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Abstract

Immunotherapy is a powerful treatment strategy being applied to cancer, autoim-
mune diseases, allergies, and transplantation. Although therapeutic monoclonal
antibodies (mAbs) have demonstrated significant clinical efficacy, there is also the
potential for severe adverse events, including cytokine release syndrome (CRS).
CRS is characterized by the rapid production of inflammatory cytokines following
delivery of therapy, with symptoms ranging from mild fever to life-threating pathol-
ogy and multi-organ failure. Overall there is a paucity of models to reliably and ac-
curately predict the induction of CRS by immune therapeutics. Here, we describe the
development of a humanized mouse model based on the NOD-scid IL2rg"“” (NSG)
mouse to study CRS in vivo. PBMC-engrafted NSG, NSG-MHC-DKO, and NSG-
SGM3 mice were used to study cytokine release in response to treatment with mAb
immunotherapies. Our data show that therapeutic-stimulated cytokine release in
these PBMC-based NSG models captures the variation in cytokine release between
individual donors, is drug dependent, occurs in the absence of acute xeno-GVHD,
highlighting the specificity of the assay, and shows a robust response following treat-
ment with a TGN 1412 analog, a CD28 superagonist. Overall our results demonstrate
that PBMC-engrafted NSG models are rapid, sensitive, and reproducible platforms
to screen novel therapeutics for CRS.
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1 | INTRODUCTION

Immunotherapeutics target the immune system to provide
clinical benefits and are powerful treatment strategies being
applied to cancer, autoimmune diseases, allergies, and trans-
plantation.l'4 Numerous approaches for immunotherapies,
including cell-based therapies such as CAR-T, cytokine
delivery, and monoclonal antibodies (mAbs) have demon-
strated efficacy in the clinic.’ Many mAb-based therapies
target antigens expressed on the surface of immune cells, in-
cluding lymphocytes and innate immune cells, and can block
ligand-receptor interactions, potentiate ligand-receptor inter-
actions, and stimulate complement-dependent cytotoxicity
(CDC), antibody-dependent cellular cytotoxicity (ADCC),
and antibody-dependent cellular phagocytosis (ADCP).%’
However, with the success of mAb-based therapies there is
also the potential for severe adverse events, including cyto-
kine release syndrome (CRS).8

CRS is characterized by the rapid production of cytokines
following exposure to infectious agents, immune stimulating
agents and therapeutics, and symptoms range from mild, in-
cluding self-limiting fever, to a systemic inflammatory event
with severe pathology and multi-organ failure.”!” In addi-
tion, the pathology associated with SARS-CoV-2 infection
and COVID-19 appears to be in part mediated by cytokine
storm in patients.11 The first reports of CRS stimulated by
immunotherapies were in patients that were treated with an-
ti-CD3 mAb (muromonab or OKT3), and this response was
characterized by the rapid and self-limiting release of inflam-
matory cytokines and fever.'> Since this initial observation
CRS has been documented with several antibody-based ther-
apies, including anti-thymocyte globulin (ATG), rituximab,
obinutuzumab, alemtuzumab, brentuximab, dacetuzumab,
and nivolumab."® One of the more severe cases of CRS was
in patients treated with TGN1412 mAb, an anti-CD28 su-
peragonist developed by TeGenero AG.M A single infusion
with TGN1412 stimulated a systemic inflammatory response
characterized by cytokine release and the development
of life-threatening conditions including multi-organ fail-
ure." Surprisingly, preclinical studies done with TGN1412
showed no evidence of cytokine storm potential in both in
vitro assays and in vivo animal models, including non-human
primates,'®!” highlighting the need for novel screening plat-
forms.'®? There remains a significant gap between pre-clin-
ical testing and clinical trials to efficiently predict CRS.

Humanized mouse models provide a potential transla-
tional bridge for the study and prediction of CRS in vivo.?!
Previous studies have suggested the potential of using immu-
nodeficient mice engrafted with human immune systems to
study CRS, but to date these have not emerged as a standard
preclinical screening tool.”* Here, we describe the develop-
ment of a humanized mouse model based on the NOD-scid
IL2rg””” (NSG) mouse to study CRS in vivo.??" We used

PBMC engrafted NSG, NSG-SGM3, and NSG-MHC-DKO
mice to study cytokine release in response to several immu-
notherapeutics, including anti-CD3, anti-CD28, Keytruda,
anti-thymocyte globulin (ATG), and a TGN1412 analog. Our
data show that PBMC-NSG and PBMC-SGM3 mice capture
the variation in cytokine release between individual human
PBMC donors. Moreover, cytokine release responses were
demonstrated even in genetically modified NSG mice that
do not express MHC class I or class II and do not develop
acute GVHD following PBMC injection. Overall the PBMC
engrafted NSG, NSG-MHC-DKO, and NSG-SGM3 mouse
models enabled the detection of cytokine release stimulated
by several mAbs and are rapid, sensitive, and reproducible
platforms to screen novel therapeutics for inflammatory
events.

2 | MATERIALS AND METHODS
2.1 | Engraftment of human PBMC in NSG
mice

Female NOD.Cg-Prkdc*™ 112rg™™"/Sz] mice (NSG, stock
number 005557), NOD.Cg-Prkdc*™ 112rg™™" Tg(CMV-
IL3,CSF2,KITLG)1Eav/MloySz] (NSG-SGM3, stock num-
ber 013062, express human stem cell factor, GM-CSF, and
1L3%%3Y), and NSG-H2-AbI™™" H-2K]™!BP¢ f_2p™IBpe
mice (NSG-MHC-DKO, stock number 025216) have been
described previouslySO’32 and were purchased from The
Jackson Laboratory (Bar Harbor, ME). All animals were
housed in a specific pathogen free facility in microisolator
cages, given autoclaved food and maintained on acidified
autoclaved water at The Jackson Laboratory or alternated
weekly between acidified autoclaved water and sulfamethox-
azole-trimethoprim medicated water (Goldline Laboratories,
Ft. Lauderdale, FL) at the University of Massachusetts
Medical School. All animal procedures were done in ac-
cordance with the guidelines of the Animal Care and Use
Committee of The Jackson Laboratory and the University of
Massachusetts Medical School and conformed to the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National
Research Council, National Academy of Sciences, Eighth
Edition 2011).

2.2 | Flow cytometry

Human immune cell populations were monitored in PBMC-
engrafted mice using mAbs specific for the following human
antigens; CD45-PerCPCy5.5 (clone HI30), CD3-FITC (clone
UCHT1), CDI19-APC (clone HIB19), CD33-PE/Cy7 (clone
P67.6), CD14 APC-Cy7 (clone HIB19), and CD56-PE (clone
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HCD56). All antibodies were purchased from BioLegend (San
Diego, CA). Whole blood was collected in heparin, and then
100 pL of blood was washed with FACS buffer (PBS supple-
mented with 2% of fetal bovine serum (FBS) and 0.02% of so-
dium azide) and pre-incubated with rat anti-mouse FcR mAb
(clone 2.4G2, BD Biosciences) to block binding to mouse Fc
receptors. Specific mAbs were then added to the samples and
incubated for 30 minutes at 4°C. Stained samples were washed
and treated with BD FACS lysing solution. At least 50 000
events were acquired on LSR II or FACSCalibur instruments
(BD Biosciences). Data analysis was performed with FlowJo
(Tree Star, Inc, Ashland, OR) software.

2.3 | Induction of cytokine release in
PBMC-NSG, PBMC-NSG-MHC-DKO, and
PBMC-NSG-SGM3 mice and quantification of
human cytokines

Mice were either preconditioned with irradiation (100 cGy,
IR) at least 4 hours before human PBMC injection or left non-
irradiated (non-IR). Cryopreserved human PBMC were pur-
chased commercially from Astarte Biologics (Bothell, WA),
AllCell Technologies (Chicago, IL), Lonza (Walkersville,
NC), and STEMCELL Technologies (Vancouver, Canada),
see Table S1. PBMCs were washed twice with PBS after
thawing, then, injected intravenously (IV) into NSG, NSG-
MHC-DKO, or NSG-SGM3 mice (strains described in
Table S2) at the indicated cell numbers. Following PBMC in-
jection, mice were observed daily for overall health including
general appearance of the fur, mobility, and body weights.

To stimulate cytokine release, PBMC-NSG, PBMC-
NSG-MHC-DKO, and PBMC-SGM3 mice were injected in-
travenously (IV) with human-specific antibodies including,
OKT3 (anti-CD3, 0.5 mg/kg, BioLegend, San Diego CA,
ANC28 (anti-CD28, 1 mg/kg, Millipore-Sigma, St. Louis,
MO), KEYTRUDA (anti-PD-1, 5 mg/kg, Merck Oncology,
Kenilworth, NJ), ATG (anti-thymocyte globulin, 1 mg/kg,
Sanofi Genzyme, Cambridge, MA), or a TGN1412 analog
(anti-CD28, 0.5, 1 and 2 mg/kg, Creative Biolabs, Shirley,
NY). PBS injection was used as a negative control in all
experiments. Mice were bled at the indicated time points
and serum was collected and analyzed for human cytokines
(IFN-gamma, IL10, IL6, IL2, IL4, and TNF) using a BD
Cytometric Bead Array (CBA) Human Th1/Th2 Cytokine kit
II (BD-Biosciences, San Jose, CA).

2.4 | Monitoring of body temperatures of
NSG mice

Rectal temperatures of PBMC-NSG and PBMC-SGM3 mice
were measured before treatment and again immediately
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before each time-point bleed. Temperature was measured by
the insertion of a rectal thermocouple probe and waiting until
a stable reading was obtained.

2.5 | Invitro assay for evaluating cytokine
release by human PBMC

To evaluate in vitro cytokine release, PBMC were incubated
in 96 well tissue culture plates at 37°C/5% CO, for 48 hours
in the presence of OKT3, anti-CD28, or PBS. One day prior
to addition of PBMC, plates were coated overnight with
OKT3 (0.1 mg/mL) and anti-CD28 (0.2 mg/mL) in PBS
at 4°C. Cryopreserved PBMC were thawed, resuspended
in RPMI supplemented with 10% FBS, 100 U/mL penicil-
lin G, 100 pg/mL streptomycin sulfate, 2 mM L-glutamine,
1% (v/v) nonessential amino acids solution, 50 pM 2-mer-
captoethanol, and 1 mM sodium pyruvate, and washed
once. Viability counts were performed, and 1 X 10° viable
PBMC were added to each well. Supernatants were harvested
48 hours later, and cytokine levels were measured by a BD
CBA Th1/Th2 II kit.

2.6 | Statistical analysis

Statistical analyses were performed using GraphPad PRISM
8.0 software. Data significance (P values) was calculated
using one-way and two-way ANOV As and Bonferroni's mul-
tiple comparisons test. All error bars represent the SEM. For
all statistical analyses, significance is defined as P < .05 or
indicated as NS (none significant).

3 | RESULTS

3.1 | Cytokine profiles in the PBMC-NSG
model captures donor variability in response to
in vivo stimulation with therapeutic antibodies

To evaluate the in vivo production of human cytokines follow-
ing treatment with monoclonal antibodies, we used PBMC-
injected NSG (PBMC-NSG) mice that were preconditioned
with irradiation (100 c¢Gy) and injected IV with 20 million
PBMC. NSG mice support rapid and efficient engraftment
with human PBMC that results in survival and activation
of human T cells and the development of acute-xenogeneic
(xeno) GVHD. We evaluated the conditions for PBMC en-
graftment regarding preconditioning with irradiation, animal
health, cell number, and engrafting immune cell subsets as
described in Figures S1-S3. We next evaluated 10 donors
for therapeutic-induced cytokine release in NSG-PBMC
mice. NSG mice were irradiated and injected with 20 million
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PBMC from 10 different donors (4692, 4625, 4668, 362, 366,
345, 213, 364, 353, 309). Six days later, PBMC-NSG mice
were treated with PBS, OKT3, or anti-CD28 mAb (ANC28),
and sera was collected 6 hours later for human cytokine anal-
ysis (Figure 1). Treatment with OKT3 stimulated significant
amounts of IFN-gamma for 8 out of 10 donors (greater than
2000 pg/mL for donors 4692, 4625, 4668, 362, 366, 345,
213, 309, Figure 1A). Moreover, anti-CD28 treatment also
induced human IFN-gamma for three donors (4692, 4668,
362). Treatment with OKT3 stimulated significant amounts
of human IL10 for 8 out of 10 donors (4692, 4625, 4668,
362, 366, 345, 213, 309), with donor 4692 also showing an
IL10 response after treatment with anti-CD28 (Figure 1B).
Treatment with OKT3 stimulated significant amounts of
human IL6 for 9 out of 10 donors (4692, 4625, 4668, 362,
366, 345, 213, 353, 309), with donors 4692, 362, and 345
also showing an IL6 response after treatment with anti-CD28
(Figure 1C). Treatment with OKT3 stimulated significant
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release of human IL2 for all 10 donors (4692, 4625, 4668,
362,366, 345,213,364, 353, 309), but no IL2 responses were
observed after anti-CD28 treatment (Figure 1D). Treatment
with OKT3 stimulated significant amounts of human IL4 for
9 out of 10 donors (4692, 4625, 4668, 362, 366, 345, 213,
364, 309), with donors 4692, 4668, 362, and 366 also showing
an IL4 response after treatment with anti-CD28 (Figure 1E).
Treatment with OKT3 stimulated significant amounts of
human TNF for all 10 donors (4692, 4625, 4668, 362, 366,
345, 213, 364, 353, 309), but minimal TNF responses were
observed after anti-CD28 treatment (Figure 1F). In addition,
we observed that by 6 hours after treatment, levels of human
T cells were significantly decreased in the blood of NSG-
PBMC mice injected with OKT3 or anti-CD28, as compared
to PBS-treated mice (Figure S2D). Together these data high-
light the ability of the PBMC-NSG model to capture the
donor variability in cytokine release following treatment with
OKT3 and anti-CD28.
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FIGURE 1

4692 4625 4668 362 366 345 213 364 353 309
Donors

Variation in donor-specific cytokine release in PBMC-NSG mice. Irradiated (100 cGy) NSG mice were injected IV with PBMC

(20 x 10° cells) from 10 donors (4692, 4625, 4668, 362, 366, 345, 213, 364, 353, 309). On day 6 post-engraftment, PBMC-NSG mice were treated
IV with PBS, OKT3 (0.5 mg/kg), or anti-CD28 (1 mg/kg) as described in the Materials and Methods. Six hours after treatment sera were collected
for human cytokine analysis including, (A) IFN-gamma, (B) IL10, (C) IL6, (D) IL2, (E) IL4, and (F) TNF. Cytokine levels (pg/mL) + SEM are
shown. Each experimental group represents three to five mice. *P < .05, **P < .01, ¥¥*P < .001, ****P < 0001
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FIGURE 2 Cytokine release in NSG-MHC-DKO mice that do not develop acute xeno-GVHD. NSG and NSG-MHC-DKO mice were
irradiated and then injected with 20 million PBMC from donor 4536. A, levels of human CD45+ and (B) human immune cell subsets (CD3+ T
cells, CD19+ B cells, CD14+ monocytes, and CD56+ NK cells) were evaluated by flow cytometry in the peripheral blood. Each symbol represents
an individual mouse. C-H, Irradiated NSG and NSG-MHC-DKO mice were injected IV with PBMC (20 X 10° cells) from donor 4536. Day 6
post-PBMC engraftment, mice were treated IV with PBS, OKT3 (0.5 mg/kg), and Keytruda (5 mg/kg) as described in the Materials and Methods.
Six hours after treatment serum was collected for human cytokine analysis including, (C) IFN-gamma, (D) IL10 and (E) IL6, (F) IL2, (G) IL4,

and (H) TNF. The results are representative of three independent experiments. Each experimental group represents five mice. Cytokine levels (pg/
mL) + SEM are shown. **P < .01, ***P < .001
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FIGURE 3 Comparison of cytokine release using the in vivo PBMC-NSG model and an in vitro PBMC assay. PBMC from five donors

were evaluated for in vivo (A, C, E, G, and I) and in vitro (B, D, F, H, and J) cytokine release. For in vivo cytokine release, irradiated (100 cGy)
NSG mice were injected IV with PBMC (20 X 10° cells) and 6 days post-injection, mice were treated IV with PBS, OKT3 (0.5 mg/mL), or anti-
CD28 (1 mg/mL) as described in the Materials and Methods. Six hours after treatment sera were collected for human cytokine analysis. For in

vitro cytokine release, PBMC were added to plates that were coated overnight with PBS, OKT3, or anti-CD28 as described in the Materials and
Methods. After 48 hours supernatants were collected for human cytokine analysis. Cytokine quantification included: (A, B) IFN-gamma; (C, D)
IL10; (E, F) IL6; (G, H) IL2; (I, J) TNF. Cytokine levels (pg/mL) + SEM are shown. Each in vivo experimental group represents three to five mice,
and in vitro results were performed in duplicate for each donor. *P < .05, ¥*P < .01, ¥***P < .001, ****P < .0001
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FIGURE 4 Donor-specific cytokine release in PBMC-NSG mice is reproducible between experiments. PBMC from donor 213 were used to
setup five independent experiments on different days. Irradiated NSG mice were injected IV with PBMC (20 X 10° to 30 x 10° cells) from donors
213. Day 6 post engraftment mice were treated IV with either PBS, OKT3 (0.5 mg/mL), anti-CD28 (0.2 mg/mL) in one experiment, or in a second
experiment, with PBS, OKT3 (0.1 mg/mL), or Keytruda (5 to 10 mg/kg) as described in the Materials and Methods. Six hours after treatment
serum was collected for human cytokine analysis including, (A) IFN-gamma, (B) IL10, (C) IL6, and (D) TNF. Cytokine levels (pg/mL) + SEM are
shown. Each experimental group represents five to five mice. *P < .05, **P < .01, ¥***P < .001, ****P < .0001

3.2 | Evaluation of cytokine release in
NSG-MHC-DKO mice that do not develop
acute-GVHD

As described above, injection of PBMC into irradiated NSG
mice resulted in the development of acute xeno-GHVD as

the engrafting human T cells respond to mouse MHC.*® It
is possible that this acute xeno-GVHD in PBMC-NSG mice
will alter the magnitude and the specific human cytokines
released during the response to therapeutic antibodies. To ad-
dress the potential contribution of the acute GHVD, we used
a newly developed NSG strain (NSG-MHC-DKO) that lacks
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the expression of mouse MHC.*? This mouse strain supports
the engraftment of functional human T cells but does not
develop the acute GVHD due to the lack of murine MHC
xenogeneic antigens, the primary targets of the xeno-GVHD
response. NSG and NSG-MHC-DKO mice were irradiated
(100 cGy), and then, injected with 20 million PBMC from
donor 4536 (Figure 2). Percentages of human CD45+ cells
were evaluated in the peripheral blood at day 5 and day 10
(Figure 2A), and human immune cell subsets were identified
(Figure 2B). Percentages of human CD45+ cells were simi-
lar between NSG and NSG-MHC-DKO mice on day 5 and
slightly higher in NSG mice on day 10 (Figure 2A). CD3+ T
cells were the dominant immune cell population at day 5 and
day 10, and NK cells were detectable at day 5 in both mouse
strains (Figure 2B). Next, we evaluated the cytokine release
response in PBMC-NSG and PBMC-NSG-MHC-DKO mice.
Six days post-PBMC injection, mice were treated with PBS,
OKT3 or Keytruda, and sera were collected 6 hours later for
human cytokine analysis (Figure 2C-H). The levels of human
IFN-gamma, IL10, IL6, IL2, and IL4 were similar between
the two mouse strains (Figure 2C-G), while levels of TNF
were slightly higher in NSG mice (Figure 2H). Together
these data indicate that the cytokine release detected in
PBMC-NSG mice treated with antibody therapeutics is in-
duced by the drug and not dependent on the development of
acute xeno-GVHD.

3.3 | Comparison of cytokine release
using the in vivo PBMC-NSG model and an
in vitro PBMC assay

In vitro whole-blood or PBMC assays are currently the pri-
mary tools used to determine effects of new biologics on cy-
tokine release during screening.8 Here, we have compared the
in vivo and in vitro assays for stimulation of cytokine release
following stimulation with OKT3 and anti-CD28 using five
PBMC donors (213, 309, 345, 362, and 366, (Figure 3). IR
(100 cGy) PBMC-NSG mice were treated with PBS, OKT3,
or anti-CD28 6 days after PBMC injection, and 6 hours after
treatment sera were recovered for cytokine analysis. For
the in vitro assay, PBMC were incubated with plate-bound
OKT3 or anti-CD28 for 2 days, and then, culture superna-
tants were collected for cytokine analysis. While the human
cytokine profiles stimulated by OKT3 for the in vivo and in
vitro assays were similar with regard to the donor produc-
tion of cytokines, the in vivo PBMC-NSG model was more
sensitive than the in vitro assay for detection of cytokine re-
lease responses from specific donors, including IFN-gamma
production by donor 213 (Figure 3A,B), IL10 production by
donors 213, 309, 345, and 362 (Figure 3C,D), IL6 produc-
tion for donors 213 and 309 (Figure 3E,F), IL2 production
for donors 213 and 345 (Figure 3G,H), and TNF production

for donors 213 and 309 (Figure 31J). Cytokine release stimu-
lated by anti-CD28 was also similar between the in vivo and
in vitro models, with the one exception of donor 345, which
showed an IFN-gamma response with the in vitro assay but
not the in vivo model (Figure 3A,B). Overall levels of human
cytokines detected are higher for the in vitro assay, but the
extremely high amounts of cytokines produced by specific
donors (eg, donor 366 for IL10 and donor 345 for IL6), com-
plicates the interpretation of the data sets and statistical anal-
yses. These data suggest that the in vivo PBMC-NSG model
is a sensitive platform for evaluation of CRS and may enable
the identification of responders that would not be detected by
standard approaches.

3.4 | Cytokine release is reproducible
between experiments with PBMC using the
same donor

We next tested the reproducibility of the cytokine release re-
sponse for an individual donor. For this experiment, PBMC
from donor 213 were used to setup five independent ex-
periments in NSG mice (Figure 4). Six days after injection,
PBMC-NSG mice were treated with the indicated therapeu-
tics or control PBS, and levels of human cytokines were
evaluated 6 hours later. OKT3 and anti-CD28 were used
as treatments in two experiments, and OKT3 and Keytruda
were used in three experiments. Following treatment with
OKT3, PBMC-NSG mice engrafted with cells from donor
213 showed consistent release of human IFN-gamma
(Figure 4A), IL10 (Figure 4B), IL6 (Figure 4C), and TNF
(Figure 4D) as compared to the control PBS. In addition,
donor 213 did not show significant cytokine responses to
anti-CD28 or Keytruda. Together these data demonstrate the
reproducibility of donor-specific cytokine release in PBMC-
NSG mice.

3.5 | Cytokine release in PBMC-engrafted
NSG-SGM3 (PBMC-SGM3) mice

We next compared the induction of cytokine release between
NSG and NSG-SGM3 (SGM3) mice that were engrafted with
PBMC. The SGM3 strain expresses human stem cell factor,
GM-CSF, and IL3.***! NSG and NSG-SGM3 mice were ir-
radiated, and then, injected with PBMC from donor 3251.
Both PBMC-NSG and PBMC-SGM3 mice supported human
PBMC engraftment, and no significant differences were ob-
served for the percentages of human CD45+ cells and the en-
grafting human immune cell subsets in the peripheral blood
at day 5 (data not shown). Six days after injection the PBMC-
NSG and PBMC-NSG-SGM3 mice were treated with IV
with PBS, anti-CD28, Keytruda, or ATG and levels of human
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FIGURE 5 Stimulation of cytokine release by TGN1412 in PBMC-SGM3 mice. NSG-SGM3 mice were irradiated and then injected with

15 x 10° PBMC from donor 3251. Six days after injection PBMC-NSG mice were treated IV with PBS, anti-CD28 (1 mg/kg), or TGN1412 analog
(0.5, 1.0, or 2.0 mg/kg). Serum samples were collected for human cytokine analysis at 1, 2, 4, and 6 hours posttreatment. Cytokine quantification
included; (A) IFN-gamma, (B) IL10 and (C) IL6, (D) IL2, (E) IL4, and (F) TNF. The results are representative of two independent experiments.
Cytokine levels (pg/mL) + SEM are shown. Each experimental group represents four mice. *P < .05, **P < .01, ¥**P < .001, ****P < .0001

cytokines were evaluated 6 hours later (Figure S4). For NSG
mice engrafted with PBMC from donor 3251, therapeutic
treatment-induced minimal IFN-gamma and IL10 responses.
In contrast, treatment of PBMC-SGM?3 mice with anti-CD28
or ATG stimulated the significant release of human IFN-
gamma and IL10 and Keytruda stimulated increased IFN-
gamma but not IL10 (Figure S4). These data suggest that the
PBMC-SGM3 model is a more sensitive platform for testing
cytokine release stimulated by antibody-based therapeutics.
Given the sensitivity of the PBMC-engrafted SGM3
model, we next evaluated the response of PBMC-SGM3 mice

to a TGN1412 analog, a CD28 superagonist antibody that
stimulated a severe cytokine storm and systemic inflamma-
tion in healthy volunteers. 4 NSG-SGM3 mice were irradiated
and then, injected with 1.5 X 10’ PBMC from donor 3251.
Six days after injection PBMC-SGM3 mice were treated
with PBS, anti-CD28 (ANC28, 1 mg/kg), or the TGN1412
analog (0.5, 1.0, or 2.0 mg/kg) (Figure 5). Sera samples were
collected for cytokine analysis at 1, 2, 4, and 6 hours post-
treatment. PBMC-SGM3 mice treated with 1.0 and 2.0 mg/
kg of the TGN 1412 analog showed rapid cytokine release for
all cytokines measured as compared to PBS-treated control
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mice. Human IFN-gamma peaked at 4 hours posttreatment
with 1.0 mg/kg of the TGN1412 analog (6674.1 + 1024 pg/
mL) and 2.0 mg/kg (7532.2 + 1080 pg/mL) (Figure 5A).
Anti-CD28 (ANC28) also induced IFN-gamma in PBMC-
SGM3 mice, reaching peaked by 4 hours (5225.9 + 928
pg/mL). Human IL10 was released in PBMC-SGM3 mice
treated with 1.0 and 2.0 mg/kg of the TGN1412 analog
and anti-CD28, with peak levels at 2 hours for anti-CD28
(348.3 +40.6 pg/mL) and 2.0 mg/kg of the TGN1412 analog
(309.2 + 74.0 pg/mL) and at 4 hours for 1.0 mg/kg of the
TGN1412 analog (275.3 + 51.3 pg/mL) (Figure 5B). IL10
levels were sustained with anti-CD28 treatment at the 6-hour
time point. Human IL6 was detectable in PBMC-SGM3
mice treated with 1.0 and 2.0 mg/kg of the TGN1412 ana-
log and anti-CD28, with peak levels at 4 hours for 1.0 mg/kg
(89.1 + 17 pg/mL) or 2.0 mg/kg (131.5 + 14.8 pg/mL)
of the TGN1412 analog and at 6 hours for anti-CD28
(108.1 + 8.0 pg/mL) (Figure 5C). Human IL2 was detect-
able at 2-, 4-, and 6-hours posttreatment with anti-CD28,
and the levels were significantly higher that any TGN1412
analog-induced responses (Figure 5D). IL2 levels peaked
with anti-CD28 treatment at 6 hours (258.5.4 + 34.4 pg/mL).
TGN1412 analog-stimulated IL2 release peaked at 4 hours
for 0.5 (48.3 + 9.8 pg/mL), 1.0 (70.8 + 9.4 pg/mL), and
2.0 mg/kg (91.1 + 3.1 pg/mL), and IL2 was still detectable
at 6 hours for the 2.0 mg/kg dose. Human IL4 was detect-
able in PBMC-SGM3 mice treated with 1.0 and 2.0 mg/kg
of the TGN1412 analog and anti-CD28, with peak levels
at 4 hours for 1.0 mg/kg (51.1 + 10 pg/mL) and 2.0 mg/kg
(64.1 + 10 pg/mL) of the TGN1412 analog and at 6 hours
for anti-CD28 (62.4 + 8.8 pg/mL) (Figure 5E). Human TNF
was detectable at 1- and 2-hours posttreatment for 1.0 and
2.0 mg/kg of the TGN1412 analog and at 1 hour posttreat-
ment for anti-CD28 (Figure 5F). Levels peaked at the 1-hour
time point for 1.0 mg/kg (286.1 + 117 pg/mL) and 2.0 mg/kg
(601.6 + 91.8 pg/mL) of the TGN1412 analog, and an-
ti-CD28 (294.8 + 76.2 pg/mL). Overall these results show
that the PBMC-SGM3 model reproduced the rapid produc-
tion of multiple cytokines observed from patients treated
with TGN1412,"* and suggest that this model may be an ef-
fective tool for predicting patient cytokine release syndrome
variable responses to immunotherapy.

4 | DISCUSSION

The advent of antibody-based immune therapies has revolu-
tionized the treatment of several human disease states.**’
Over the past decade, a primary application of these immuno-
therapies has been the treatment of malignancies by targeting
immune checkpoint molecules.*® While antibody-based ther-
apeutics are enjoying an unprecedented level of success in
the clinic by targeting cells of the immune system, a number

of clinical trials have reported adverse reactions, including
CRS." Current platforms to screen biologic agents for in-
duction of CRS include in vitro studies with human PBMC
and traditional in vivo animal models such as non-human
primates.'® However, there is still an urgent need for human-
based in vivo CRS screening platforms that are accurate,
translatable, can easily be scaled and will ideally enable the
study of patient-specific responses.8 Here, we describe a hu-
manized mouse model that enables the rapid, sensitive, and
reproducible screening of human-specific therapeutics for
induction of inflammatory events. This humanized platform
is based on engraftment of PBMC into the NSG and NSG-
SGM3 strains. PBMC-NSG and PBMC-SGM3 mice demon-
strated consistent cytokine release following treatment with
antibody-based therapeutics. Moreover, our results dem-
onstrate that cytokine release was also observed in a novel
NSG-MHC-DKO mouse strain that does not develop acute
xeno-GVHD following injection of human PBMC. Together
our data demonstrate the utility of PBMC engrafted NSG,
NSG-MHC-DKO, and NSG-SGM3 mice as an easily scal-
able approach for screening immunotherapies for CRS.
Immunodeficient mice that support engraftment of func-
tional human immune systems are being widely applied to
the study of human immunobiology, including immune sys-
tem development, homeostasis, and function.”! One of the
original immunodeficient mouse strains used for human-
ization was the CB17-SCID mouse.>”™ PBMC-engrafted
CB17-SCID mice were used to evaluate cytokine release
following treatment with OKT3 and modified versions of
OKT3.%® The results of this study showed that OKT3 treat-
ment of PBMC-engrafted CB17-SCID mice stimulated the
release of human cytokines including IFN-gamma, IL10,
TNF, and IL2. However, the model requires the depletion of
mouse NK cells, and human cell chimerism levels in CB17-
SCID mice are highly variable.***' The use of humanized
mice to study human immune systems was advanced signifi-
cantly by the development of immunodeficient mice, includ-
ing NSG, NRG, NOG, and BRG mice that bear mutations
in the IL2r common gamma chain (CD132).42 The common
gamma chain deficiency blocks the development of murine
NK cells and increases levels of human immune cell chime-
rism following injection of human hematopoietic stem cells
or PBMC.304346 PBMC-engrafted NSG mice were shown
to release human cytokines following treatment with OKT3,
but not following treatment with ATG or Campath-1H (an-
ti-CD52).%” In an effort to improve PBMC engraftment and
sensitivity for CRS responses, an NRG mouse expressing
HLA-DQ8 and lacking the expression of murine MHC class
IT was used as a recipient of PBMC. The PBMC-engrafted
NRG HLA-DQ8+ AbI™" mice displayed cytokine release
following treatment with OKT3 and a TGl1412, includ-
ing IFN-gamma, IL10, and TNF, which were also detected
in our experiments.26 However, PBMC-NSG mice in our
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experiments also produced significant levels of human IL6,
IL2, and IL4 following OKT3 treatment (Figure 1), and
PBMC-engrafted NSG-SGM3 mice produced human IL6,
IL2, and IL4 following treatment with a TGN1412 analog
(Figure 5). In addition, PBMC-engrafted NRG HLA-DQ8+
AbI™" also displayed significant pathology following treat-
ment with OKT3 and TGN1412.%° Recent reports have also
demonstrated the efficacy of using the NOG-BLT (bone mar-
row/liver/thymus model)*’ to assess in vivo cytokine release
stimulated by OKT3% and a TGN1412 analog.”> NOG-BLT
mice and NOG-EXL (expressing human GM-SCF and IL3)
BLT mice were also used to demonstrate the induction of ad-
verse reactions to anti-PD-1 therapy (nivolumab), including
pneumonitis and hepatitis.23 However, the BLT model pres-
ents several challenges for high-throughput screening, which
include limited availability of human fetal tissues, ethical
concerns with the procurement, the requirement for survival
surgery and the lengthy time period required for immune sys-
tem development (8 to 12 weeks).48

The 2006 clinical trial using healthy volunteers with
TGN1412 resulted in severe systemic inflammation that be-
came life threatening in all recipients and correlated with a
rapid cytokine release syndrome.'4 High levels of inflamma-
tory cytokines, including TNF, IFN-gamma, IL10, ILS8, IL6,
IL4, IL2, IL1-beta, were detected systemically within hours
of treatment. The severe adverse reactions were not predicted
from preclinical studies done with the TGN1412 antibody in
vitro and in non-human primates.49 The pathologic response
to TGN1412 in individuals correlated with the release of
IL2, IFN-gamma, and TNF by CCR7-/CD28+ effector mem-
ory CD4 T cells.”® CD28 is not expressed by cynomolgus
and rhesus CCR7- effector memory CD4 T-cells, which is
a possible explanation for the lack of cytokine response in
non-human primates. Our results show that PBMC-SGM3
mice treated with a TGN1412 analog have a robust and rapid
cytokine response (Figure 5), including release of human
IFN-gamma, IL10, IL6, IL2, IL4, and TNF. Furthermore,
the PBMC-SGM3 model shows a more robust and sensitive
readout for human cytokine release stimulated by therapeu-
tics as compared to the PBMC-NSG mice (Figure S4). While
the immune cell engraftment profiles are similar between the
PBMC-SGM3 and PBMC-NSG mice, this may be related
to a heightened effector activation profile for human T cells
in NSG-SGM3 mice, as demonstrated in NSG-SGM3-BLT
mice.”! Interestingly, the CRS induced by Keytruda in both
PBMC-NSG and PBMC-SGM3 mice was minor for most do-
nors, matching the clinical response observed in the majority
of patients.5 2

Overall these results indicate that PBMC-engrafted NSG,
NSG-MHC-DKO, and NSG-SGM3 mice described here are
rapid, sensitive, and reproducible models to screen of hu-
man-specific novel therapeutics for induction of inflamma-
tory events. Moreover, our data suggest that the use of PBMC
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for immune system engraftment enables the rapid evaluation
of patient-specific cytokine responses to therapeutics, which
will facilitate the translation to clinical screening. The hu-
manized CRS model established here will provide a poten-
tial platform to test donor-specific responses to therapeutic
options. Studies are currently being conducted with patient
PBMC to directly compare and validate these humanized
models to patient-specific CRS stimulated by immunother-
apies. In additional, these models, specifically the NSG-
SGM3 mouse, may prove useful to study cytokine release by
cell populations isolated from the lungs of acute respiratory
distress syndrome (ARDS) patients, including alveolar mac-
rophages from COVID patients.
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