown any clinical signs of
illness. Those with lesions are detailed in Table 2.

NSG mice implanted with B-ALL PDX.—A total of 18 mice from a B-ALL study were
evaluated. This cohort represented 15 individual PDX samples, with 11 of the 15 samples
implanted into one mouse only, 2 of the 15 samples were implanted into 2 mice each, and
one of the 15 samples was implanted into 3 mice. PDXs were obtained and treated the

Vet Pathol. Author manuscript; available in PMC 2022 January 01.
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same as the NSG-SGM3 AEL PDX described above. Fourteen of these 18 mice had been
irradiated (250 cGy) prior to transplantation via tail vein injection between 8 and 12 weeks
of age. Mice were monitored daily and euthanized and submitted for pathology evaluation
when they showed clinical signs of illness, between 10 and 38 weeks post-transplant. Those
with lesions are detailed in Table 2.

A summary of the number of mice analyzed for each of the above models is shown in Table
3.

Hematology Data

Whole blood was collected from NSG-SGM3 mice nos. 10-20 (Table 1). At all institutions,
it was collected via intracardiac puncture while under anesthesia as a terminal procedure.
Blood was collected into tubes containing EDTA anticoagulant (BD Microtainer, BD
Diagnostics, Franklin Lakes, NJ). Complete blood counts (CBC) at St. Jude were performed
on a ForCyte Hematology Analyzer (Oxford Science, Inc, Oxford, CT), at U Mich, on a
Hemavet 950FS, and at MDA on an Advia 2120i.

Tissue Processing and Handling

After being euthanized, the tissues collected from each mouse varied. Supplemental Table

1 indicates within each model how many mice had each tissue available for evaluation. The
spinal cord was collected from those mice exhibiting ataxia. Organs collected were fixed in
10% neutral-buffered formalin and bones were subsequently decalcified in 10% formic acid.
Tissues were embedded in paraffin, sectioned at 4 um, and stained with hematoxylin and
eosin (HE), and unstained slides were used for histochemical stains, immunohistochemistry,
and in situ hybridization.

Histochemistry and Immunohistochemistry

The Prussian blue assay for iron was performed on the liver of mice nos. 1-9, 13-21, 25, and
29 as well as on the spleen of mice nos. 1-9, 13-14, 17 25-27, 29 and 30 using an Artisan
Iron Stain Kit (Agilent [Dako], Santa Clara, CA, catalog # AR158) in conjunction with

an Artisan Link Pro automated slide-staining system (Agilent). Mast cells were identified
by using a toluidine blue stain (Poly Scientific, Bay Shore, NY, catalog # S284) and in
immunohistochemical (IHC) labeling for mast cell tryptase (MCT) in mice nos. 3, 6, 12-15,
and 20 and for ¢-Kit/CD117 (SCF) in mice nos. 12-14. Cells were identified as human by
IHC labeling for human nuclear mitotic apparatus protein ((NuMAL). Cells of eosinophilic
lineage were identified by IHC to human-specific and mouse-specific major basic protein
(hMBP and mMBP, respectively) in mouse no. 16. In NSG-SGM3 mice, lymphocyte and
macrophage cell populations were labeled by IHC for hCD68, hCD163, CD3, hCD4, hCDS8,
PAXS5, hCD45 and F4/80 in the liver of all mice, the spleen of mice nos. 1-17, and the CNS
of mice nos. 1-4 and 8-9. Leukemia cells were labeled for GFP in mouse no. 16, GATAL

in mouse no. 20 and myeloperoxidase (MPQO) in mice nos. 21-24. In NSG mice, implanted
cells were labeled for hCD45 in the spleen of mouse no. 27 and for hNUMAL in the bone
marrow and spleen of mice nos. 25, 26 and 30, and in the liver of mice nos. 27-29. The
reactivity for each antibody to the human and mouse antigen was verified by the laboratory

Vet Pathol. Author manuscript; available in PMC 2022 January 01.
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(St. Jude) using either internal or external controls. The sources of antibodies and technical
details for IHC assays are provided in Table 4.

In Situ Hybridization

Results

RNAscope ISH probes for Cytomegalovirus (catalog #465129) and Mycoplasma spp.
(catalog #446329) were obtained from Advanced Cell Diagnostics (ACD, Newark, CA), and
the assays were performed on a Ventana BenchMark XT automated slide-staining system
(Ventana Medical Systems, Tucson, AZ) using the RNAscope VS Duplex Reagent Kit
(ACD, catalog #323300). The Cytomegalovirus probe was detected using the DISCOVERY
mRNA Red HRP Detection Kit (Roche Diagnostics, Indianapolis, IN, catalog #760-234)
and the Mycoplasma spp. probe was detected using the teal kit (catalog #760-256). EBV
was detected by ISH with a probe for EBV-encoded small RNAs (EBER Probe, Leica
Biosystems, catalog # PB0589), using the Leica BOND RX automated staining system. A
negative control probe for dapB and a positive control for ppiB were used. External slides
from clinical cases at St. Jude known to be positive for each of the organisms were run as
positive controls. Assays for each pathogen was performed on the livers of all NSG-SGM3
mice and the spleens of NSG-SGM3 mice 1-17.

Mast cell hyperplasia in NSG-SGM3 mice

Mast cell hyperplasia developed in all NSG-SGM3 mice evaluated by the veterinary
pathologists at the institutions included in this study, including all mice described in this
report. A murine mast cell hyperplasia occurred in naive NSG-SGM3 mice which were
part of the St. Jude breeding colony, whereas a human mast cell hyperplasia occurred in
humanized mice and in mice implanted with transduced hCD34+ cells or a leukemia PDX.
Both murine and human mast cell hyperplasia occurred predominantly and to the highest
degree in the pancreas, but mild human mast cell hyperplasia also occurred in the stomach,
small intestine, lung, spleen, and heart (not shown). Naive unmanipulated NSG-SGM3 mice
presented with varying degrees of periductular pancreatic mast cell accumulation (Fig. 1a).
The cells were large and had prominent cytoplasmic granules (Fig. 1a, inset). The nuclei
of these cells were not labeled by immunohistochemical staining with hNuMAU1, verifying
their murine origin (Fig. 1b). Mice implanted with human CD34+ HSCs or a leukemia
PDX developed varying degrees of pancreatic infiltrates of human mast cells (Fig. 2a). The
human mast cells were smaller than the murine mast cells, had less prominent granules,
and spread interstitially instead of forming periductular aggregates (Fig. 2a, inset). Positive
nuclear labeling with the antibody to hNuMAZ1 confirmed their human origin (Fig. 2b).
Their identity as mast cells was demonstrated by metachromatic staining of the cytoplasmic
granules (Fig. 2c) and by positive immunohistochemical labeling for CD117/c-Kit (Fig.
3a) and mast cell tryptase (MCT) (Fig. 3b). The mice implanted with a leukemia PDX
occasionally contained both murine and human mast cells (Figs. 4a and 4b). Human mast
cells were also present in much lower numbers in the lamina propria of the stomach and of
the small and large intestine, along with occasional resident murine mast cells (not shown).

Vet Pathol. Author manuscript; available in PMC 2022 January 01.
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Eosinophil hyperplasia in NSG-SGM3 mice

The bone marrow of humanized mice, mice implanted with transduced human CD34+ cells,
and mice implanted with a leukemia PDX often showed human eosinophil hyperplasia. In
humanized mice, the bone marrow eosinophil precursors were in patchy aggregates (Fig.

5 and inset) that varied in number between mice and between bones (sternum, vertebrae,
limbs). A similar pattern was seen in mice with transduced-hCD34—derived leukemia (Fig.
6 and inset) and both in AEL and AML leukemia PDXs (Figs. 7 and 8). The eosinophil
precursors labeled with hMPB (Fig. 9) and were negative for mMBP (inset).

Histiocytic Proliferation in NSG Mice

Previous reports have documented a histiocytic proliferation in NSG mice when implanted
with hCD34+ HSCs,#2:58:83 and the current study found that it can also occur when

mice are implanted with transduced hCD34+ HSCs or a B-ALL PDX. Of the five

NSG mice implanted with transduced hCD34+ HSCs, two developed large nodules of
mature histiocytic cells, including multinucleated giant cells, in the spleen (Fig. 10), bone
marrow (Fig. 11), and liver, with one of these 2 showing mild hemophagocytosis and iron
accumulation in the splenic red pulp but not in the liver (Table 2). Histiocytic nodules
developed in the same tissues in 4 of the 18 mice receiving a B ALL PDX. These four

mice were among those which had been irradiated prior to transplantation. The histiocytes
in the liver nodules were positive for ANUMAL (Fig. 12b inset) indicating their human
origin. The histiocytes were positive for hCD68 (Fig. 12c) and hCD163 (Fig. 12d) and were
surrounded by mouse F4/80-positive macrophages (Fig. 12e). There was no evidence of
hemophagocytosis or iron accumulation in two of the four mice (Fig. 12f), while it was
present to a mild degree in the other two of the 4 mice (Table 2). The histiocytes were mixed
with a few small hCD45+ (Fig. 12g) and CD3+ human lymphocytes (Fig. 12h).

Secondary Hemophagocytic Lymphohistiocytosis/Macrophage Activation Syndrome (HLH/
MAS)-Like Disease in NSG-SGM3 mice, General Features

NSG-SGM3 mice developed a secondary HLH/MAS-like disease after undergoing
humanization or implantation with transduced hCD34+ HSCs or a leukemia PDX.
Morphologically, this disease is somewhat similar to the histiocytosis present in NSG mice,
but with a much more activated phenotype as described below. It occurred in approximately
30% of humanized NSG-SGM3 mice (author’s observations). The experimental details and
clinical signs present in the study mice with this disease are detailed in Table 1. Typical
clinical signs included hunched posture, lethargy, and pallor. Unlike in NSG mice with
histiocytosis, anemia was a significant component of the HLH/MAS-like disease in NSG-
SGM3 mice and was also the most likely cause of clinical illness prompting the removal

of mice from a study. Markedly low hematocrit values were common, and the red blood
cell parameters indicated a regenerative, macrocytic hypochromic type of anemia. Because
a complete blood count (CBC) was not performed for all mice, representative CBC data are
shown for three mice: a humanized mouse, a mouse implanted with transduced hCD34+
cells, and a mouse implanted with a leukemia PDX (Table 5). Occasional mice had false
indices of hyperchromasia, as shown in Table 5 for the mouse with transduced hCD34+
HSCs.
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The histopathologic abnormalities seen in NSG-SGM3 mice with secondary HLH/MAS-like
disease are detailed below for each individual model, but many features were common
between all. In general, infiltrates of histiocytes with fewer lymphocytes were present
predominantly in the spleen and liver, with less frequent and less severe infiltrates in

lungs and bone marrow. An important and striking feature of these infiltrates was the
marked enlargement of the histiocytes due to accumulation of intracytoplasmic iron and
erythrocytes, consistent with hemophagocytosis. The degree of infiltration and organ
distribution varied between organs and between the models evaluated as detailed below.

Secondary HLH/MAS-Like Disease in Humanized SGM-SGM3 Mice.—The livers
of humanized mice contained sinusoidal, perivascular and portal infiltrates of histiocytes
and lymphocytes. The sinusoidal infiltrates were more extensive than the perivascular or
portal infiltrates, and occasionally the infiltrates were so severe that they replaced the liver
parenchyma and accounted for most of the cells present in the liver (Fig. 13). However,
the infiltrates were usually of only moderate severity (Fig. 14a). A large proportion

of the inflammatory infiltrates consisted of medium to large macrophages, including
multinucleated giant cells of human origin (Fig. 14b and inset), and these cells often
contained cytoplasmic Prussian blue positive iron pigment (Fig. 14c). These macrophages
expressed hCD68 (Fig. 14d) and hCD163 (Fig. 14e), and the cells were rimmed by mouse
macrophages expressing F4/80 (Fig. 14f). The inflammatory infiltrates (Fig. 14g, HE) also
consisted of CD3+ T cells (Fig. 14h) and PAX5+ B cells (Fig. 14i), with T cells generally
being more numerous than B cells. Most of the T cells were CD4+ cells (Fig. 14j), but low
numbers of CD8+ cells were also present (Fig. 14K).

The spleens of humanized mice (Fig. 15a) had a similar composition of cellular infiltrates.
The splenic red pulp was variably replaced by nodules or sheets of ANUMAZ1+ human
macrophages (Fig. 15b), some of which had intracellular intact erythrocytes consistent
with erythrophagocytosis (Fig. 15¢) and many had abundant cytoplasmic iron (Fig. 15d).
The splenic macrophages were similar to those in the liver but tended to include more
hCD68+ than hCD163+ macrophages (Figs. 15e and 15f, respectively). The splenic white
pulp was expanded with human lymphocytes (Fig. 15g) comprising variable proportions

of CD3+ T cells (Fig. 15h) and PAX5+ B cells (Fig. 15i). The T cells were a mixture of
hCD4+ and hCD8+ cells (Figs. 15j and 15k, respectively), with the former being dominant.
Perivascular lymphohistiocytic infiltrates in the lungs were generally of minimal to mild
severity and occasionally the histiocytes contained intracytoplasmic iron pigment (Fig. 16).
The bone marrow contained variable patchy to scattered infiltrates of large macrophages and
multinucleated giant cells (Fig. 17a). These cells occasionally contained intracytoplasmic
iron pigment (Fig. 17a, inset), and were positive for hCD68 (Fig. 17b).

Secondary HLH/MAS-Like Disease in Leukemia-Bearing NSG-SGM3 Mice
Implanted with Transduced Human CD34+ HSCs.—The mice implanted with
transduced human CD34+ HSCs developed a human myelomonocytic leukemia in the liver
and bone marrow (Fig. 18a) that consisted of small cells (Fig. 18b) that were positive for
myeloperoxidase (MPO) (Fig. 18c) and hCD68 (Fig. 18d). The livers of these mice showed
the same histiocyte accumulation with erythrophagocytosis that was seen in the livers of the
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humanized mice. Histiocyte aggregates were predominately sinusoidal, with fewer located
in portal tracts and around the central veins. They were admixed with moderate numbers
of lymphocytes (Fig. 19a). The macrophages often contained cytoplasmic pigment (Fig.
19a) and occasional intact intracytoplasmic erythrocytes (Fig. 19b). Both the macrophages
and lymphocytes were of human origin, indicated by positive labeling for hANuMAL (Fig.
19c¢). The pigment in the macrophages was identified as iron by Prussian blue staining
(Fig.19d). The macrophages were a mixture of hCD68+ and hCD163+ cells (Figs. 19e and
19f, respectively) surrounded by F4/80+ mouse macrophages (Fig. 19g). The transduced
leukemia gene had been linked with a GFP reporter, and positively labeled leukemia cell
aggregates were apparent (purple chromogen), whereas the large histiocytic cells were
negative for GFP (Fig. 19h). These mice had fewer lymphocytes in the liver when compared
to the humanized mice, but the lymphocytes that were present were a similar mixture of
CD3+ T cells (Fig. 19i) and PAX5+ B cells (Fig. 19j).

The overall cellular composition of the spleen (Fig. 20a) differed from that seen in
humanized mice. The white pulp (Fig. 20a, b) was similarly populated by human CD3+

T cells (Fig. 20c) and PAX5+ B cells (Fig. 20d). However, the red pulp (Fig 20a, b) differed
significantly from that of the humanized mice in that it was expanded by extramedullary
hematopoiesis (EMH) and contained mild to moderate infiltrates of small histiocytes, with
a notable absence of large multinucleated giant cells containing cytoplasmic pigment. The
small histiocytes differed from those present in the spleens of humanized mice as they were
positive for only hCD68 (Fig. 20e) and negative for hCD163 (Fig. 20f).

Secondary HLH/MAS-Like Disease in NSG-SGM3 mice After AEL PDX
Implantation.—One mouse per group from each of the three AEL PDX samples developed
lesions that were further characterized for the present study. Of these three mice, one had
engrafted successfully and two had not. The leukemia PDX that engrafted replaced the bone
marrow (Fig. 21a) and was positive for nuclear expression of GATA1%® (Fig. 21b). Scattered
among the leukemia cells in the bone marrow are macrophages containing iron pigment.
Surprisingly, the liver had aggregates of human cells (Fig. 22a) that resembled those in
humanized mice and in leukemia-bearing mice that had been implanted with transduced
human CD34+ cells. The large, multinucleated macrophages had cytoplasmic pigment and
occasional intracytoplasmic intact erythrocytes (Fig 22b). The pigment was confirmed to

be iron (Fig. 22c). The macrophages were positive for hCD68 and hCD163 (Figs. 22d and
22e, respectively) and were rimmed by F4/80+ mouse macrophages (Fig. 22f). They were
admixed with low numbers of GATA1+ leukemia cells (Fig. 22g). Notably, there were no
CD3+ T cells (Fig. 22h) nor any PAX5+ B cells present. In the two mice that did not engraft
leukemia cells, the liver contained a few macrophage aggregates (Fig. 23a) with cytoplasmic
pigment that was positive for iron by Prussian blue staining (Fig. 23b) and occasional CD3+
T cells (Fig. 23c) with no associated PAX5+ B cells. The bone marrow contained low to
moderate numbers of macrophages containing iron pigment. Unfortunately, the spleens from
these three mice were not available for histopathologic evaluation.

Secondary HLH/MAS-like Disease in NRG-SGM3 mice After AML PDX
Implantation.—Sixteen mice from an AML PDX study were evaluated at the experimental
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endpoint of 20 weeks. Of these, four exhibited liver histiocytosis with erythrophagocytosis.
The leukemia PDX was a myelomonocytic leukemia (Fig. 24) that expressed hCD163,
hCD68, and MPO (not shown). However, the liver contained aggregates of cells that did

not resemble the leukemia cells but were morphologically macrophages (Fig. 25a) of human
origin, as confirmed by positive staining for ANUMAL (Fig. 25b). The cells showed active
erythrophagocytosis (Fig. 25c¢) and contained cytoplasmic pigment that was positive for iron
by Prussian blue staining (Fig. 25d). They were positive for hCD68 and hCD163 (Figs. 25e
and 25f, respectively) but only occasional cells expressed MPO (Fig. 25g). These aggregates
had no associated CD3+ T cells (Fig. 25h) or PAX5+ B cells.

Central Nervous System Histiocytosis in a Subset of Humanized NSG-SGM3
Mice with HLH/MAS-Like Disease—An interesting phenomenon occurred in a subset
of humanized NSG-SGM3 mice with HLH/MAS-like disease that was not seen in the
leukemia-bearing mice given transduced hCD34+ HSCs or leukemia PDXs, nor has it been
reported in humanized NSG mice to the authors’ knowledge. Affected mice developed

an accumulation of mixed inflammatory cells in the meninges and an infiltration of
macrophages into the central nervous system (CNS) neuropil, predominantly within the
cerebellum and regions of the spinal cord. They presented clinically with ataxia, head

tilt, and/or hind limb paralysis (Table 1). The cerebellar and spinal cord meninges were
thickened (Fig. 26a) with patches of human eosinophils (Fig. 26b), CD3+ T cells (Fig.

26¢), and hCD68+ (Fig. 26d) and hCD163+ macrophages. There were also multiple foci of
histiocytic cell infiltrates within the neuropil of the spinal cord and cerebellum (Fig. 27a).
These cells were large, with abundant cytoplasm; however, in contrast to the cells in the liver
and spleen, they had no cytoplasmic pigment and multinucleated giant cells were infrequent
(Fig. 27b). The destructive mass effect of the histiocytic infiltrate was sometimes so severe
as to suggest a neoplasm, as shown in Figure 27a and highlighted by immunohistochemical
staining for hCD68 in Figure 27c. In the areas of neuropil infiltrates, only small numbers of
lymphocytes were present along the border of the sheets of macrophages (Fig. 27d). Mouse
F4/80-positive macrophages were also increased along the border (Fig. 27¢).

Evaluation for EBV, CMV, and Mycoplasma

Because the presence of infectious agents is associated with the development of secondary
HLH/MAS, all samples were analyzed for the presence of three pathogens by ISH. All of the
tested samples (detailed in methods) were determined to be negative.

Discussion

A summary of the histopathologic features of the NSG-SGM3 mice described in this report
and a comparison with what is observed in NSG mice are provided in Table 6. All of the
lesions observed in the NSG-SGM3 mice in this study developed because human cells with
the ability to differentiate into mast cells, eosinophils, and macrophages were implanted
into the mice. For the humanized mice, this source was the implanted hCD34+ HSCs.

In the case of the leukemia model created by injecting transduced hCD34+ HSCs, the
source of cells comprising the lesions was probably non-transduced hCD34+ HSCs that
were implanted along with the transduced leukemia progenitor cells. This is supported
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by the fact that the large human macrophages in the liver were negative for the GFP
reporter. The non-transduced cells were likely a very small contaminating population as

the cells had been GFP-sorted prior to implantation. The cell of origin in the leukemia
PDX models is presumably a stem/progenitor population introduced with the PDX leukemia
cells. This theory is supported by the observation of one of the authors (L.J.J., unpublished
data) that these lesions do not occur in NSG-SGM3 mice implanted with leukemia cell
lines, suggesting that there is a contributing population within the PDX other than the
neoplastic cells. The complex cellular environment of a PDX has both positive and negative
consequences. PDX models are often employed when one is unable to develop a tumor

cell line from a patient-derived sample, in which case the leukemia is established in
immunocompromised mice. It is assumed that the additional cell types that are present
provide supportive factors that enable PDX samples to proliferate in mice, and this cellular
heterogeneity is one of the features that makes them more attractive than using tumor cell
lines.21.82.96 ppXs contain numerous cell types in addition to neoplastic cells, including
stromal cells, blood vessel cells, immune cells, and importantly, hematopoietic progenitors.
However, these additional cellular factors might contribute to the negative consequences
sometimes seen as a result of PDX implantation, and likely to the development of the
secondary HLH/MAS-like disease described in this paper. Other negative consequences have
been demonstrated in the numerous reports of post-transplant lymphoproliferative disorders
(PTLD) in NSG mice implanted with solid tumors20:31.69.88,103 anq of post-transplant graft-
versus-host disease (GVHD).”” PTLD generally involves the development of multisystemic
lymphoplasmacytic infiltrates containing predominantly T cells with fewer B cells and/or B
cell lymphoma.59.64.88 GyHD is characterized largely by T cell infiltrates with damage to
the epithelia of the skin, lung, liver, and gastrointestinal tract.2%:33 The inflammatory cell
infiltrates in both PTLD and GvHD are of human origin and are believed to be derived
from the xenograft. Notably, no abnormalities were present in the skin and gastrointestinal
tract of the NSG-SGM3 mice in this study, and the lesions present in the lungs and liver

did not include damage to epithelia. Furthermore, an important distinction between PTLD
and GvHD and the inflammatory cell proliferations reported here in NSG-SGM3 mice is
the predominance of myeloid-derived cellular proliferations (mast cells, eosinophils, and
macrophages) in NSG-SGM3 mice. The following discussion will separately address the 3
categories of immune cell proliferations described in this report.

Mastocytosis

Given that SCF and IL-3 are important in mast cell development, it is not entirely
unexpected that NSG-SGM3 mice can develop mast cell hyperplasia. The proliferation
of mouse mast cells is the only abnormality regularly observed in naive NSG-SGM3
mice, and it occurs because human SCF is cross-reactive and is, therefore, able to bind
and activate murine SCF receptors.18 The role of SCF in myeloid cell engraftment was
studied by creating a mouse expressing membrane-bound human SCF (hSCF) on an NSG
background.8” After being humanized, these hSCF-NSG mice showed increased numbers
of human mast cells when compared to humanized NSG mice without the transgenic
hSCF, suggesting that this cytokine is sufficient for the proliferation of human mast cells.
Unlike the situation in mice, in which recombinant murine 1L-3 has been shown to be a
strong inducer of mast cell proliferation,®3 human IL-3 does not by itself induce mast cell
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proliferation®! but must be combined with other cytokines such as SCF2 and/or interleukin
6 (1L-6)76 to induce optimal mast cell proliferation. Previous studies using the NSG-SGM3
mouse have reported the presence of increased mast cells in various tissues such as the lung,
spleen, stomach, small intestine, heart, and skin.:17 We similarly observed low numbers of
human mast cells in all of these tissues except the skin. In the skin we observed moderate
numbers of mast cells positive for MCT, but these were negative for ANuUMAL, indicating
that they were murine mast cells. The reason for the discrepancy between our findings

and others is not clear but may be due to the antibody used to detect MCT. Although the
antibody we used is labeled for human MCT, we observed in our own testing that it also
labels mouse mast cells. Therefore, it is possible that the cells labeled in these previous
publications were murine, as they were not verified to be human via hNuMAL positivity or
other such human-specific antigens. This is the first report of the presence of high numbers
of human mast cells in the pancreas. It is possible that they were present in the mice
examined in previous studies®17 but this specific tissue was not examined. It is unclear why
the pancreas is a target organ for mast cells in these mice, as no clear role has yet been
described for mast cells in either pancreatic homeostasis or pancreatic disease.

Eosinophil hyperplasia

Eosinophil development and differentiation are dependent on essentially 3 cytokines: IL-3,
GM-CSF, and interleukin 5 (IL-5).32 In NSG-SGM3 mice, the excess production of both
IL-3 and GM-CSF probably drives implanted HSCs toward eosinophil differentiation and
hyperplasia. IL-3 and GM-CSF are necessary to promote the expansion of immature cells,
which then commit to eosinophil/basophil differentiation upon the binding of 1L-5.32 Thus,
the development of eosinophil hyperplasia in the NSG-SGM3 mouse is dependent upon the
addition of IL-5. This could be provided by the implanted human cells or by the mouse
itself, as murine and human IL-5 are cross-reactive.>® The main source of IL-5 is CD4+/T2
cells;%1 in humanized mice the IL-5 may be provided by the numerous engrafted human
CDA4+ T cells evident in the spleen and liver in the present study.

Secondary HLH/MAS-Like Disease

We have described the complex phenotype of the multisystemic accumulation of

human macrophages, often accompanied by human lymphocytes, and the associated
hemophagocytosis that occurs predominantly in the spleen and liver of NSG-SGM3 mice.
This lesion occurred in a subset of humanized mice with no additional experimental
manipulation between 11 and 38 weeks post humanization. A similar phenotype resulted
when NSG-SGM3 mice were implanted with transduced hCD34+ HSCs or a leukemia
PDX. The hemophagocytosis resulted in profound anemia, lethargy, overall poor health,
and eventual morbidity requiring euthanasia. The macrophages were positive for hCD68
and hCD163, suggesting that these were more differentiated cells rather than immature
macrophages?’, with a tendency toward the M2 macrophage phenotype.8° The macrophages
had large accumulations of iron, and frank erythrophagocytosis was visible. These
histopathologic findings, along with CBC data indicating a hemolytic anemia, suggest the
mice have secondary HLH/MAS-like disease.
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Our data enable a comparison between the appearance of histiocytic proliferation with
occasional mild hemophagocytosis in NSG mice that have been humanized42:58.:83 or
implanted with a PDX and the appearance and clinical manifestations of secondary
HLH/MAS in similarly treated NSG-SGM3 mice. When describing histiocyte proliferations
in humanized NSG mice that were not reported to be associated with hemophagocytosis,
Huey et al. used the diagnostic terms granulomatous inflammation and granulomatosis.
Given the proliferation of large epithelioid macrophages with multinucleated giant cells, this
diagnosis is reasonable. In the current paper, we have chosen to use the term histiocytosis
because of the suspected connection with secondary HLH/MAS-like disease in NSG-SGM3
mice. It appears that the NSG strain background of the NSG-SGM3 mice is prone to the
proliferation of histiocytes that sometimes exhibit hemophagocytosis, and the addition of the
SGM3 transgenes (specifically GM-CSF as detailed below) causes exuberant proliferation,
activation, and phagocytosis resulting in the clinical syndrome of HLH/MAS-like disease.
Differentiating a hemophagocytic histiocytosis (such as that shown here in NSG-SGM3
mice) from other types of histiocytic proliferations (as shown in some NSG mice) is
important both in animal models and in human diagnostics because other histiocytic
disorders can show occasional hemophagocytosis cytologically and histologically.’?
Unfortunately there is no consensus on criteria for pathological hemophagocytosis vs.
occasional, incidental hemophagocytosis.38:70 Key factors in establishing the diagnosis of

a hemophagocytic disorder include the clinical appearance of anemia with or without other
cytopenias, along with a high number of hemophagocytes. In humans, associated laboratory
data are considered to be essential to making this diagnosis.#® In the case of the NSG-SGM3
mice described in this paper, the clinical features and very high number of hemophagocytes
suggest they have true pathological hemophagocytosis. This delineation in the subset of
NSG mice that show hemophagocytosis is less clear. In the three NSG mice implanted with
transduced hCD34+ HSCs or a B-ALL PDX that had iron accumulation in the histiocytes,
none had clinical signs suggesting anemia, but unfortunately blood for CBCs was not
collected.

HLH/MAS is a syndrome of pathologic immune activation.#® It is believed to result

from lymphocytes activating macrophages, leading to excessive cytokine production and
eventually a cytokine storm. In humans, HLH is characterized by fever, splenomegaly,
cytopenias, increased triglycerides/decreased fibrinogen, and hemophagocytosis.#? There
are two types of HLH: genetic or familial (F-HLH) and secondary, of which the latter
encompasses several subtypes. F-HLH was first described in 1952.28 The first underlying
genetic defect—mutations in the PRF1 gene encoding perforin—was discovered in 1999.85
Secondary HLH can be incited by numerous conditions, including many different types of
infection, with EBV, CMV, and HIV being the most common viral causes.’%7> Secondary
HLH can also be associated with rheumatologic disorders and is commonly referred to

as macrophage activation syndrome (MAS) in the setting of rheumatologic disease. It is
also associated with malignancy, immune compromise, and immune-activating therapies*8.
Relevant to the development of HLH/MAS-like disease in NSG-SGM3 mice described

in this paper, both hematologic transplant and solid organ transplant are associated with
HLH/MAS in humans, and it is more frequent in patients receiving UCB than in those
receiving autologous or allogenic transplants.:3 Diagnosis is difficult and relies on a
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specific set of criteria based on clinical signs, hematology, and clinical chemistry findings.*8
Five of these eight criteria must be fulfilled for diagnosis: fever >38.3° C; splenomegaly;
cytopenias; hypertriglyceridemia; hemophagocytosis in bone marrow, spleen, lymph nodes,
or liver; low or absent NK-cell activity; ferritin >500 ng/mL, and elevated soluble CD25.48
In the HLH/MAS-like disease present in NSG-SGM3 mice, we did not evaluate for fever,
hypertriglyceridemia, NK-cell activity, ferritin, and soluble CD25. However, some of the
criteria for diagnosis in humans were fulfilled in these mice, including splenomegaly,
cytopenias, and hemophagocytosis. What is known regarding the histopathology present

in humans with HLH/MAS comes predominantly from bone marrow and liver biopsies.

The bone marrow contains increased macrophages with a proportion of them demonstrating
hemophagocytosis, although the sole finding of hemophagocytosis in bone marrow biopsies
is neither sensitive nor specific for HLH/MAS.36.70 The livers of these patients show
sinusoidal dilatation with proliferation of activated macrophages with hemophagocytosis
and cytoplasmic pigment/iron.24 Portal inflammation consists of variably sized lymphocytes
with few histiocytes. The macrophages in the bone marrow and liver can be identified by
immunohistochemical labeling for CD6812 or CD163.7.71

A key factor in HLH/MAS is that it is the exaggerated immune response, culminating in a
cytokine storm, that drives the disease pathology, not the underlying primary infection or
another associated disorder. This dysregulated immune activation differs from many other
immune disorders in that self-reactivity/autoimmunity is not the underlying mechanism.#8
Most of our current understanding of the pathophysiology of HLH is based on genetic
animal models with defects in the PRFI gene. The results of these studies have suggested
that although macrophages have a role in disease development, it is T cells (specifically
CD8+ T cells) that are the key upstream drivers of HLH disease.58 Interferon gamma (IFN-
7) has also been demonstrated to be a key mediator of disease development and is most
likely the main coupler between activated T cells and activation of macrophages.1%> These
findings highlight a key difference in the HLH-like disease in NSG-SGM3 mice described
in this paper: although there were T cells present, there were far more CD4+ T cells than
CD8+ T cells, which is inconsistent with the findings in genetic models of this disease. This
suggests that the genetic model of F-HLH, which primarily uses perforin-deficient mice,
does not completely mimic what occurs in the numerous forms of secondary HLH/MAS.

What is common to F-HLH and secondary HLH is that macrophages are central to
disease development, and it is their activation and subsequent cytokine production that is
key. However, in secondary HLH, CD8+ T cells may be sufficient upstream drivers of
macrophage activation, although not necessary. The ability of macrophages by themselves
to mediate the development of secondary HLH has been suggested by studies in which
repeated TLR91 stimulation produced an HLH/MAS-like disease in mice; this was found
to be dependent on IFN-y but not on the presence of lymphocytes.1® Recently, Akilesh
and colleagues described the ability of chronic TLR7 and TLR9 signaling to stimulate the
development of a type of macrophage they termed an “inflammatory hemophagocyte,”*
suggesting a link between TLR signaling and the activation of macrophages leading to HLH/
MAS-like disease.
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The primary role of macrophages and the lesser role of lymphocytes in HLH/MAS
pathogenesis has been demonstrated in several mouse studies.1®:99.100 The authors of one
such study injected NSG-SGM3 mice with unfractionated UCB that had been depleted of T
cells, which induced a syndrome that the authors identified as MAS and that resembled the
secondary HLH/MAS-like disease described in the present study.® Of the mice so treated,
30% became moribund between 16 and 20 weeks of age, which is similar to the latency
observed in the present study. Anemic, clinically ill mice treated with dexamethasone,
immunoglobulin, or anti-B/T cell antibodies showed no improvement, whereas treatment
with gemtuzumab ozogamicin, a CD33-targeting myeloablating drug, resulted in the reversal
of anemia and a marked improvement in their clinical appearance. An analysis of serum
cytokines from the UCB-engrafted mice showed a significant increase in IL-6 and small

but insignificant increases in IFN+y and tumor necrosis factor a (TNFa), which have been
demonstrated to be key drivers in genetic models of HLH.46:54.105 A separate study followed
the development of post-transplant HLH in NSG-SGM3 mice humanized by a different
method using hCD34+ fetal liver cells.190 In that study, there was a similar latency period
of 17 to 22 weeks, and histologic liver lesions resembled those described in the present
report, with an accumulation of large multinucleated hCD68+ macrophages containing iron,
and CD3+ T cells. Flow cytometry analysis of peripheral blood T-cell subsets showed

an increased CD4:CD8 ratio, which is consistent with the findings in the present study.

The serum levels of numerous cytokines, namely IFNy, TNFa, IL-6, and GM-CSF, were
elevated in the humanized NSG-SGM3 mice, as compared to the non-humanized NSG-
SGM3 mice.190 The finding of increased 1L-6 in these two studies is consistent with what
has been found in some human HLH/MAS studies.?271 However, 1L-6 inhibition with
tocilizumab (an anti-IL6R antibody) has not proved effective at treating the disease in
humans.35.78

Regarding the disease in NSG-SGM3 mice described in this report, overexpressed human
GM-CSF is probably the key macrophage-activating cytokine driving secondary HLH/MAS-
like disease. Briefly, this is because human studies and animal models of HLH/MAS have
shown it to be a key cytokine in driving the disease, and because GM-CSF is a known potent
activator of macrophages. This cytokine can act directly upon the implanted cells because
the receptor for GM-CSF is expressed on human CD34+ hematopoietic progenitors.’® GM-
CSF is not essential for normal homeostasis, but it participates in the rapid expansion and
differentiation of myeloid cells as part of an inflammatory response.26 The exact function of
GM-CSF in various disease conditions is complex, as it has been implicated in promoting
numerous inflammatory diseases such as rheumatoid arthritis, multiple sclerosis, and some
forms of colitis, whereas other studies have shown it to promote anti-tumor immunity

and to participate in the resolution of inflammation during infection.®26.102 An extensive
body of research has demonstrated the myriad roles of GM-CSF in hematopoiesis and
inflammation. Relevant to the current study is the demonstration that GM-CSF induced
HLH in a human patient receiving the cytokine along with chemotherapy for lymphoma.”3
Similarly, it was shown to exacerbate hemophagocytosis associated with myelodysplastic
syndrome.%* Reviews of GM-CSF are available.926:38.90.102 Here we will discuss only
selected studies that are directly relevant to the contribution of GM-CSF to the development
of the HLH/MAS-like disease in NSG-SGM3 mice.
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The most relevant role of GM-CSF in relation to the development of the secondary HLH/
MAS-like disease in NSG-SGM3 mice is its effect on macrophages. /n vitro studies have
shown that when grown in culture in the presence of GM-CSF, mouse bone marrow will
produce both macrophages (MHCI1'°WF4/80Nigh) and dendritic cells (MHCIIMghF4/g0!ow)
but that the proportion of macrophages increases with increasing doses of GM-CSF.%6 The
types of macrophages that develop under the influence of GM-CSF are not clearly of

the M1 or M2 type.8° They produce higher levels of inflammatory cytokines, specifically
TNF-a, IL-6, interleukin 12 p70 (IL-12p70), and interleukin 23 (IL-23), than do M-

CSF (macrophage colony-stimulating factor)-derived macrophages3® or GM-CSF—derived
dendritic cells.%6 The transgenic expression of GM-CSF in NSG-SGM3 mice could well
be at a sufficiently high level to drive the production of large numbers of macrophages
expressing high amounts of inflammatory cytokines, thereby influencing the development of
secondary HLH/MAS-like disease.

The in vivorole of GM-CSF has been investigated by inducing its overexpression in mice.5®
The most remarkable hematopoietic finding was the marked accumulation of peritoneal
macrophages that were twice the size of the controls. Interestingly, these cells had enhanced
Fc-dependent phagocytosis of antibody-coated sheep erythrocytes,89 perhaps providing
evidence that GM-CSF drives hemophagocytosis in secondary HLH/MAS-like disease. This
model also showed prominent infiltration of macrophages into the eyes, primarily in the
vitreous humor but also in the anterior and posterior chambers and subretinally.5® Such eye
lesions were not present in the mice examined in the present study.

Further research has examined the effects of the production of GM-CSF by specific cell
types. When examined at 6 weeks of age, C57BL/6 mice with conditional overexpression
of GM-CSF in their T cells showed partial effacement of the lymph nodes, spleen, and
thymus by histiocyte-like cells, with occasional multinucleated giant cells.%2 The lung,
kidney, and liver had varying degrees of granulocyte and histiocyte infiltration. Evaluation
of the histiocyte-like cells by flow cytometry revealed them to be a mixture of monocytes,
macrophages, and dendritic cells.

In the present study we found a proliferation of histiocytes in the CNS of some humanized
NSG-SGM3 mice, which we have not seen, nor are we aware of being reported, in
humanized NSG mice. Although we did not observe hemophagocytosis within these CNS
lesions in the mice, CNS involvement does occur with HLH/MAS in humans. It is generally
estimated that around one third of patients with HLH/MAS show CNS symptoms?1:45:48

but some studies have observed as high as 73%.37 Diagnosis is generally made using

MRI or CT imaging.18:34 Occasionally a brain biopsy is undertaken or the diagnosis is

made at autopsy. Lesions in the brain range from mild histiocytic or lymphohistiocytic
leptomeningeal infiltrates to diffuse infiltration of the neuropil with large numbers of CD68+
histiocytes and CD3+ T cells with fewer B cells.39:49.53

We suspect that the activity of GM-CSF is implicated in the nervous system abnormalities.
Interestingly, conditional expression of GM-CSF in the peripheral CD4+ T cells of C57BL/6
mice® resulted in neurologic defects (ataxia, circling) around 12 weeks after induction.
Early in the process, this was associated with CNS-infiltrating myeloid cells (monocytes and
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neutrophils) but with a notable absence of T cells, whereas later in the disease course, T
cells began to infiltrate as well. These cells often formed solid masses, particularly in the
brain stem and, less abundantly, in the spinal cord, which was the same pattern observed
in the mice in the present study. RNA sequencing showed the gene expression profile of
inflammatory monocyte-derived cells in the CNS to be vastly different from that of similar
cells in all other organs examined.84 Further characterization of the histiocytic subsets that
are composing these lesions in the NSG-SGM3 mice is needed to see if they represent a
unique population.

An interesting question yet to be answered is why only some mice develop secondary
HLH/MAS-like disease, and why a subset of those then go on to develop the CNS
phenotype. Their development may be influenced by host factors and/or factors intrinsic

to the implanted cells. We theorized that some hCD34+ HSCs and PDXs contain inactive
microorganisms which are reactivated following introduction into the immunocompromised
NSG-SGM3 mouse. The lesions were examined for the presence of EBV and CMV because
of their association with HLH/MAS"%.75 and for mycoplasma because of its propensity to
contaminate cell products and affect experimental findings.1391.101 By |SH, these organisms
were not detected in our samples, which suggests they are not the cause in this group of
mice. Additional studies are necessary to determine the initiating factors, with the goal being
to eliminate these factors and thus prevent the development of this confounding syndrome.

The results of our study indicate that when evaluating NSG-SGM3 mice that have been
implanted with human cells, one must carefully confirm the cell population(s) generated.
We demonstrated how this is important in the context of leukemia studies, but it is also
relevant in other study types such as infectious disease studies. The complexity of cell
populations is compounded in studies combining multiple types of implanted human cells,
as is often done for immunotherapy.21:23:86 Sych studies have been conducted in NSG mice,
including the use of anti-PD174.93 and CAR-T247 cell therapy. These studies have shown
humanized mice to be a superior model in testing immunotherapies, and it is likely that
similar studies in NSG-SGM3 mice are currently being conducted. All three of the features
described here could confound the results of studies using NSG-SGM3 mice. Because the
proliferating human mast cells do not resemble typical mouse connective tissue mast cells,
they may be mistaken for other cell types. Although eosinophils are not difficult to recognize
in tissue sections, one might misinterpret their increased number as being completely due
to the experimental manipulation instead of recognizing that the human transgenes could

be affecting their numbers. Regarding the occurrence of secondary HLH/MAS-like disease,
the use of survival or CBC data such as anemia as an endpoint must be accompanied

by histopathologic evaluation in order to confirm the cause of death. This is particularly
important in AML studies, in which anemia leading to lethargy and eventual euthanasia is a
commonly used endpoint,#460 as the causes of the anemia could be confusing and difficult
to differentiate.

It is possible that future studies will demonstrate that the disease seen in NSG-SGM3
mice, which we have termed secondary HLH/MAS-like disease, does in fact reflect the
condition in humans and may serve as a model of HLH/MAS. As so many conditions are
associated with the development of the syndrome in humans, the final manifestations are
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probably an endpoint associated with numerous pathways. In view of this, it is likely that no
single model will be able to mimic the human condition completely, but perhaps the lesions
described here will provide some insight into its mechanisms.
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Figures 1-9.
Figure 1. Mast cell hyperplasia, pancreas, naive mouse. (a) Large aggregates of mast cells

surround the pancreatic ducts and adjacent islets. Inset: there is a high level of granulation
in these cells. Hematoxylin and eosin (HE). (b) The absence of nuclear labeling with
antibody to hNuMA1 indicates that the cells are of mouse origin. The cytoplasmic color is
non-specific staining due to mast cell granules. Figure 2. Mast cell hyperplasia, pancreas,
mouse implanted with transduced hCD34+ cells (mouse no. 15). (a) Interstitial infiltrates of
mast cells are present throughout the pancreas. Inset: the mast cells are smaller, have fewer
granules and are paler when compared to the mouse mast cells in Figure 1. (b) Positive
nuclear labeling with antibody to hNuMAL indicates that these cells are of human origin.
(c) Metachromatic staining of granules with toluidine blue supports the identification of the
cells as mast cells. Figure 3. Mast cell hyperplasia, pancreas, humanized mouse (mouse
no. 10). The identity of the mast cells is confirmed by positive labeling for c-Kit/CD117
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(a) and mast cell tryptase (b). Figure 4. Mast cell hyperplasia, pancreas, mouse implanted
with an acute erythroid leukemia (AEL) xenograft (mouse no. 20). (a) The pancreas contains
both foci of large highly granulated mouse mast cells (arrows) and interstitial infiltrates

of smaller, more lightly granulated human mast cells (arrowheads). HE. (b) The human

cells show positive nuclear labeling for ANUMAZ (arrowheads), and the mouse cells are
negative for nuclear ANUMAL (arrows). Figure 5. Eosinophil hyperplasia, bone marrow

of vertebra, humanized mouse (mouse no. 1). The bone marrow contains patchy areas

with markedly increased numbers of eosinophil precursors (example area circled). Inset:
cellular detail of eosinophil granules. HE. Figure 6. Eosinophil hyperplasia, bone marrow of
sternum, mouse implanted with transduced hCD34+ cells (mouse no. 15). The circled areas
indicate patches of eosinophil precursors and the inset shows cellular detail. HE. Figure

7. Eosinophil hyperplasia, bone marrow of sternum, mouse implanted with an AEL patient-
derived xenograft (PDX). HE. Figure 8. Eosinophil hyperplasia, bone marrow of sternum,
mouse implanted with an AML PDX. HE. Figure 9. Immunohistochemical labeling of a
section from the mouse in Figure 6. The cells are confirmed to be of human eosinophilic
lineage by positive labeling for the human-specific major basic protein (MBP). Inset: no
labeling for mouse-specific MBP.
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Figures 10-12.
Figures 10 and 11. Histiocytosis, spleen (Figure 10) and bone marrow (Figure 11),

NSG mouse implanted with transduced hCD34+ cells (mouse no. 25). HE. Figure 12.
Histiocytosis, liver, NSG mouse implanted with a B-ALL patient-derived xenograft (mouse
no 27). (a) Multifocal aggregates of macrophages are randomly scattered throughout the
liver. HE. (b) The large cells have abundant cytoplasm. HE. Inset: positive immunolabeling
for hNuMAL, confirming the human origin of the cells. (c—e) Macrophages are positive

for hCD68 (c) and hCD163 (d), and the aggregates are surrounded by hyperplastic F4/80-
positive mouse cells (e). (f) Iron is not detected in the macrophage cytoplasm. Prussian blue.
(g, h) Scattered among the macrophages are small numbers of small cells immunolabeled for
hCD45 (g) and CD3 (h).
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Figures 13 and 14.
Macrophage and lymphocyte infiltrates, liver, humanized NSG-SGM3 mice. Figure 13.

Mouse no. 13. Severe macrophage and lymphocyte infiltration with replacement of

the liver parenchyma and grossly visible compaction. HE. Figure 14. Mouse no. 2.
Morphologic and immunophenotypic characterization of liver infiltrates representative of
typical moderate severity. (a) Mild to moderate portal, perivascular and sinusoidal infiltrates.
Same magnification as Fig. 13. HE. Figures 14 b—f show higher magnification of the
macrophage area in Fig 14a, and Figs 14 g-k show the lymphoid area. (b) The cells are
predominantly large multinucleated giant cells with intracytoplasmic pigment. HE. Inset:
the cells are hNuMAZ1-positive. (c—€) The cytoplasm of these macrophages stains positively
for iron with Prussian Blue (c) and is immunolabeled for hCD68 (d) and hCD163 (g). (f)
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Individual large multinucleated giant cells are surrounded by cells that are immunolabeled
for mouse F4/80. (g) A portal area of liver infiltrated by lymphocytes. HE. (h—k) The
lymphoid population contains slightly more CD3-positive T cells (h) than PAX5-positive B
cells (i). The T-cell population is predominately CD4-positive (j) but includes low numbers
of CD8-positive cells (k).

Vet Pathol. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Janke et al.

Page 31

Figures 15-17.
Histiocytosis, hemophagocytosis, and human lymphocyte engraftment; humanized NSG-

SGM3 mouse (mouse no. 2). Figure 15. Spleen. (a) There is a visible distinction between
the white pulp (white star) and red pulp (black star). HE. (b) The red pulp area contains
numerous large macrophages with abundant cytoplasm and frequent cytoplasmic pigment.
HE. Inset: the cells are immunolabeled for hNUMAL. (¢c) Hemophagocytosis is occasionally
indicated by engulfed erythrocytes in the macrophage cytoplasm (bounded by arrowheads).
HE. (d) Marked hemophagocytosis and iron accumulation (inset). Prussian blue. (e-k).
Most of the macrophages are immunolabeled for hCD68 (e), with fewer being positive for
hCD163 (f). The white pulp is populated by human lymphocytes, based on morphology with
HE stain (g) and positive labeling for ANuUMAL (inset). The white pulp contains similar
numbers of CD3-positive T cells (h) and PAX5-positive B cells (i). Most of the T cells are
CD4 positive (j) with fewer CD8-positive cells (k). Figure 16. Lung. There is minimal to
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mild perivascular infiltration of lymphocytes and histiocytes. The histiocytes occasionally
contain intracytoplasmic pigment (inset). Figure 17. Bone marrow. (a) Large histiocytes and
multinucleated giant cells are scattered throughout the bone marrow, occasionally containing
intracytoplasmic pigment (inset). HE. (b) The histiocytes are immunolabeled for hCD68.
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Figures 18 and 19.
NSG-SGM3 mice implanted with transduced hCD34-positive cells. Figure 18. Leukemia,

bone marrow, mouse no. 15. (a,b) A cross-section of a vertebra, with replacement of the
marrow by leukemic cells, which infiltrate into the epidural space and surrounding muscle.
HE. Inset: the leukemic cells are hNuMA-positive. The leukemia is myelomonocytic,

as indicated by positivity for MPO (c) and hCD68 (d). Figure 19. Leukemia as well

as macrophage and lymphocyte infiltrates, liver, . (a) There are aggregates of large
macrophages with cytoplasmic pigment, and admixed small lymphocytic cells. HE. (b)
Intracytoplasmic erythrocytes indicative of erythrophagocytosis. (c) The lymphocytes and
macrophages are immunolabeled for ANuMAL. (d) Multiple aggregates of macrophages
containing blue-staining iron. Inset: higher magnification. Prussian blue. (e-h) These cells
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are positive for hCD68 (e) and hCD163 (f) and are rimmed by mouse F4/80-positive cells
(9), similar to the cells of the humanized mice in Figure 14. Occasional GFP-positive
leukemia cells are present in the liver sinusoids (h, purple chromogen, arrows). (i, j)
Admixed with the macrophages are low numbers of CD3-positive T cells (i) and PAX5-
positive B cells (j).
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Figure 20.
Engraftment of human leukemic cells and human lymphocytes, spleen, mouse implanted

with transduced hCD34+ cells (mouse no. 17). (a) White starred areas indicate white pulp
areas, black stars indicate red pulp. (b) The white pulp is populated by small lymphoid cells
and the red pulp contains myeloid cells and extramedullary hematopoiesis. HE. (c—f) The
white pulp contains a mixture of CD3-positive T cells (c) and PAX5-positive B cells (d). The
myeloid cells in the red pulp are positive for hCD68 (e) and negative for hCD163 (f).
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Figures 21-23.
NSG-SGM3 mice implanted with acute erythroid leukemia (AEL) patient-derived

xenografts (PDX). Figures 21 and 22. Engraftment of human leukemia cells, mouse no.

20. Figure 21. Bone marrow. (a) The marrow is filled with a homogeneous population

of leukemic cells and occasional, scattered pigment-containing macrophages. HE. (b) The
erythroid leukemic cells are positive for GATAL. Figure 22. Macrophage proliferation,
liver. (&) There are aggregates of large macrophages with prominent cytoplasmic pigment.
HE. Inset: cells are positive for ANuMAL. (b) The cells include multinucleated giant cells.
Inset: intracytoplasmic erythocytes indicating erythrophagocytosis. HE. (c) The cytoplasmic
pigment stains positively for iron. Prussian blue. (d-h) The cells are immunolabeled for
hCD68 (d) and hCD163 (e) and are surrounded by mouse F4/80-positive cells (f). Admixed
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within these aggregates are low numbers of leukemic cells, identified by positive GATAL
labeling (g). Surprisingly, this mouse showed no CD3-positive T cells (h); the brown
pigment in the image is iron, not immunolabeling. Figure 23.Macrophage proliferation,
hemophagocytosis, and lymphocytic proliferation; liver, mouse implanted with an AEL
PDX in which the leukemia did not engraft (mouse no. 19). (a) The liver contains mixed
aggregates of macrophages (with cytoplasmic pigment) and small lymphocytes. HE. (b) The
cytoplasmic pigment stains positively for iron. Prussian blue. (c) Low to moderate numbers
of CD3-positive T cells are present.
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Figures 24 and 25.
NRG-SGM3 mice implanted with an acute myeloid leukemia (AML) patient-derived

xenograft. Figure 24. Myelomonocytic human leukemia, bone marrow, mouse no. 21.
HE. Figure 25. Macrophage proliferation, liver, mouse no. 21. (a, b, c) Cells are large,
contain cytoplasmic pigment (a, HE), are immunolabeled for hNuMAL (b). (c) Higher
magnification of Figure 25a. Occasional erythrophagocytosis is present. (d—f) The cytoplasm
labels positively for iron (d, Prussian blue), and the cells are immunolabeled for hCD68
(e) and hCD163 (f). (g) Only occasional cells are positive for myeloperoxidase (darkly
immunolabeled cells are positive, weak immunolabeling is nonspecific). Inset: Leukemia
cells in the kidney had a higher level of myeloperoxidase expression suggesting that

this population in the liver is not the leukemia cells. (h)There is an absence of CD3
immunolabeling (small brown dots are iron pigment, not labeling of T cells), similar to
the mouse with engrafted AEL in Figure 22h.
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Figures 26 and 27.
Inflammatory cell infiltration of the CNS, humanized SGM-SGM3 mice. Figure 26.

Spinal cord (mouse no. 2). (a) Vertebra and spinal cord cross-section. The meninges are
thickened by mixed, patchy infiltrates of immune cells. HE. (b) One area shows prominent
eosinophils. HE. Inset: immunolabeling for ANUMAL. (c) In other areas, the infiltrate is
more lymphocytic, predominantly consisting of CD3-positive T cells. (d) Multiple foci of
hCD68-positive macrophages are scattered in the meninges. Figure 27. Cerebellum, mouse
no. 9. (a) Marked infiltration of macrophages in the right dorsal quadrant. HE. (b) The
infiltrating cells are moderate to large in size, and there are occasional multinucleated giant
cells. However, there is no cytoplasmic pigment as seen in cells in the spleen and liver.

HE. (c) There is extensive infiltration of the cerebellum by hCD68-labeled cells. (d) Small
numbers of CD3-positive T cells are present and only at the periphery of the lesion. (e)
Reactive, proliferating cells that are immunolabeled for mouse F4/80- are present in the
brain parenchyma bordering the macrophage infiltration.
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Clinical Characteristics of NSG Mice with Histiocytosis
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Mouse No.  Model Age (Weeks)  Time After Implantation (Weeks)  Presence of mild hemophagocytosis
25 Transduced hCD34+ HSCs 32 40 No
26 Transduced hCD34+ HSCs 32 40 Yes
27 PDX, B-ALL #1 20 10 No
28 PDX, B-ALL #2 N/Ka N/K No
29 PDX, B-ALL #3 20 10 Yes
30 PDX, B-ALL #4 36 26 Yes

Abbreviations: HSCs, hematopoietic stem cells; PDX, patient derived xenograft; B-ALL, B-acute lymphoblastic leukemia

a
Not known
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Number of mice evaluated for each model and strain

Table 3.

Mouse Strain

Human Cells

Number of Mice Evaluated

NSG

NSG

NSG-SGM3
NSG-SGM3
NSG-SGM3
NSG-SGM3
NRG-SGM3

Transduced hCD34+ HSCs

Leukemia B-ALL PDX, derived from 15 patients
Naive

Humanized, hCD34+ HSCs

Transduced hCD34+ HSCs

Leukemia AEL PDX, derived from 3 patients
Leukemia AML PDX, derived from 1 patient

5
18
3
14
3
8
16

Page 42

Abbreviations: HSCs, hematopoietic stem cells; AEL, acute erythroid leukemia; PDX, patient derived xenograft; AML, acute myeloid leukemia
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Table 4.

Immunohistochemistry methods for antibodies used in the study

Antigen Species’al Dilution  Source, Catalog No. Platform  Antigen Retrieval  Visualization
hNuMA1 H 1:75 Lifespan Biosciences, LS-B11047 Ventanab HIER, CCZC OmniMapd
CD117 /c-Kit  H/M 1:200 Dako Agilent, A4502 Ventana HIER, CCle IVIEWf
MCT H/IM 1:6000 Abcam, ab151757 Ventana HIER, CC2 OmniMap
hMBP H 1:20 Bio-Rad, MCA5751 Ventana HIER, CC2 OmniMap
mMBP M 1:3000 Mayo, MT-14.7 Biocare? EIERh Bio poly’
hCD68 H 1:50 Dako Agilent, M0876 Ventana HIER, CC1 IVIEW
hCD163 H 1:50 Cell Marque, MRQ-26 Ventana HIER, CC1 IVIEW
F4/80 M 1:500 Invitrogen, MF48000 Biocare HIER, TR/ Biotinylk
hCD45 H RTU/ \entana, 760-2505 Ventana HIER, CC1 OmniMap
CD3 H/M 1:1000 Santa Cruz, sc-1127 Ventana HIER, CC1 OmniMap
PAX5 H/IM 1:1000 Abcam, ab109443 Leicam HIER, ER2” BPRDO
hCD4 H RTU Leica, PA0427 Leica HIER, ER2 BPRD
hCD8 H RTU Leica, PA0183 Leica HIER, ER1? BPRD

GFP N/A 1:2000 CLONTECH, 632381 Ventana HIER, CC2 Purpleq
GATA1 H/IM 1:4000 Abcam, ab131456 Ventana HIER, CC1 OmniMap
MPO H/IM 1:1200 Dako, A0398 Ventana HIER, CC1 OmniMap

Abbreviations: MCT, mast cell tryptase; MBP, major basic protein; GFP, green fluorescent protein; MPO, myeloperoxidase
aSpecies reactivity; H, human; M, murine; N/A, not applicable

bVentana DISCOVERY ULTRA automated stainer, Ventana Medical Systems, Inc, Tucson, AZ

cHeat—induced epitope retrieval, Cell conditioning media 2, Ventana Medical Systems, Inc

dDISCOVERY OmniMap anti-rabbit HRP (760-4311), DISCOVERY ChromoMap DAB kit (760-159); Counterstain Hematoxylin Il (Roche,
Indianapolis, IN, 790-2208) and Blueing reagent (Roche, 760-2037)

eHeat—induced epitope retrieval, Cell conditioning media 1, Ventana Medical Systems, Inc
fIVIEW DAB Kit (760-091); Counterstain Hematoxylin 11 (Roche, Indianapolis, IN, 790-2208) and Blueing reagent (Roche, 760-2037)
ginteIIiPATH FLX, BioCare Medical, LLC, Pacheco, CA

hEnzyme-induced epitope retrieval with Proteinase K, DAKO S3020

IRabbit anti-rat secondary antibody (Vector Labs, BA-4001), Rabbit-on-Rodent AP-Polymer (BioCare Medical, Concord, CA, RMR625H), and
Fast Red chromogen kit (BioCare Medical, IPK5017G80); Counterstain hematoxylin (BioCare Medical, IPCS5006L)

JHIER with Decloaking Chamber NsGEN and Target Retrieval, pH 6

kBiotinyIated rabbit anti-rat 1gG, mouse absorbed secondary antibody (Vector Labs, BA-4001); Lab Vision streptavidin peroxidase (Thermo
Scientific, TS-125-HR); DAB chromogen kit (Thermo Scientific, TA-125-QHDX); Counterstain hematoxylin (BioCare Medical, IPCS5006L)

/RTU, ready to use

m . . . .
Leica BOND-MAX automated stainer, Leica Biosystems, Buffalo Grove, IL
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nHIER with Bond Epitope Retrieval Solution 2 (ER2)
UBond Polymer Refine Detection (DS9800); Counterstain Hematoxylin Refine Kit (Leica Biosystems, DS9800)
pHIER with Bond Epitope Retrieval Solution 1 (ER1)

qDISCOVERY OmniMap anti-rabbit HRP (760-4311), DISCOVERY ChromoMap Purple kit (760-229); Counterstain Hematoxylin 1l (Roche,
Indianapolis, IN, 790-2208) and Blueing reagent (Roche, 760-2037)
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Table 5.

CBC Values in NSG-SGM3 Mice. Representative examples for humanized mice, mice implanted with
transduced hCD34+ cells and mice implanted with an AEL PDX, compared to typical values for naive
NSG-SGM3 mice.

Nalive, Rangea Naive, Mean Humanized Mouseb Transduced hCD34+ HSCs® Engrafted AEL PDXd

HCT, % 32.4-375 33.9 8.3 7.0 19.5

RBC x 106/uL 6.5-7.79 7.2 1.25 112 3.47

HB, g/dL 10.2-13.1 11.6 2.2 3 5.7

MCYV, fL 48.1-49.8 47.2 66.2 62.5 26.1

MCH, pg 15.7-16.8 16.2 17.6 26.8 16.4

MCHC, g/dL 31.5-34.9 34.3 26.5 42.9 29.2

RETIC, x1000/ uL  12.5-120.9 54.8 N/De 126.3 1235

RETIC % 0.16-1.86 0.8 N/D 11.28 3.56

Abbreviations: CBC, complete blood count; AEL, acute erythroid leukemia; PDX, patient derived xenograft; HSCs, hematopoietic stem cells;
HCT, hematocrit; RBC, red blood cells; HB, hemoglobin; MCV, mean corpuscular volume; MCH, mean cell hemoglobin; MCHC, mean cell
hemoglobin concentration; RETIC, reticulocyte

HCBC values for 3 naive NSG-SGM3 mice, showing range and mean.
bMouse no.12
DMouse no.16
dMouse no. 20

eN/D, not done
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