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Abstract

Immuno-oncology (I0)-based therapies such as checkpoint inhibitors, bi-specific
antibodies, and CAR-T-cell therapies have shown significant success in the treat-
ment of several cancer indications. However, these therapies can result in the de-
velopment of severe adverse events, including cytokine release syndrome (CRS).
Currently, there is a paucity of in vivo models that can evaluate dose-response
relationships for both tumor control and CRS-related safety issues. We tested an
in vivo PBMC humanized mouse model to assess both treatment efficacy against
specific tumors and the concurrent cytokine release profiles for individual human
donors after treatment with a CD19xCD3 bispecific T-cell engager (BiTE). Using
this model, we evaluated tumor burden, T-cell activation, and cytokine release
in response to bispecific T-cell-engaging antibody in humanized mice generated
with different PBMC donors. The results show that PBMC engrafted NOD-scid
Ierg"“” mice lacking expression of mouse MHC class I and II (NSG-MHC-DKO
mice) and implanted with a tumor xenograft predict both efficacy for tumor

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; B-ALL, B-cell precursor acute lymphoblastic leukemia; BiTE, bispecific T-cell
engager; CRS, cytokine release syndrome; GVHD, graft-versus-host disease; IL, interleukin; IL2rg, IL-2 receptor subunit y; 10, Immuno-oncology; IR,
Irradiated; mAb, monoclonal antibody; MHC, major histocompatibility complex; MHC-DKO, NSG-H2-Ab1¢™™" [r.oKg™1Bpe [ 2ptmiBre. NOD, NOD/
ShiLtJ; NSG, NOD-scid IL2rg"“”; PBL, peripheral blood lymphocyte; PBMC, peripheral blood mononuclear cell; PD-1, programmed death-1; scFv,
single-chain variable fragments; scid, severe combined immunodeficiency; TNF, tumor necrosis factor.
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1 | INTRODUCTION

Immuno-oncology (I0)-based therapies are an evolving
powerful treatment strategy that targets the immune sys-
tem and harness it to directly kill tumor cells."” There
are numerous approaches for immune-oncology ther-
apeutics which include cell-based therapies (CAR-T),
immune-checkpoint inhibitors (anti-PD-1, anti-CTLA),
antibody-based therapies (T-cell engagers and ADCC),
and cytokine therapies.>* As these therapies directly tar-
get the patient’s immune system, they have the poten-
tial for broad activity across multiple types of cancer.’
Several studies have shown that T cells are major effec-
tor cells in anti-tumor immunity.*” A bispecific T-cell
engager (BiTE) enhances the anti-tumor capabilities of
T cells by re-directing them to recognize tumor-specific
antigens. Most BiTEs have a flexible linker that connects
two single-chain variable fragments (scFv), with one scFv
binding to CD3 on T cells and the second scFv binding
to a tumor-specific antigen, resulting in antigen-specific
but MHC-independent T-cell killing of tumor cells.®™*!
Several BiTEs are in clinical development for hematolog-
ical cancers, and BiTEs targeting solid tumors are enter-
ing clinical trials as well."?

Currently, blinatumomab is the only FDA-approved
BiTE for cancer therapy. Blinatumomab is a CD19xCD3
BiTE antibody approved for use in relapsed and/or re-
fractory B-cell precursor acute lymphoblastic leukemia
(B-ALL) as well as the treatment of minimal residual
disease in patients with B-ALL in complete remission."
Across multiple phase II trials, the rates of complete re-
sponse following blinatumomab treatment range from
30% to 69%.'* Blinatumomab also prolongs survival in
patients with relapsed/refractory (R/R) B-precursor acute
lymphoblastic lymphoma (ALL) and for both Philadelphia
positive and negative ALL."™*> Based on these phase II
trial data, the FDA granted accelerated approval to blina-
tumomab for the treatment of R/R B-ALL.

control by CD19xCD3 BiTE and stimulated cytokine release. Moreover, our find-
ings indicate that this PBMC-engrafted model captures variability among donors
for tumor control and cytokine release following treatment. Tumor control and
cytokine release were reproducible for the same PBMC donor in separate experi-
ments. The PBMC humanized mouse model described here is a sensitive and re-
producible platform that identifies specific patient/cancer/therapy combinations

for treatment efficacy and development of complications.

cytokine release syndrome, humanized mouse, immune toxicity, therapeutic, cytokine storm

All oncology treatment modalities targeting immune
cells, including IO therapies such as blinatumomab or
other BiTEs, have the potential to induce severe toxicities.
A common toxicity associated with several IO therapies
is cytokine release syndrome (CRS).* Extensive immune
cell engagement, proliferation, and activation lead to the
rapid production of cytokines, which has patient-specific
clinical impacts. For example, some patients develop CRS
with higher cytokine responses while other patients only
release very low level of cytokines, and the underlying
mechanisms are not well understood.'*'>* Many patients
only have mild flu-like symptoms, myalgias, and/or a self-
limiting fever. However, some patients experience a severe
inflammatory syndrome including vascular leakage, hy-
potension, pulmonary edema, multi-system organ failure,
and even death.”’™* Since 2006, a variety of cytokine re-
lease platforms have been developed to identify potential
for unanticipated CRS by mAbs prior to clinical trials.**®
However, these in vitro platforms may not be able to dif-
ferentiate adverse cytokine release by immunomodulatory
therapeutics for cancer for which some level of cytokine
release is expected. More complex in vitro systems which
include cancer cells need to be developed to assess both
efficacy and safety of IO therapies. A significant challenge
for pre-clinical evaluation of BiTEs for toxicity and effi-
cacy is the inherent differences among patient's immune
systems. Clinical studies have shown that the severity of
CRS does not necessarily correlate with the extent of cyto-
kine release or the response to therapy.”” Collectively, the
variability between patients and the lack of clear correla-
tions between treatment efficacy, cytokine level and CRS,
makes the prediction of an individual's response to many
drug treatments nearly impossible using tools currently
available.

Mice are one of the most widely used animal mod-
els for the study of IO and for the validation and pre-
clinical evaluation of IO therapies.”® The four major
mouse models used to assess immunotherapies include
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(1) syngeneic mouse tumor models with fully immune-
competent hosts, (2) genetically engineered mouse mod-
els, (3) chemically induced models, and (4) humanized
mouse models. While the first three approaches are
widely used, one major drawback is that they rely on
the murine immune system, which does not recapitu-
late many aspects of the human immune response.”**
Therefore, preclinical models recapitulating a functional
human immune system are critically needed. Previous
studies have demonstrated the potential of using hu-
manized mouse models as a translational bridge for
the study and prediction of CRS in vivo.***”*!73% In this
paper, we describe the novel application of a humanized
mouse model that can simultaneously evaluate both the
efficacy of BiTEs to control tumor burden and the devel-
opment of CRS and that captures variability in responses
for individual patients.

2 | MATERIALS AND METHODS

2.1 | Human PBMC donors

Human PBMC recovered from leukopaks purchased
from either Lonza (Basal, Switzerland) or StemCell
Technologies (Vancouver, British Columbia) using a pre-
viously published protocol.®> PBMCs were cryopreserved
and thawed for injections into recipient mice. Commercial
sources of donor PBMC are shown in Table 1.

2.2 | Celllines

The Raji_Luc cell line is a clonal line that expresses
Firefly luciferase (emission peak wavelength of 550nm)
and was obtained from Creative Biogene and cultured in
RPMI1640 supplemented with L-glutamine, 10% fetal bo-
vine serum (FBS), and 10 pg/mL Blasticidin S HCL.

TABLE 1 Human PBMC donor information.

Donor ID Source

8485 Lonza

8130 Lonza

8259 Lonza

0471 Stem Cell Technologies
0523 Stem Cell Technologies
9602 Lonza

9636 Lonza

9664 Lonza

;'IC-ASEBJournaI

2.3 | Test articles

The amino acid sequences of blinatumomab CD19XCD3
have been previously patented. Anti-CD19-Fc knob and
anti-CD3-Fc hole-encoding fragments were assembled
by PCR, cloned into mammalian cell expression vector,
and transiently transfected into HEK 293 cells (ATCC).
Supernatants were collected, followed by immobilized
metal affinity chromatography. The purity of the BiTE
was confirmed by SDS/PAGE followed by Coomassie
blue staining, and their concentration was determined
by measuring the absorbance at 280 nm. The CD19xCD3
used for this paper has a 94.1% purity. Rituximab was pur-
chased from Genentech, South San Francisco, CA, OKT3
from BioXCell, Lebanon, NH, and anti-CD28 from Ancell,
Bayport, MN.

2.4 | Mice and health status

Female NSG-H2-AbI®™™" H-2K1"'"* H-2D1"™'PP°
mice (NSG-MHC-DKO, stock number 025216) were
obtained from The Jackson Laboratory (Bar Harbor,
ME) at 4-6weeks of age. Following drug treatment,
mice were observed daily for overall health includ-
ing general appearance of the fur, mobility, and body
weight. The animals were euthanized before they ex-
hibited clinical signs and symptoms to avoid unneces-
sary pain and discomfort, according to standard ethical
animal guidelines. All animal procedures were done
in accordance with the guidelines of the Animal Care
and Use Committee of The Jackson Laboratory and The
University of Massachusetts Medical School and con-
formed to the recommendations in the Guide for the Care
and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, National Research Council, National
Academy of Sciences, 1996).

2.5 | Generation of humanized PBMC
mice for the drug treatment

NSG-MHC-DKO mice were preconditioned with irradia-
tion (100cGy, IR) at least 4h before human PBMC intra-
venous (IV) injection (10x 10° or 15x 10° per mouse). Five
days after PBMC engraftment, these PBMC humanized
mice received 2x10° Raji-Luc cells. Six days after PBMC
engraftment, PBMC-NSG-MHC-DKO mice were injected
intravenously (IV) with different drug treatments, includ-
ing CD19XCD3 BiTE, Rituximab, OKT3, anti-CD28, or
TGN1412. PBS injection was used as a negative control in
all experiments.
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2.6 | Flow cytometry

Spleen samples were processed into single-cell suspen-
sions using the GentleMACS tissue dissociator (Miltenyi
Biotec). The cells were passed through a 100-pm screen
and centrifuged. Whole blood (collected in heparin) or
spleen cell suspension was stained with the indicated an-
tibodies. The stained samples were resuspended in 125 pL
of 1X DPBS CMF for acquisition on the flow cytometer.
Flow cytometric data acquisition was performed using
the FACSCanto™ or FACSCantolI™ flow cytometer.
Data were acquired using BD FACSDiva™ software (ver-
sion 8.0 or higher). Antibodies and reagents used here
included: BioLegend human CD45 BV510 clone HI30,
mouse CD45 V421 clone 30-F11, CD19 APC clone HIB19,
CD56 PE clone HCD56, CD14 APCCy?7 clone M5E2, CD33
PECy?7 clone P67.6, CD3 FITC clone UCHT1, CD4 PECy7
clone SK3, CD8 APC clone SK1, CD69 BV510 clone FN50,
and 7AAD.

2.7 | Invivo bioluminescence imaging
Tumor progression of Raji-Luc was monitored by BLI (bi-
oluminescence imaging) using a Xenogen IVIS LUMINA
III in vivo Imaging System (PerkinElmer). For biolumi-
nescence in vivo imaging, mice with Raji-Luc engraft-
ment were anesthetized with isoflurane, injected i.p.
with D-luciferin (150mg/kg), and placed into the imag-
ing chamber of an IVIS imaging system. For biolumines-
cence quantification, a region of interest (ROI) was drawn
manually and bioluminescence was recorded as radiance
(peak photon/s/cm?/sr). Levels of bioluminescence for
mAb or BiTE-treated mice were normalized to levels in
PBS-treated mice.

2.8 | Cytokine analysis

Mice were bled at the indicated time points and serum
was collected and analyzed for human cytokines (IFN-
v, IL10, IL6, IL2, IL4, and TNFa) using a BD Cytometric
Bead Array (CBA) Human Th1/Th2 Cytokine kit IT (BD-
Biosciences). Cytokine levels were shown as either pg/
mL detected or as a fold increase normalized to the PBS-
treated mice for each unique donor.

2.9 | Statistical analysis

Statistical analyses were performed using a parametric
Student's t-test (GraphPad Prism software V6.0) and as in-
dicated in each figure legend. A two-way ANOVA test was

performed for multiple comparisons (GraphPad Prism
software V6.0). *p<.05, **p<.01, **p<.001, ****p<.0001.
Analysis of tumor size and cytokine values by concentra-
tion was carried out using multivariate regression within
each donor. Concentration was used as a categorical value
so no assumption of patterns by concentration was as-
sumed. Fold changes from baseline control (PBS) were
examined for tumor size. Both fold changes and logl0
values of cytokines were estimated by concentration.
Differences in patterns of tumor size and cytokine val-
ues between donors were estimated using an interaction
term (concentration and donor) in the regression model
and the interaction was tested using a likelihood ratio test.
Unadjusted p-values are shown for the interaction terms.
A very conservative Bonferroni correction would use
p <.00083 for statistical significance (controls the a-level
for at least one false discovery). Error bars on the graphs
are 95% confidence intervals.

3 | RESULTS

3.1 | Toxicity and efficacy of CD19xCD3
BiTE in PBMC-humanized mice

In the clinic, a transient cytokine elevation is detected fol-
lowing the first dose of blinatumomab while subsequent
doses provoke minimal cytokine release.’® We tested the
impact of blinatumomab analog CD19xCD3 treatment in
PBMC-engrafted NSG-MHC-DKO mice on the levels of
engrafted human immune cells and on cytokine release
(Figure 1A). NSG-MHC-DKO mice do not develop the
acute xeno-GVHD that is observed in NSG mice after en-
graftment of PBMC and are an effective model to study
human T-cell activation in the absence of direct responses
to xenogeneic murine MHC.*’ NSG-MHC-DKO mice were
irradiated (100cGy) and injected with PBMC (15X 10%) by
IV injection. Six and 8days post-PBMC injection, mice
were IV treated with PBS, OKT3 anti-CD3 mAb (0.25mg/
kg), or CD19xCD3 bispecific antibody (0.1 mg/kg). Whole
blood was collected 6h after treatment on day 6 and 6h
after treatment on day 8, to determine if cytokine produc-
tion would be minimal after the second dose as described in
the clinic with blinatumomab.*® Blood was also collected
on day 8 prior to the second treatment for flow cytometry
and human cytokine analysis (Figure 1A). Human CD3 T
cell levels, including both CD4+ and CD8+, were signifi-
cantly decreased after the first and second treatment with
OKT3 but not after CD19xCD3 bispecific antibody treat-
ment (Figure 1B). This decrease in the levels of human T
cells also correlated with the significant decrease in total
human CD45+ cell levels, as the majority of human cells
at this time point are CD3+. Significant levels of cytokines,
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FIGURE 1 Humanimmune cell populations and cytokine release with various IO treatments in humanized NSG-MHC-DKO mice.

(A) NSG-MHC-DKO female mice were irradiated (100cGy) and injected with PBMC (15X 10%) via the tail vein. Six and 8 days post-PBMC
injection, mice were IV injected with PBS, OKT3 (0.25mg/kg), or CD19xCD3 bispecific antibody (0.1 mg/kg). Whole blood was collected 6h
after treatment on day 6 and on day 8 and on day 8 prior to the second treatment for flow cytometry and human cytokine analysis. (B) Blood
samples were stained with antibodies specific for human CD45, CD3, CD4, and CD8. Symbols indicate individual mice and averages are
shown by the bars. (C) Sera were collected and evaluated for levels of human IFN-y, IL10, IL6, TNFa, and IL2. The data are representative of
three independent experiments. *p <.05, **p <.01, ***p <.001, ****p <.0001.

including IFNy, TNFa, IL10, IL6, and IL2, were detected
after a single dose of either OKT3 or CD19xCD3 bispecific
antibody (Figure 1C). The second dose of OKT3 induced
relatively low amounts of other cytokines with the excep-
tion of IFNy and IL10. The second dose of BiTE induced
very low amounts of cytokine, as compared to the levels of
IFNy and IL10 stimulated by OKT3, mimicking cytokine
release kinetics in patients.?®

We next used the PBMC-humanized NSG-MHC-
DKO model to test in vivo efficacy of IO therapeutics
(Figure 2A). NSG-MHC-DKO mice will support the
growth of Raji-Luc cells (luciferase expressing Raji
tumor cells) as shown in Figure S1 and this growth is
measurable by bioluminescent imaging using an IVIS®
Bioimaging System. NSG-MHC-DKO mice engrafted
with PBMC show similar tumor burden to unengrafted
mice at early time points, but tumor growth is reduced
at later time points as shown with three different PBMC
donors (0523, 9602, and 9636) in Figure S1. The re-
duced tumor burden is attributed to the alloantigen-
specific T-cell response against the Raji-Luc cells.
PBMC-humanized NSG-MHC-DKO were IV injected
with Raji-Luc tumor cells (2x10° cells) on study day
5 (Figure 2A). Approximately 24 h after the tumor cell
injection (study day 6), mice were dosed with various

IO therapeutics. Human cytokine levels and tumor
burdens were determined along with clinical observa-
tions and histology to gauge the effects of different I0
therapies in humanized mice bearing human B lym-
phoblastoid cells (Raji-Luc cells that express CD19 and
CD20 and are, therefore, targets for both CD19xCD3
BiTE and rituximab). To examine whether our PBMC-
engrafted NSG-MHC-DKO platform can recapitulate
patient-specific cytokine release, we tested NSG-MHC-
DKO mice engrafted with three different PBMC donors
(8485, 8130, and 8259) and injected with Raji-Luc cells
prior to treatment with PBS, anti-CD28, Rituximab,
CD19xCD3 BIiTE, or a combination of Rituximab and
CD19xCD3 BiTE. Rituximab is considered a well-
established therapeutic for B-cell lymphomas and was
used for comparison to CD19xCD3 BiTE treatment.*®
At day 5 after PBMC engraftment, mice were confirmed
to have similar percentages of circulating hCD45+ cells
by flow analysis (Donor 8485, 11.6 +0.7; Donor 8130,
14.2+1.1; and Donor 8259, 16.4+1.0). Upon CD19xCD3
(0.25mg/kg) treatment, mice engrafted with individual
PBMC samples showed different cytokine release pro-
files (Figure 2B). Mice engrafted with PBMC from donor
8485 and treated with CD19xCD3 showed significant
levels of human IFN-y, TNFa, I1L10, IL6, IL4, and IL2
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FIGURE 2 Cytokine release with various IO treatments in humanized NSG-variant mice bearing Raji-Luc tumor is donor dependent. (A)

Cohorts of NSG-MHC-DKO female mice were irradiated (100cGy) and injected with PBMC (10 to 20x 10° from either of three different donors:
8485, 8130, and 8259) via the tail vein. After the human immune cells had successfully engrafted (study day 5), 2x 10° Raji-Luc cells were
injected via the tail vein. Twenty-four h after the tumor cell injection (study day 6), mice were dosed with PBS, anti-CD28 (1 mg/kg), Rituximab
(5mg/kg), CD19xCD3 bispecific antibody (0.25mg/kg), or a combination of Rituximab (5mg/kg) and CD19xCD3 bispecific antibody (0.25mg/
kg) by IV injection. Human cytokine levels and tumor burden were measured to gauge the effect of various IO in humanized mice bearing
human B lymphoblastoid cells. (B) Three PBMC donors were evaluated for cytokine release after various IO treatments. Sera were collected 6h
after the injection and analyzed for human IFN-y, TNFq, IL10, IL6, IL4, and IL2. Each symbol represents an individual mouse. Mean cytokine
levels (pg/mL)+SEM, n=>5/group. (C) Humanized mice engrafted with PBMC from donor 8130 were imaged using an IVIS imaging system to
determine tumor burden on study days 8 and 11 as described in Materials and Methods. *p <.05, **p <.01, ***p <.001, ****p <.0001.

as compared to the PBS-treated control mice. Mice en-
grafted with PBMC from donor 8130 and treated with
CD19xCD3 showed significant levels of human IFN-y,
TNFa, IL 4, and IL2 as compared to the PBS-treated
control mice. Mice engrafted with PBMC from donor
8259 and treated with CD19xCD3 showed significant
levels of human IFN-y, TNFa, IL10, and IL4 as com-
pared to the PBS-treated control mice. As previously
described,*! treatment with anti-CD28 stimulated cyto-
kine release in a donor-specific manner for human IFN-
¥, TNFa, IL10, IL4, and IL2. Anti-CD28 treatment did
not stimulate the release of human IL6 from any donors.
Although Rituximab treatment alone did not stimulate
significant cytokine release as compared to PBS-treated
control mice, combination treatment with CD19XCD3
and Rituximab enhanced production of specific cyto-
kines in a donor-specific manner (Figure 2B). In mice
engrafted with PBMC from donor 8259, significantly
higher levels of human TNFa, IL6, IL4, and IL2 were
observed with combination compared to the respective
single agent treatments. Donor 8130 humanized mice

showed significantly enhanced level of IL2 release after
combination treatment with CD19XCD3 and Rituximab
as compared to single agent treatments.

Tumor burden was monitored in NSG-MHC-DKO
mice engrafted with PBMC from donor 8130 and Raji-
Luc cells using the IVIS® Bioimaging System. Treatment
with Rituximab and the combination of Rituximab and
CD19XCD3 resulted in a significant reduction of tumor
burden as compared to PBS and anti-CD28 treated mice
(Figure 2C) on day 8, 2days after injection of test ar-
ticles (Figure 2A). By study day 11, the groups treated
with Rituximab, CD19xCD3 alone, or as a combination,
all showed a significant reduction in tumor burden as
compared to PBS and anti-CD28 treated mice. The reduc-
tion in tumor burden between days 8 and 11 for the PBS-
treated mice is attributed to the human T-cell engraftment
in these mice, although this reduction was not statistically
significant (p=.2). Tumor burdens for mice treated with
anti-CD28 (p=.009) or treated with CD19xCD3 BiTE
(p=.02) were significantly decreased from day 8 to day 11.
These data suggest that PBMC-engrafted NSG-MHC-DKO
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mice implanted with a xenograft tumor can determine
both efficacy and cytokine release within the same
experiment.

3.2 | Dose-response profiles from
multiple donors in PBMC-humanized mice

Clinical data suggest that transient cytokine levels in-
creased with higher doses of blinatumomab.*® Next, we
examined CD19xCD3 dose-response from NSG-MHC-
DKO mice humanized with several different PBMC do-
nors (Figure 3A). While there were similarities for some of
the donors when looking at a single cytokine, each donor
had a unique profile when taking six cytokines (IFN-y,
TNFa, IL10, IL6, IL4, and IL2) into account (Table S1).
The analysis of interaction trends for individual cytokines
among donors showed donor-specific patterns with sig-
nificant differences between production of cytokines from
each donor as shown in Table S1. Interestingly, while all
the donors had comparable engraftment at the time of
dosing (Donor 0471, 7.6+0.9; Donor 0523, 13.06+0.4;
Donor 9602, 11.4+0.9; Donor 9636, 14.4+1.4; and Donor
9664, 16.2+2.4), there was a broad spectrum of baseline
levels for each of the cytokines evaluated. These differ-
ences impacted the evaluation of drug response when cy-
tokine release was normalized to the PBS control group
(Figure 3B). Serum cytokine levels for Donor 0471 post-
CD19xCD3 treatment were all very high. However, when
normalized for the high background, the BiTE-induced
drug response for donor 0471 is minimal. Conversely,
serum cytokine levels in mice humanized with Donor
9602 were relatively low, but the fold changes were higher
than most of the other donors.

In vivo bioluminescence imaging at study days 8 and
10 (2 and 4days after CD19xCD3 treatment) demon-
strated donor-specific drug efficacy (Figure 3C,D). NSG-
MHC-DKO mice engrafted with PBMC from donors 0471,
0523, and 9602 required a higher dose of CD19xCD3
BiTE to reach a statistical reduction in tumor burden. In
contrast, mice engrafted with PBMC from donors 9636
or 9664 showed a significant reduction of tumor burden
with lower doses of CD19xCD3 BiTE. The peak response
day after the single treatment also varied among donors.
Donors 0471 and 9664 demonstrated maximum efficacy
2days post-treatment (day 8), while 9602 and 9636 main-
tained a significant reduction in tumor load for 4days
(day 10). These data demonstrate that the efficiency and
kinetics for tumor control mediated by treatment with
CD19xCD3 BiTE are donor dependent (Figure 3C,D).
Representative IVIS images from mice engrafted with
donor 9636 are shown in Figure 3E. Correlations between
cytokine production and tumor control were also donor

Th|'IC-)A\SEBJourr1C|I

specific (Figure 3 and Table S1). For example, mice en-
grafted with PBMC from donors 0471 and 0523 showed
tumor control with only higher doses of BiTE treatment,
and overall cytokine interactive trends (described in the
Materials and Methods) were similar for these donors.
However, PBMC from donor 9602 showed similar efficacy
for tumor control as compared to donors 0471 and 0523,
but the cytokine interactive trends from 9602 were signifi-
cantly different. Mice engrafted with PBMC from donors
9636 and 9664 showed similar tumor control with lower
doses of BiTE treatment, but cytokine interactive trends
were significantly different. Mice engrafted with PBMC
from donor 9636 showed the highest cytokine levels and
the best tumor control. Collectively, these data demon-
strate that immune cell responses to IO therapeutics are
donor specific and that cytokine release profile or levels
do not directly correlate with treatment efficacy.

3.3 | Platform reproducibility in PBMC-
humanized mice

To evaluate the reproducibility of this platform, two co-
horts of NSG-MHC-DKO mice were humanized with
PBMC from donors 9636 and 9602 in two separate ex-
periments and implanted with Raji-Luc cells 5days after
PBMC engraftment (Figure 2A). The PBMC used for each
donor was collected from the same blood donated. On the
sixth day after PBMC engraftment, mice were dosed with
six different concentrations of CD19xCD3 BiTE. Serum
concentrations of human cytokines were determined from
samples taken 6h after dosing and compared between the
two cohorts. No significant differences were observed for
human IFN-y, TNFa, IL10, IL6, IL4, and IL2, between
mice engrafted with the same donor PBMC (Figure 4A).
Tumor burdens of Raji-Luc cells were monitored in the
treated mice for several days after drug treatment using
the IVIS® Bioimaging System. As was seen for cytokine
release, the response of the various dosages of CD19xCD3
BiTE was not significantly different between mice en-
grafted with the same donor PBMC (Figure 4B). The data
from two independent studies show that this platform is
reproducible and reliable.

3.4 | Treatment-induced T-cell activation
To evaluate the impact of various CD19xCD3 doses on the
subpopulations of engrafted human immune cells, whole
blood and spleens from NSG-MHC-DKO mice engrafted
with donor 8485 PBMC were collected 24h after drug
treatment and analyzed by flow cytometry. Treatment
with anti-CD28 reduced the percentages of human CD45+
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FIGURE 3 Cytokine release with CD19xCD3 bispecific antibody treatment is donor- and dose-dependent in humanized NSG-MHC-
DKO mice bearing human B cell lymphoma. Irradiated NSG-MHC-DKO mice (100 cGy) were IV injected with 10x 10° PBMC (study day 0)
from five different donors, followed by IV injection of 2 x 10° Raji-Luc cells on study day 5. Six days post-PBMC injection, mice were IV
treated with PBS or six concentrations of CD19xCD3 bispecific antibodies as indicated. Sera were collected 6 h after the injection for cytokine
analysis and mice were imaged using an IVIS imaging system to determine tumor burden. (A, B) Sera samples were analyzed for human
IFN-y, TNFa, IL10, IL6, IL4, and IL2 levels and data are shown as either pg/mL (A) or fold change from PBS treatment (B) with n=4 to 5
per group. TNFa and IL4 were below the limit of detection in the 9602 PBS group and in the 0523 PBS group and, therefore, fold changes
were not calculated (indicated by the % symbol in the graphs). (C, D) The efficacy profile of CD19xCD3 bispecific antibody at day 8 (C) and
day 10 (D) in PBMC humanized NSG-MHC-DKO mice bearing Raji-Luc cells were measured using an IVIS imaging system. Data shown
were normalized to the PBS control group. (E) Representative bioluminescence imaging data acquired by an IVIS imaging system that shows
tumor burden on study days 8 and 10 of humanized mice engrafted with PBMC from donor 9636 (n=>5). *p <.05, **p <.01, ***p <.001.

cells and CD4+ T cells in blood and with no significant de-
crease in total cell numbers (Figure 5A). Mice treated with
0.1 and 0.001mg/kg doses of CD19xCD3 BiTE showed
significant decreases in the percentages of CD4+ T cells
in blood, but these levels were increased in the spleen

(Figure 5A), suggesting that T cells were trafficking to
the spleen after treatment. Treatment with the 0.001 mg/
kg dose of CD19xCD3 BiTE resulted in higher numbers
of CD4 T cells in the spleen. To examine T-cell activation
status, CD4 and CDS8 T cells were stained for CD69. Mice
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FIGURE 4 Cytokine release with CD19xCD3 bispecific antibody treatment is donor dependent and reproducible in humanized NSG-
MHC-DKO mice bearing human B cell lymphoma. Irradiated NSG-MHC-DKO mice (100 cGy) were IV injected with 10 x 10° PBMC (study
day 0) from donor 9602 or donor 9636 in two duplicate experiments (I and II). On study day 5, 2x 10° Raji-Luc cells were IV injected. Six
days post-PBMC injection, mice were IV treated with PBS, anti-CD28 (1 mg/kg), or six concentrations of CD19xCD3 bispecific antibodies
as indicated. Sera were collected 6 h after the injection for cytokine analysis and mice were imaged using an IVIS imaging system to

determine tumor burden. (A) The same PBMC donor (donor 9636 or donor 9602) was tested in two independent experiments to assess the

reproducibility of our platform. Sera were analyzed for human IFN-y, TNFq, IL10, IL6, IL4, and IL2 levels and data are shown as pg/mL.

(B) The tumor burden was determined by bioluminescence imaging on study days 8 and 10 as described in Materials and Methods. The data

from two independent studies show that the platform is reproducible and reliable. Data shown were normalized to the PBS control group.

treated with 0.1 and 0.001 mg/kg doses of CD19xCD3
BiTE showed significant increases in the percentages and
numbers of CD69+ CD4 and CD8 T cells in the spleen but
not the blood (Figure 5B). Representative flow cytometry
staining is shown in Figure 5C.

PBMC-engrafted NSG-MHC-DKO mice have very low
levels of engrafting human B cells, and this enables detec-
tion of CD19+ Raji cells by flow cytometry.>’ Flow cytome-
try analysis of the B-cell population (% of CD19*CD3™~ Raji
cells) in the mice indicated that 0.1 and 0.001 mg/kg doses
of CD19xCD3 BiTE treatment significantly decreased the
Raji cells in the blood and spleen (Figure 5D). However,
the lowest dose (0.00001 mg/kg) of CD19XCD3 did not
reduce Raji cell levels in blood and spleen, which cor-
related with the lower level of CD69 T-cell activation
for this group (Figure 5B). In addition, the efficacy of
CD19xCD3 treatment was dose dependent as mice treated
with 0.1 mg/kg had significantly lower levels of CD19+/
CD3— cells relative to mice treated with 0.001 mg/kg
(0.58% and 10.5%, respectively, p=.013) (Figure 5D). It is
important to note that human B cells from the injected
PBMC do not survive in NSG models, and thus will not
be targets for the CD19xCD3 BiTEs. Live animal imaging

of luciferase signal also supported this observation with
the lowest concentration of CD19xCD3 0.00001 mg/kg
showing similar Raji-Luc tumor burden compared to
PBS control (Figure 5E). The anti-CD28 treatments did
not significantly change tumor burden. The changes in-
duced in T-cell activation phenotype with a single dose
of CD19xCD3 BiTE were transient. T-cell populations
(including total CD3+, CD3+/CD4+ and CD3/CD8+ and
CD69+ CD4 and CD8 T cells) were comparable to the PBS
control group 72h after treatment (Figure S2). As shown
with donor 9664, CD19xCD3 induced a transient cytokine
release with peak level at 6h, a decrease at 24h, and re-
turn to basal levels by 72h post-dosing (Figure S3). Levels
of mouse CD45+ cells (percentages or total number) were
not altered by treatment of PBMC-humanized NSG-MHC-
DKO mice (Figure S4).

4 | DISCUSSION

BiTEs are a promising class of molecules in drug devel-
opment, providing great potential for an off-the-shelf
product for targeted immunotherapy.'** For example,
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FIGURE 5 CD19xCD3 bispecific antibody treatment in humanized NSG-MHC-DKO mice bearing Raji-Luc tumor stimulates T-cell
activation. NSG-MHC-DKO mice were irradiated (100cGy) and IV injected with 10x 10° PBMCs (Donor 8485, study day 0), followed

by IV injection of Raji-Luc cells (2x10°) on study day 5. On study day 6, mice were IV treated with PBS, anti-CD28 (1 mg/kg), or three
concentrations of CD19xCD3 bispecific antibodies, and whole blood and spleen were collected 24 h after drug dosing. Blood and spleen
single cells were prepared and stained for flow cytometry as described in the Materials and Methods. (A) Blood and spleen were evaluated
for levels of human CD45+ cells, CD3+ T cells, CD4 T cells, and CD8 T cells, and (B) CD4 and C8 T cells were evaluated for expression

of CD69. (C) Representative flow cytometry data are shown. (D) Treatment efficacy showing cell population (%CD19+ CD3— of CD45+)
change from blood and spleen 24 h post-dosing. (E) Humanized mice engrafted with PBMC from donor 8485 and Raji-Luc cells were imaged
using an IVIS imaging system to determine tumor burden on study day 5 (pre-dosing) and day 8 (48 h post-dosing) as described in Materials
and Methods. The results are representative of three independent experiments. *p <.05, **p <.01, ***p <.001, ****p <.0001.

blinatumomab showed clinical success in B-ALL with (SOC) chemotherapy. However, 7% of patients experi-
increased overall survival and reduction in the incidence enced a CRS event from the MT103-203 study.* CRS and
of selected adverse events compared to standard of care = neurotoxicity are major challenges for the translation of
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new BiTEs to effective therapies with reliable safety.” The
mechanisms underlying the development of CRS are still
poorly understood. Given the complexity of CRS, there is
an urgent need for preclinical models, which can evaluate
both BiTE efficacy and safety and predict the association
between efficacy and immune-related toxicity. Here, we
describe an established PBMC-humanized mouse model
to evaluate CD19xCD3 BiTE, a blinatumomab analog, as
a proof of principle for other new BiTE constructs. The
results show that PBMC-engrafted NSG-MHC-DKO mice
implanted with a tumor xenograft predict both cytokine
release stimulated by CD19xCD3 BiTE and efficacy for
tumor control. Moreover, our findings indicate that this
PBMC-engrafted model also captures variability between
donors for cytokine release and tumor control follow-
ing treatment. Overall, this study demonstrates that the
PBMC-engrafted NSG-MHC-DKO model can provide in-
sights into the efficacy and safety of immunotherapies and
can facilitate the selection of optimal starting doses in the
clinic.

In response to CD19xCD3 BiTE, the PBMC-humanized
mouse model reproduced several key features of human
patient responses to blinatumomab. First, clinical studies
suggested that IFNy, IL6, and IL10 are detected at sig-
nificant levels in the serum of patients treated with bli-
natumomab.*® We also observed significantly increased
serum levels of human IFNy, IL6, IL10, TNFa, IL2, and
IL4 at 6h after treatment followed by a decrease at 24 h.
A second dose of CD19xCD3 did not induce high levels
of cytokine release, consistent with the clinical obser-
vations that only the first infusion causes CRS, and the
subsequent infusions result in mild or reduced CRS.***
Secondly, our model captures the inherent variability in
response between donors. Some donors show strong cyto-
kine responses even with a low dosage, while other donors
are less responsive to CD19xCD3 treatment and only re-
spond to the higher BiTE doses. As reported, 5-15 ug/m?/
day was used as the initial first dose of blinatumomab,®
which is comparable to 0.001665 mg/kg to 0.004995 mpk
dose in mice based on Conversion of Animal Doses to
Human Equivalent Doses.** A dose of 60 pg/m?/day was
established as the maximum tolerated dose of blinatum-
omab, which is comparable to a 0.01998 mg/kg dose in
mice. The six doses we picked for blinatumomab analog
CD19XCD3 study are within the range used for human
patients. Dose curves performed on multiple donors sug-
gest that each PBMC donor has a unique dose-response
and cytokine release profile that is similar to the patient
response to blinatumomab. Thirdly, blinatumomab can
be used as a combination therapy with other drugs: e.g.,
TKI (Dasatinib) or PD-1 inhibitor pembrolizumab. In
vitro studies also suggested that this combination ther-
apy can provide benefit to some patients.*> Results from
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our humanized model (Figure 2C) suggest that combi-
nation treatment with CD19xCD3 BiTE and Rituximab
may provide a beneficial effect in donor-specific manner.
Moreover, our humanized model validated the overall ef-
fectiveness of Rituximab with limited CRS,* and enabled
direct comparisons with the CD19xCD3 BiTE reagent for
tumor burden and cytokine release.

Current clinical data suggest that increasing doses
of BiTE can improve efficacy and that toxic cytokine re-
lease can be uncoupled from cytotoxic T-cell activity.*’
Therefore, ideal dose/exposure for BiTEs should increase
cytotoxic T-cell activity but trigger relatively low cytokine
release. At higher doses, BiTEs may lead to higher cyto-
kine release from T cells and enhance activation of mono-
cytes/macrophage, which in turn release more cytokines.
Currently pre-treatment with corticosteroids along with
dose escalation schemes are recommended to manage
CRS.* Our humanized PBMC model provides a unique
tool that may be useful to evaluate donor-specific thera-
peutic windows.*’ It was proposed that high tumor burden,
aggressive disease condition, and abnormal macrophage
activation are potential contributing factors to CRS.***
We used bioluminescent imaging data to show reduction
in tumor burden as BiTE efficacy and systematic cyto-
kine release as BiTE safety. Using our PBMC-humanized
mouse platform (Figure 3), we were able to identify donors
that showed treatment efficacy at low doses of CD19XCD3
(donor 9636) and donors that showed efficacy at only high
doses (donor 0471). Moreover, we were able to determine
the optimal treatment dose that showed efficacy but did
not induce CRS in specific patient samples, and this varied
for each donor tested. Finally, we also identified donors
that may be a high risk for treatment, only showing effi-
cacy with doses of CD19XCD3 that triggers strong CRS.

Human T cells are the predominant human immune
cell population that survives in NSG mice and NSG-MHC-
DKO mice engrafted with PBMC.*”*° Human B cells, my-
eloid cells, and NK cells are short lived in PBMC-engrafted
NSG mice and NSG-MHC-DKO mice. Based on the high
levels of human T cells in PBMC-engrafted NSG-MHC-
DKO mice, the antibody-based therapeutics that induce
significant cytokine release are T-cell engagers. For ex-
ample, treatment with Rituximab in PBMC-engrafted
NSG-MHC-DKO mice co-implanted with Raji tumors
does not stimulate high levels of cytokines (Figure 3).
Abnormal monocyte and macrophage activation are also
an important source of systemic toxic cytokine release.***’
Sublethal irradiation preconditioning of NSG-MHC-DKO
mice will enable detectable CD14 human monocytes and
CD56dim/CD16+ NK cell survival for 5-7 days at low lev-
els in blood and spleen.’ Studies are ongoing to develop
new humanized NSG mouse models that will enable en-
hanced survival of human myeloid and NK cells after
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PBMC engraftment for safety and efficacy testing of anti-
body therapeutics.

The relationship between T-cell activation and drug
efficacy was explored in this PBMC-humanized mouse
model. For 9664 humanized mice, similar T-cell acti-
vation (%CD69+ CD8 of CD45) between dose 0.1 mg/
kg and 0.001 mg/kg was detected 24 h post-dosing in the
spleen; however, there is significant efficacy difference
between these two different treatment doses, as shown
in Figure 5E. In addition, anti-CD28 treatment induced
higher T-cell activation but no efficacy indicating the im-
portance of targeted therapy. Clinical data also suggest
that nonresponding patients had similar levels of activated
T cells as responders to blinatumomab monotherapy.*?
Therefore, T-cell activation is not suitable to predict drug
efficacy. Ongoing studies using this humanized PBMC
model may determine a better biomarker to predict drug
efficacy. Overall, these findings indicate that the PBMC-
humanized mouse platform developed here is a sensitive
and reliable approach to determine the optimal dose win-
dow for future patient treatment.
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