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ABSTRACT

The tumoricidal efficiency of human CAR-T cells is generally evaluated using immune-deficient mouse
models; however, due to their immune-incompetency and the species-specific reactivity of a target
antigen, these models are problematic to imitate CAR-T-induced adverse effects in the clinic. Epithelial
cell adhesion molecule (EpCAM) is a tumor-associated antigen overtly presented on the cell surface of
various carcinomas, making it an attractive target for CAR-T therapy. Here, we developed an anti-mouse
EpCAM CAR to evaluate its safety and efficacy in immunocompetent mouse models. As previously
reported for their human equivalents, murine EpCAM CAR-T cells exhibit promising anti-tumor efficacy
in vitro and in vivo. However, after CAR-T infusion, various dose-depended toxicities including body
weight loss, cytokine-release syndrome (CRS), and death were observed in both tumor-bearing and
tumor-free mice. Pathological examination revealed unexpected and severe pulmonary immunopathol-
ogy due to basal EpCAM expression in normal lung. While our study validates EpCAM CAR-T's potent anti-
tumor efficacy, it also reveals that EpCAM CAR-T cells used for the treatment of solid tumors may cause
lethal toxicity and should, therefore, be evaluated in patients with caution.
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Introduction can further initiate a series of immune reactions, such as
activating monocytes and macrophages,''* resulting in fatal
cytokine-release syndrome (CRS), or directly attack antigen-
expressing normal tissues (on-target/off-tumor side effect).
Currently available preclinical xenograft mouse models can
be used to evaluate CAR-T cells’ anti-tumor efficacy, but are
poorly predictive of their potential toxicity due to these ani-
mals’ incomplete immune system.'>'* Monocytes and macro-
phages are necessary for CRS induction, while the development
and maturation of these cells are defective in NOD mice.'' The
IL2Ry mutation present in NSG mice also impairs IL-2, IL-4,
IL-7, IL-9, IL-15, and IL-21 cytokine signaling,'>"” which
negatively impacts T cell differentiation, proliferation, and
cell growth.

Epithelial cell adhesion molecule (EpCAM) is a transmem-
brane glycoprotein which is mainly expressed on certain luminal
epithelial cells in an ordered and oriented manner. Upon malig-
nant transformation, EpCAM becomes overexpressed on some
carcinomas cells in an unrestricted pattern,'"®*° leading to
increased accessibility for EpCAM-specific CAR-T cells and
heightened CAR-T activation. Apparently, EpCAM has been
proposed as an ideal target for CAR-T therapy and existing
data demonstrate that human EpCAM targeted CAR-T cells
can eradicate established tumor xenografts without toxicities in

Genetically engineered human T cells expressing a chimeric
antigen receptor (CAR) have been revolutionary for cancer
treatment. In particular, CD19 CAR-T cells have shown
impressive therapeutic responses (70-94% CR) against acute
and chronic leukemia and B lineage non-Hodgkin lymphoma
(NHL),'” such that two CD19 CAR-T products are now
approved by the US Food and Drug Administration for the
treatment of select hematologic malignancies.*” This success of
CD19 CAR-T has inspired researchers to explore the applica-
tion of other antigen-specific CAR-T cells as new therapies,
especially for solid tumors.

Two main issues must be considered before initiating
a CAR-T clinical trial. One is anti-tumor efficacy, which is
the primary purpose of treatment. In the preclinical stage, the
anti-tumor effect of human CAR-T cells can be assessed using
in vitro assays or in immune-deficient mouse models such as
NSG mice bearing human-derived tumors; this can predict the
CAR-T’s therapeutic efficacy to some extent. The other, and
more preeminent one, is the toxicity caused by CAR-T therapy,
which is thought to result from the systemic activation of CAR-
T cells following engagement of target antigen expressed on
tumor cells or normal tissues.> '® Those activated CAR-T cells
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mouse models.”’?* Based on these results, several CAR-T clin-
ical trials targeting EpCAM have already been initiated.”**®
However, although the efficacy evaluation of these pioneer stu-
dies in mice may indeed reflect their anti-tumor potential in
human, the safety assessment might be problematic: first, the
induction of CRS relies on the interaction between exogenous
CAR-T cells and an intact mouse immune system; and second,
the human EpCAM-specific scFv within these CAR constructs
does not recognize mouse autologous EpCAM. Previous clinical
trials suggest that the latter is a prominent issue for any CAR
targeting a tumor-associated antigen: on-target/off-tumor side
effects undetectable in xenograft mouse models may induce
patient lethality.'®*

To rigorously assess the safety of EpCAM CAR-T therapy, we
developed a CAR construct targeting mouse EpCAM and per-
formed safety and efficacy testing in syngeneic immunocompe-
tent mice. Our data show that mouse T cells armed with this
EpCAM-specific CAR display in vivo anti-tumor efficacy similar
to that reported for human-derived CAR-T cells. However, we
also observed severe dose-dependent toxicity after CAR-T infu-
sion. These results indicate that EpCAM CAR-T cell therapy has
a high risk of severe toxicity when applied systemically.

Materials and methods
Mice

Thyl.14, thyl.2+ B6 (C57BL/6 ]), and BALB/c mice were pur-
chased from the Jackson Laboratory and maintained at the
animal facility of Duke University under specific pathogen-free
conditions. Thyl.1+ thyl.2+ B6 mice were generated by mating
B6 albino with thyl.1+ B6 mice. All murine studies were per-
formed in accordance with guidelines and protocols approved by
the Duke University Animal Care and Use Committee.

Cell lines

293 T, 3T3, and 4T1 cells were purchased from Duke University
Cell Culture Facilities. 293 T and 3T3 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Atlanta Biologicals)
and 1% penicillin/streptomycin (Sigma-Aldrich). 4T1 breast can-
cer cell lines were cultured in high glucose RPMI 1640 (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (Atlanta
Biologicals), 1% penicillin/streptomycin (Sigma-Aldrich), 1 mM
sodium pyruvate (Gbico), and 10 mM HEPES (Sigma-Aldrich).
MC38 mouse colon cancer cells were purchased from the Division
of Cancer Treatment and Diagnosis (DCTD) Tumor Repository,
and cultured in DMEM with 10% FBS (Atlanta Biologicals) and
1% penicillin/streptomycin (Sigma-Aldrich). All cells were cul-
tured in a 5% CO, humidified 37° C incubator and tested myco-
plasma free before use.

Construction of CAR plasmid and virus production

CAR structures were cloned into a pMSCV backbone. Mouse
EpCAM-specific CAR scFv is based on the G8.8 antibody that
recognizes the mouse EpCAM antigen.”® The signal peptide,
hinge, and transmembrane domains are derived from mouse

CD8a, followed by mouse CD28, 41BB, and CD3( as costimula-
tory signaling domains. The mouse EGFRvIII-specific CAR is the
same as the EpCAM CAR except for the scFv, which is as
described.>" CAR plasmids, along with a pCL-Eco helper plasmid
(addgene#12371), were transfected into 293 T cells using
Lipofectamine 2000 (Invitrogen) to generate retrovirus. Forty-
eight hours after transfection, supernatants were collected and
filtered using a 0.45 um filter.

Murine T cell culture and transduction

T cells were obtained from the lymph nodes of 6-10 week-
old mice and cultured in RPMI 1640 supplemented with
10% fetal bovine serum (Atlanta Biologicals), 1% penicillin/
streptomycin (Sigma-Aldrich), 2 mM L-glutamine (Gbico),
1 mM sodium pyruvate (Gbico), 0.1 mM nonessential
amino acids (Gbico), 0.05 mM 2-mercaptoethanol (Sigma-
Aldrich), and 50 U/ml mouse IL-2 (Peprotech). Two ug/ml
anti-mCD3 and anti-mCD28 antibody were pre-coated on
plates overnight at 4°C to stimulate T cells for 36 h.
Activated T cells were spin-infected with retrovirus and
Polybrene (6 pg/ml, Sigma-Aldrich) at 2500 rpm 32°C for
90 min. Forty-eight hours after transduction, mouse T cells
were used for experiments.

Flow cytometry

For surface staining, cells were first stained with live/dead dye
(Invitrogen) and incubated with FcR blocker (2.4G2, BD). The
indicated surface-staining antibodies TCRb (H57-597), CD4
(RM4-5), CD8 (53-6.7), Thyl.1 (OX-7), and Thyl.2 (30-H12)
(all from BioLegend), were added directly at 4°C for 30 min.
EpCAM CAR expression was evaluated by recombinant
EpCAM protein tagged with human Fc domain (Novoprotein),
which was detected using fluorochrome-conjugated mouse anti-
human Fc antibody (BioLegend). EGFRVIII CAR expression
using evaluated by biotin-labeled recombinant EGFRVIII pep-
tide (Acro Biosystems), which was detected by fluorochrome-
conjugated streptavidin (BioLegend).

For intracellular cytokine staining, Golgi-blocking monen-
sin and brefeldin A (eBioscience) were added 4-6 h before
antibody staining. T cells were stained with live/dead dye,
FcR blocker, and surface-staining antibodies as described
above; then, cells were fixed in 2% paraformaldehyde-PBS
and permeabilized in permeabilization buffer (Invitrogen)
according to the manufacturer’s protocol. Cells were stained
with anti-mouse IFN-y antibody. Flow cytometry acquisition
was performed using a BD FACSCanto™ II analyzer, and
FlowJo v10 software (Treestar, Inc. Ashland, OR) was used
for data analysis.

In vitro CAR-T proliferation assay

CAR-T cells or control T cells were first incubated with 5 uM
CFSE in PBS with 0.2% BSA at 37°C for 10 min; then, 1 x 10°
effector cells were co-cultured with 1 x 10° 4T1 cells in 6-well
plates for 72 h. Cells were stained with fluorochrome-
conjugated antibodies (TCRb, CD8, CD4; BioLegend) and
analyzed by flow cytometry to detect CFSE dilution. CFSE-



labeled control T cells without 4T1 stimulation served as
a control.

In vitro CAR-T cytolysis assay

For the LDH detection-based method, effector cells (CAR-T or
control T cells) were added to 96-well plates, which contained
1 x 10* target cells (4T1 or 3T3) per well, at increasing effector:
target (E:T) ratios (1:1, 2:1, 4:1, 8:1) for 12 h co-culture. Culture
supernatants were collected and analyzed using a CytoTox 96°
Non-Radioactive Cytotoxicity Assay kit (Promega) according to
the manufacturer’s protocol. Percent cytotoxicity was calculated
based on the OD value of each group according to the formula:
(Experimental - Effector Spontaneous — Target Spontaneous)/
(Target Maximum - Target Spontaneous) x 100%.

For the flow cytometry-based method, MC38 cells (5 x 10%/
well) were labeled with CellTrace violet dye (Invitrogen) and co-
cultured with CAR-T or control T cells in 48-well plates at
increasing E:T ratios (1:1, 2:1, 4:1, 8:1) for 12 h. MC38 cells
without T cells served as a control. All cells in each well were
collected in separate tubes, along with 5 ul CountBright™
Absolute Counting Beads (Invitrogen), and stained with live/
dead dye and TCRDb antibody for flow detection. Live MC38 cells
number in each tube was calculated using beads as an internal
control. %Cytotoxicity was calculated as: (MC38plank tube -
MC38experimental tube)/ MC38experimenta1 tube X 100%.

For the Real-Time Cell Analyzer System (RTCA) based
method, 4T1 cells (1 x 10%*/well) were seeded into 96-well
E-plates (ACEA Biosciences) and monitored using the RTCA
system in cell incubator for 24 h. CAR-T or control T cells were
added at increasing E:T ratios (1:1, 2:1, 4:1, 8:1). Relative cell
impedance (cell index) was monitored for 12 h.

For IncuCyte® live cell analysis, MC38 cells were first seeded
in 96-well plates (3 x 10*/well) for 12 h, after which CAR-T or
control T cells were added at increasing E:T ratios (1:8, 1:4, 1:2,
or 1:1) at time zero. IncuCyte® Cytotox Red Reagent (Essen
BioScience) was then added to the culture medium at a final
concentration of 250 nM, and co-culture plates were incubated
at 37°C with 5% CO, and monitored using the IncuCyte system
(Essen BioScience) every hour for 24 h. Red fluorescence was
normalized to the baseline to quantify dead MC38 cells.

Cytokine ELISA Assay

1 x 10* target cells (4T1, 3T3 or MC38) were cultured with
effector cells (CAR-T or control T cells) at increasing E:T ratios
(1:1, 2:1, 4:1, 8:1) for 12 h. After centrifuging the plate at
1500 rpm for 5 minutes, supernatant was collected and diluted
10 times, then analyzed by mouse IFN-y Quantikine ELISA Kit
(R&D) according to the manufacturer’s protocol.

For animal studies, mouse serum was collected from the tail
vein on day 3 after T cell infusion. Then, 1:10 diluted serum
was tested by mouse IFN-y Quantikine ELISA Kit (R&D) and
mouse IL-6 Quantikine ELISA Kit (R&D) according to the
manufacturer’s protocol.
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Tumor models

For in vivo efficacy experiments, BALB/c mice were inoculated on
the right flank with 1 x 10° 4T1-luciferase cells and treated with
100 mg/kg CTX on day 5. Two days later, mice were intravenously
injected with 3 x 10® CAR-T cells. Tumors were measured twice
per week with calipers and tumor sizes were calculated as
(lengthxwidth®)/2. Mice were intraperitoneally injected with
150 mg/kg XenoLight D-Luciferin, Potassium  Salt
(PerkinElmer) 15 min before in vivo imaging on day 29 using
an IVIS Lumina III in vivo imaging system (PerkinElmer). For the
MC38 tumor model, 2 x 10° MC38 cells were subcutaneously
injected in the right flank, after which mice were treated with
100 mg/kg CTX on day 23 for preconditioning. Two days later,
mice were intravenously injected with 5 x 10° CAR-T cells and
tumor sizes were monitored every one or two days.

For in vivo toxicity studies, BALB/c mice were subcuta-
neously injected with 1 x 10> 4T1 cells or PBS on day 0,
followed by the indicated numbers of CAR-T or control
T cells at the indicated time points. Body weights and animal
behaviors were monitored once per day at a fixed time. Mice
with 20% or more body weight loss were euthanized according
to our approved animal protocol. For the C57BL/6 ] model,
1 x 10° cells MC38 colon cancer cells or PBS were intrave-
nously injected into mice, while T cell infusion procedures
were identical to those in BALB/c mice.

For mouse serum analysis, 1 x 107 CAR-T or control T cells
were transferred into BALB/c mice, and serum was collected
from heart on day 3 post T cell infusion. Samples were analyzed
by ROCHE COBAS Integra 400Plus/C501 according to the
manufacturer’s instruction. All mice were pretreated with
100 mg/kg CTX 2 days before T cell transfer.

T cell in vivo proliferation and accumulation model

EpCAM CAR-modified or untransduced control thyl.1 + T
cells (5 x 10°%) were 1:1 mixed with thyl.2+ untransduced
control T cells (5 x 10°), after which mixed T cells were
intravenously injected into thyl.1+ thyl.2+ B6 mice.
Three days later, peripheral blood was subjected to flow cyto-
metry analysis to evaluate proportions of transferred T cells.
EGFRvIII-specific CAR-T cells containing the same intra-
cellular signaling domains as EpCAM CAR-T were used as
a control. 1 x 107 thyl.2+ derived EGFRVIII CAR-T cells or
EpCAM CAR-T cells were transferred into thyl.1+ B6 mice
separately. Mice were euthanized on day 3 post T cell infusion,
and spleen, colon, and lung were dissected, minced, and
digested to obtain a single-cell suspension. All samples were
incubated in ACK lysis buffer on ice for 30 sec. Numbers of
transferred and recipient T cells in each mouse were analyzed
by flow cytometry. To measure in vivo proliferation, 12 h
before flow analysis, mice were intraperitoneally injected with
20 mg/kg 5-ethynyl-2'-deoxyuridine (EdU) (Cayman
Chemical). Transferred CAR-T cell proliferation (indicated
by EdU staining) was analyzed using a Click-iT Plus kit
(Invitrogen™) according to the manufacturer’s instructions.
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Real-time quantitative PCR

Genomic DNA from spleen, colon, and lung were extracted using
a GenFlute Mammalian Genomic DNA Miniprep Kit (Sigma)
when mice were sacrificed on day 3 post T cell infusion. Each
qPCR reaction was performed with 100-200 ng genomic DNA
using PowerUp™ SYBR™ Green Master Mix (Invitrogen). The
EpCAM CAR-T MSCV plasmid was diluted and mixed with 100
ng of genomic DNA from mice with no T cell transfer to generate
a 6-point standard curve. The lowest limit of quantification
(LLOQ) for this assay was determined by the standard curve at
150 copies/100 ng input DNA. Forward primer: 5-TGC CAG
AGA CTT TGC AGC GTA-3'; reverse primer: 5-CTC TCA
GCT CAT AGC CTC CT-3". The standard cycling mode from
the manufacturer’s instruction was used for the qPCR reaction.

Pathological analysis

Mouse lung, intestine, liver, kidney, heart, and spleen were col-
lected and fixed in 4% paraformaldehyde (PFA) solution in PBS
for 24 h, then embedded in paraffin. Fresh mouse lung was
perfused with PBS before fixation. Five pm sections were cut and
stained with hematoxylin and eosin for light microscopy. For
immunohistochemical staining, sections were deparaffinized
with xylene twice and gradient rehydrated in decreasing concen-
trations of ethanol, and then sections were washed with PBS 3
times, after which sodium citrate buffer (10 mM, pH 6.0) incuba-
tion was used for epitope retrieval (10 min). Peroxidases were
inactivated using 3% H,0O, in methanol. 10% goat serum albumin
in PBS was used to prevent nonspecific binding (60 min). Next,
sections were incubated with anti-mouse EpCAM antibody
(ab221552, 1:1000 dilution) and anti-mouse CD3 antibody
(ab5690, 1:100 dilution) overnight at 4°C. Slides were washed 3
times with PBS and incubated with goat anti-rabbit HRP polymer
(ab214880, 1:1 dilution) for 30 min at 37°C. Slides were developed
using a diaminobenzene (DAB) kit (ab64238) at room tempera-
ture for 30 sec and rinsed in running water for 5 min. Slides were
then counterstained with hematoxylin at room temperature for
1 min. Slides were rinsed in distilled water for 5 min and dehy-
drated with graded ethanol and xylenes, followed by mounting.
Slides were scanned using an Olympus Whole Slide Scanner
(VS120). For T cell counting, fields of each section were randomly
selected. Intestine sections were reviewed and counted blindly by
an independent investigator. Lung sections were analyzed using
Imagepro plus 6 (Media Cybernetics, Inc.).

Statistical analysis

Data analysis was conducted as indicated in the figure legends
using GraphPad Prism 7 software (GraphPad Software Inc., La
Jolla, CA, USA). Welch’s t test was used when the two samples
had unequal variances. P < .05 was considered as statistically
significant; *P < .05; **P < .01; ***P < .001; ****P < .0001.

Results
In vitro activity of mouse EpCAM-targeted CAR-T cells

To investigate the possible impact of an intact immune system
on EpCAM CAR-T therapy, we genetically engineered mouse

T lymphocytes with retrovirus comprising a third-generation
CAR moiety (Figure 1a).”* This CAR construct encodes
a single-chain variable fragment (scFv) derived from a rat anti-
mouse EpCAM monoclonal antibody (mAb) G8.8% followed
by a mouse CD8a hinge and transmembrane segment and
cytoplasmic signaling domains. The intracellular signal region
contains the costimulatory domains of both mouse CD28 and
CD137 (4-1BB), followed by the cytoplasmic domain of CD3(,.
To accurately monitor CAR surface expression, we generated
a recombinant protein consisting of mouse EpCAM tagged
with a human IgG constant fragment (Fc), which can be readily
detected by fluorescence-labeled anti-human IgG Fc secondary
antibody. As evaluated by flow cytometry, 48 h after retrovirus
transduction (Figure 1b), 60% to 95% of T cells were trans-
duced and expressing the CAR structure on their surface.

We investigated the in vitro activity of these mouse EpCAM
CAR-T cells against various EpCAM positive mouse tumor cell
lines. Both the BALB/c derived breast cancer cell line 4T1 and
the C57BL/6 ] derived colon cancer cell line MC38 express high
EpCAM on the cell surface, making these lines ideal target
cells. Deficient in EpCAM expression, NIH-3T3 fibroblasts
were utilized as a negative control (Figure 1c). We first mea-
sured the target-induced proliferation of EpCAM CAR-T cells.
For this, CFSE-labeled EpCAM CAR-T cells were co-cultured
with 4T1 tumor cells at a 1:1 effector-to-tumor cell (E:T) ratio
for 72 h. While untransduced control T cells had almost no
proliferative response to EpCAM expressing target cells, both
CD4+ and CD8+ subpopulations of CAR-T cells proliferated,
as indicated by dilution of CFSE, in response to target cell
stimulation (Figure 1d).

Antigen-specific cytokine production in CAR-T cells was
examined by both intracellular cytokine staining and
ELISA. In order to target the 4T1 and MC38 cell lines,
EpCAM CAR was introduced into T cells isolated from
BALB/c and C57BL/6 J lymph nodes, respectively, and, co-
cultured at an E:T ratio of 1:1 with the corresponding
target cells. Interferon-gamma (IFN-y) production was
detected after 12-h co-culture in EpCAM-stimulated CAR-
T cells (Figure le), whereas IFN-y secretion was measured
at various E:T ratios (1:1,2:1,4:1 and 8:1) after 12-h co-
culture. CAR-T cells, but not untransduced control
T cells, were activated and secreted IFN-y in a dose-
dependent manner (Figure 1f).

The antigen-specific cytolysis capacity of CAR-T cells was
quantified using lactic acid dehydrogenase (LDH) release and
real-time cytotoxicity assays (RTCA). BALB/c T cells with or
without EpCAM CAR were co-cultured with antigen-positive
4T1 cells or antigen-negative NIH-3T3 cells separately for 12 h,
after which we measured LDH released by killed cells. While
no toxicity was detected against EpCAM negative NIH-3T3
cells, CAR-T cells executed cytolytic activity against the 4T1
cell line (Figure 1g). RTCA also indicated that EpCAM CAR-T
cells effectively kill 4T1 cells in a dose-depended manner
(Figure 1h). Similarly, C57BL/6 ] derived T cells armed with
an EpCAM CAR also specifically and efficiently lysed MC38
colon tumor cells (Figure 1i,j). Together, these in vitro activ-
ities validated functionality and specificity of our murine
EpCAM CAR are similar to those of previously reported
human CAR-T cells.”'~**
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Figure 1. In vitro activity of mouse EpCAM-targeted CAR-T cells. (a) Schematic diagram of EpCAM CAR construction. The mouse 3rd generation EpCAM specific chimeric
antigen receptor is composed of a mouse CD8a signal peptide and antibody derived single-chain variable fragment (scFv), following by a CD8a hinge and trans-
membrane (TM) domain and murine CD28, 4-1BB, and CD3( signaling domains. (b) CAR expression in T cells was evaluated by flow cytometry 48 h after transduction.
Percentages show the numbers of CAR positive cells. Untransduced T cells were used as control. (c) Flow cytometry of EpCAM expression on the indicated target cell
lines. 3T3 cells do not express EpCAM antigen, while both 4T1 (BALB/c breast cancer cell line) and MC38 (C57BL/6J colon cancer cell line) cells are EpCAM positive. (d)
EpCAM CAR-T cells proliferate when co-cultured with 4T1 cells. Untransduced control T cells show no proliferation upon 4T1 stimulation. T cells were stained with
carboxyfluorescein succinimidyl ester (CFSE) and co-cultured with 4T1 or 3T3 cells at 1:1 ratio for 72 h, as indicated, and then analyzed by flow cytometry. (e)
Intracellular IFN-y staining of CAR-T cells or control T cells when co-cultured with different target cells at a 1:1 ratio for 12 h. Cytokine secretion was blocked by brefeldin
A and monensin 6 h before IFN-y antibody staining. (f) ELISA analysis of IFN-y production by CAR-T or control T cells co-cultured with 4T1, MC38, or 3T3 cells in 96-well
plates at increasing effector to target cell (E:T) ratios. Culture supernatant was collected 12 h after incubation. Data were analyzed from three independent experiments.
Data are presented as the mean =+ SD.(g) BALB/c derived EpCAM CAR-T cells specifically kill 4T1 cells in vitro. 4T1 and 3T3 cell lines were incubated with CAR-T or
untransduced control T cells at the indicated E:T ratios for 12 h. CAR-T cytotoxicity was calculated by measuring LDH in the culture medium, which is released by lysed
cells. Means of triplicate wells per group are shown. Data were analyzed from two independent experiments and presented as the mean + SEM. (h) Real-time cell
analysis (RTCA, xCELLigence) was conducted to evaluate lysis of 4T1 cells when co-cultured with CAR-T or control T cells at the indicated E:T ratios for 35 h. Triplicate
wells per group were monitored. Data are presented as the mean + SEM. (i) C57BL/6J derived EpCAM CAR-T cells specifically kill MC38 colon cancer cells in vitro. MC38
cells were incubated with CAR-T or control T cells at the indicated E:T ratios for 12 h. Flow cytometry analysis was used to quantify the residual viable tumor cells. Results
are presented as the percentage of live target cells in cultures without T cells added with six replicate wells per group. Data are presented as the mean + SEM. (j) MC38
cells were incubated with CAR-T or control T cells at the indicated E:T ratios for 24 h. IncuCyte® live cell analysis was used to quantify dead tumor cells. Data are
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significantly extended animal survival (Figure 2d). These
results demonstrate that mouse EpCAM CAR-T cells have
in vivo efficacy against syngeneic tumor transplants in both
BALB/c and C57BL/6 ] mice.

However, during these experiments, we also observed body
weight loss of experimental animals which occurred gradually
following CTX intraperitoneal injection with peak losses reach-
ing an average of 7.9% (ranging from 2.5% to 14.4%) of max-
imum body weight. Although at this treatment dosage, animal
weights eventually recovered with supportive care provided to
mice, the losses were more severe than baseline CTX toxicities
observed in the control group (Figure 3a). To investigate this
further we increased the dosage of transferred CAR-T cells to
5 x 10°% 7 x 10°% and 10 x 10° cells/mouse (Figure 3b-d).
Accompanying this dose escalation, body weight losses in

In vivo efficacy and dose-dependent toxicity of mouse
EpCAM-targeted CAR-T cells

We adoptively transferred EpCAM CAR-T cells into syngeneic
mice to evaluate their in vivo anti-tumor activity. For this,
BALB/c mice were subcutaneously injected with 4T1-
luciferase (4T1-LUC) tumor cells on the right flank. Seven
days after tumor inoculation, and 2 days post cyclophospha-
mide (CTX) preconditioning, 3 x 10° EpCAM CAR-T cells or
control T cells®®>® were infused for therapy. EpCAM CAR-T
cells reduced tumor burdens to undetectable levels in 4/5 mice
on day 29 (Figure 2a). Bioluminescence imaging confirmed
that, in comparison with control T cell treatments, tumor
burdens in CAR-T-treated mice were significantly diminished
(Figure 2b). EpCAM CAR-T cell treatment also impaired
MC38 tumor growth in C57BL/6 ] mice (Figure 2c¢) and
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Figure 2. In vivo activity of mouse EpCAM CAR-T cells. (a) 4T1 tumor volumes after
treatment with EpCAM CAR-T or control T cells. BALB/c mice were inoculated with
1 x 10° 4T1-luciferase cells on the right flank, after which 3 x 10° EpCAM CAR-T
(orange) or control T cells (gray) were intravenously injected into tumor-bearing
mice on day 7. Tumor volumes were monitored twice a week (n=5 mice per arm).
(b) In vivo bioluminescence imaging of 4T1 tumor-bearing mice on day 29 after
tumor inoculation (left). Quantification of bioluminescent signal for each group
(n=5 per group) on day 29. Unpaired two-way Student’s t test (*p=.0263) was
used for statistical analysis; data are presented as the mean + SD.(c) MC38 tumor
volumes after treatment with EpCAM CAR-T or control T cells. MC38 cells were
inoculated in the right flank of C57BL/6J, after which 5 x 10° EpCAM CAR-T
(orange) or control T cells (gray) were intravenously injected into tumor-bearing
mice on day 25. Tumor volumes were monitored every 1 or 2 days (n=7 mice per
arm). (d) Survival curves of control and EpCAM CAR-T-treated mouse cohorts
shown in (c) (n=7 per group, **p=.0096, a log-rank Mantel-Cox test was used for
statistical analysis).

CAR-T treated mice became more severe, recovery times
became longer, and additional toxicity symptoms including
decreased activity, hunched posture, and ruffled fur were
observed. Critically, 5 of 9 mice died or were over the 20%
weight loss limit in the 10 x 10® CAR-T cells treatment group,
which reached the humane point for experiment termination
(Figure 3d, right panel). In contrast, using the same dose
escalation, no significant toxicity was observed in control
T cell-treated mice. Taken together, these data demonstrate
that irreversible toxicity was not a consequence of CTX pre-
conditioning, but rather of EpCAM CAR-T cell infusion.

To examine whether this severe toxicity is strain-specific, we
performed similar CAR-T treatment in C57BL/6 ] mice implanted
with 1 x 10° EpCAM positive MC38 mouse colon cancer cells. We
again observed that infusion of 10 x 10° EpCAM CAR-T cells led
to animal mortality (57.1%, Figure 3e). Toxicity symptoms
became evident in C57BL/6 ] mice on day 3 post infusion, and,
were essentially the same as those observed in BALB/c mice.

To distinguish whether CAR-T-produced mortality results
from CRS or on-target/oft-tumor toxicity, we infused increasing
doses of EpCAM CAR-T cells into tumor-free BALB/c and
C57BL/6 ] mice. Like their tumor-bearing counterparts, non-
tumor-bearing mice also displayed dose-dependent clinical
symptoms, body weight loss, and even lethality (Figure 3f-h).
Upon stimulation with cognate antigen, CAR-T cells release
inflammatory cytokines and chemokines, including IFN-y and
tumor-necrosis factor a (TNF-a), as well as IL6, IL1, and IL10 to
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Figure 3. Mouse EpCAM CAR-T cells induce acute dose-dependent toxicities in
both tumor-bearing and tumor-free mice. Body weight changes of 4T1 tumor-
bearing BALB/c mice after treatment with 3 x 10° (a), 5 x 10° (b), 7 x 10° (c) and
10 x 10° (d, left) EpCAM CAR-modified T cells or untransduced T cells (n=5-9 mice
per group). (d, right) Survival of BALB/c mice treated with 10 x 10° CAR-T or
control T cells (*p=.0159). (e, left) Body weight and survival (e, right) of MC38
tumor-bearing C57BL/6J mice after treatment with 10 x 10° EpCAM CAR-T or
control T cells (n=6 in control group, n=7 in CAR-T treatment group, *p=.0325).
Body weight changes of tumor-free BALB/c mice after treatment with 5 x 10° (f)
and 7 x 10° (g) EpCAM CAR-T (n=5 per arm). (h, left) Body weight changes and
survival (h, right) of tumor-free C57BL/6J mice after treatment with 10 x 10°
EpCAM CAR-modified T cells (n=5 in control group, n=7 in CAR-T treated group,
*p=.0346, a log-rank Mantel-Cox test was used for statistical analysis).

trigger monocyte and macrophage activation, thereby initiating
CRS.'"'* Thus, we analyzed the levels of two major cytokines,
IL-6 (Figure 4a) and IFN-y (Figure 4b), present in sera from
CAR-T treated BALB/c and C57BL/6 ] mice. In comparison with
tumor-bearing mice treated with control T cells, both cytokines
were significantly elevated in both tumor-carrying and tumor-
free CAR-T cell-treated cohorts. Together, these results strongly
suggested that murine EpCAM CAR recognizes and is activated
by EpCAM antigen expressed on non-tumor tissues, resulting in
on-target/off-tumor toxicity.>**"

EpCAM CAR-T cells attack normal lung tissue

We next performed pathological studies in order to identify
target organs recognized by EpCAM CAR-T cells. Among
healthy tissues, EpCAM has the highest expression in mouse
(Figure 5a) and human intestine.***" Also, due to the significant
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significant.

body weight loss observed in mice after CAR-T cell infusion, we
hypothesized that intestine might be the primary target of
EpCAM CAR-T cells such that damage to the digestive system
is the major toxicity. However, histopathological analyses of
tissues collected from CAR-T treated and moribund mice
revealed no obvious pathological changes in mouse intestine
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Figure 5. Alveolar cells express EpCAM and are targeted by EpCAM CAR-T cells. (a)
Representative IHC staining of EpCAM antigen expression of intestine (left) and
lung (right) collected on day 3 after CAR-T cell transfer. Scale bar=200 um (upper
row), 100 pm (lower row).(b) Representative IHC staining of T cells (CD3+) in
intestine (upper panel) and lung (lower panel) of indicated groups. Scale bar=200
um (upper row), 100 um (lower row). Arrows indicate CD3 positive T cells. (c) CD3
positive cell numbers in 10 random 20x magnification fields of intestine and lung
were counted and analyzed. Data are presented as means with SD of CD3 positive
cell in intestine (left, not significant, two-tailed unpaired t-test was used for
statistical analysis) and lung (right, ****p<.0001, two-tailed unpaired Welch’s
t-test was used for statistical analysis).
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(supplement Figure 1a), with no bleeding or ulcers seen by visual
inspection. Moreover, Immunohistochemistry (IHC) staining
showed intact mucosa and villi with no indication of abnormal
lymphocyte infiltration (Figure 5b).

Histopathological screening of other major organs such as
heart, liver, spleen, and kidney (supplement Figure 1b) also
failed to detect any significant pathological changes after CAR-
T treatment regardless of tumor-bearing status. Moreover,
mouse serum biochemical testing for markers indicative of
liver, pancreas, heart, and kidney damage revealed no signifi-
cant differences between mice treated with EpCAM CAR-T
and control T cells (supplement Figure 2).

Because intravenously injected CAR-T cells are known to
first reach and temporally reside in the lung,** we examined
whether EpCAM is expressed in lung tissue. Like the expres-
sion pattern observed in mouse intestine, strong EpCAM
expression was identified in lung bronchioles, where it is
mainly restricted to luminal epithelial cells (Figure 5a).
However, like in intestine, this EpCAM does not cause lym-
phocyte accumulation near bronchioles, which remain intact
(Figure 5b). Nevertheless, we observed other severe pathologi-
cal responses in lung tissue, including congestion (supplement
Figure 1c), diffuse thickening of the alveolar septum, alveolar
structural deterioration, and inflammatory cell infiltration
(supplement Figure 1d). Within the lung, besides bronchial
epithelial cells, EpCAM is also expressed on the surface of
lung alveolar cells, albeit at a lower level (Figure 5a).
Accordingly, we detected massive T cell infiltrated in CAR-T
treated lung tissues (Figure 5b, lower panel and Figure 5c).
These findings suggest that alveolar EpCAM expression in
normal lung recruits EpCAM CAR-T cells, resulting in CAR-
T activation, lung inflammation, and eventual tissue damage.

Antigen-dependent and selective accumulation of EpCAM
CAR-T cells in lung

To quantitatively assess the selective tissue distribution of
infused EpCAM CAR-T cells, we performed transfer experi-
ments with tumor-free mice. For this, we mixed congenitally
labeled control effector T cells (Thyl.2) and EpCAM CAR-T
cells (Thyl.1) at a 1:1 ratio and transferred them into Thyl.1
+ Thyl.2+ recipients. Three days after infusion, flow cytometry
analysis showed that in mouse peripheral blood the ratio
between control T cells and EpCAM CAR-T cells was on
average 2.92:1 (Figure 6a), indicating that approximately two-
thirds (65.8%) of EpCAM CAR-T cells were absent from the
circulation.

To reveal the antigen-dependency of EpCAM CAR-T dis-
tribution, we employed an antigen-irrelevant CAR against
epidermal growth factor receptor variant III (EGFRVIII) as
a reference.’’ EGFRVIII is a tumor-specific antigen (TSA)
generated by a tumor-initiating in-frame deletion of exons
2-7 in glioblastoma cells, such that the EGFRVIII antigen is
absent from normal tissues.” Excluding the antigen-
recognizing scFv segment, the molecular structures of our
EpCAM and EGFRvVIII CARs are identical (supplement
Figure 3a). To assess CAR-T cell localization, 1 x 107 thyl.2
+ EGFRVIII CAR-T cells or EpCAM CAR-T cells were trans-
ferred into thyl.1+ recipient mice separately. Whereas EpCAM
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CAR-T treatment caused significant body weight loss, body
weights of mice in the EGFRVIII CAR-T treatment group
remained stable 3 days post T cell infusion (supplement
Figure 3b). Flow analysis conducted on day 3 further showed
that, compared with EGFRVIII CAR-T cells, EpCAM CAR-T
cell numbers were significantly reduced in blood and spleen
but selectively accumulated in the lung (Figure 6b-c). We next
performed qPCR-based molecular quantification in order to
validate this FACS analysis (supplement Figure 3c). Genomic
DNA was extracted from various tissues and CAR gene copy
numbers were measured, confirming that both EGFRVIII and
EpCAM CAR-T cells have a low presence in the mouse intes-
tine. In contrast, utilizing EGFRVIII CAR as a standard,

EpCAM CAR-T cells accumulate in lung tissue with
a concomitant reduction in the spleen (Figure 6d).

To further demonstrate the impact of cognate antigen on
CAR-T cells, taking proliferation as the parameter, we mea-
sured CAR-T cell activation in tumor-free mice. Sixty hours
post infusion, EAU was intraperitoneally administered to the
mice, after which flow analysis was conducted using T cells
from spleen and lung collected 12 h post EdU labeling. CAR-
T cells were generated in vitro through anti-CD3 and anti-
CD28 stimulated proliferation. Therefore, we observed 20.2%
and 26.5% of EGFRVIII CAR-T cells were labeled with EdU in
the spleen and lung, respectively. This represents the baseline
for remaining CAR-T expansion potential 3 days post transfer



in the absence of cognate antigen. However, for EpCAM
CAR-T cells, 51.3% and 53.9% cells were EdU positive
(Figure 6e and Figure 6f). Based on these results, we conclude
that EpCAM CAR-T cells are activated to proliferate in
response to encountering basal EpCAM expressed in tumor-
free mice.

Discussion

Due to inspiring clinical results demonstrating robust anti-
CD19 CAR-T therapeutic efficacy against hematological malig-
nancies, many attempts have also been made to apply CAR-T
cell therapies for solid tumor treatment. While surface-
displayed TSAs are rare, the current focus is on identifying
tumor-associated antigens (TAAs), which are heavily
expressed on tumor cells but have limited presence in normal
tissues. Due to this basal expression, the major concern for
targeting TAAs is the possibility of on-target/off-tumor side
effects, which may lead to lethality in patients.®'***** With this
caution, EpCAM was considered to be one of the most ideal
TAA target: it is highly expressed on the surface of a variety of
epithelial-derived tumor cells;** and, although it can be found
on the membrane of normal simple epithelia, it is expressed at
lower levels and, most importantly, limited to the basolateral
cell membrane or lateral interfaces of polarized epithelial cells.
The assumption is that, unlike its universal display on the
tumor cell surface, this restricted pattern of expression may
limit the access of EpCAM-specific CAR-T cells in normal
tissues, thereby mitigating on-target/off-tumor effects.

On the one hand, this is indeed the case in our observations:
murine EpCAM-specific CAR-T cells failed to act on intestinal
EpCAM, even though this molecule is highly expressed from
crypts to villi. This indicates that the polarized and restricted
expression of EpCAM shields this molecule from CAR-T access.
On the other hand, while EpCAM expression is rather weak on
the surface of lung alveolar cells, it is sufficient to attract and
activate CAR-T cells. We speculate that tissue anatomy may play
a major role in this discrepancy. Within the GI tract, gut
endothelial cells are connected by tight or adherent junctions,
which are further enclosed by enteric glial cells. Together, this
organization comprises the gut-vascular barrier (GVB).**"*® The
GVB prevents bacteria within the gut from entering the blood-
stream, while similarly impeding circulating EpCAM CAR-T
cells from reaching the basal epithelia. In contrast, within the
lung, alveolar cells are in close proximity (<0.5 pm in distance) to
the capillary to form an alveolar-capillary barrier.* This enables
oxygen and carbon dioxide exchange, but also provides direct
access for EpCAM CAR-T cells to reach their unwanted targets,
and is similar to the fatal case reported by Morgan et al.'’ There,
low basal expression of the HER2 antigen on lung epithelial cells
was shown to activate HER2-targeting CAR-T cells when
infused at a high-dose (10° cells), leading to inflammatory cyto-
kine secretion and lethal toxicity. However, this toxicity was not
observed after the administration of lower doses of HER2 CAR-
T cells, highlighting the importance of optimizing CAR-T
dosing protocols.

For our EpCAM CAR, the severe toxicity was observed in
recipient mice on both BALB/c and C57BL/6 genetic back-
grounds. It is well known that T cell effector responses are
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biased to Th2 type in BALB/c mice, whereas to Thl type in
C57BL/6 mice.”"? Despite these differences, our murine
EpCAM CAR-T cells exhibited comparable levels of lethal
lung toxicity with no obvious differences in severity. This
further supports our belief that mouse lung injury is primarily
caused by direct the on-target-off-tumor CAR-T cytolysis,
while biased T cell differentiation plays a limited role.

In conclusion, the current study highlights the need for
conducting proper preclinical toxicity analysis prior to moving
new CAR-T therapies into the clinic. The dose-dependent, life-
threatening lung toxicity observed here has not been reported
in preclinical models infusing human EpCAM CAR-T into
immunodeficient mice. While several clinical trials examining
EpCAM CAR-T cells are currently recruiting patients, our
results advise investigators to revisit the possibility of severe
off-tumor toxicities. To utilize EpCAM as a viable target, treat-
ment strategies will need to be optimized for human cancer;
these may include: 1) determining a suitable dosage window
with minimal toxicity and sufficient anti-tumor efficiency; 2)
developing a distribution-restricted CAR-T that eradicates
tumors locally; and, 3) modifying the scFv affinity, such that
CAR-T cells can only be activated by the high density of
EpCAM protein which exists on the surface of tumor cells,
but not on lung alveoli.
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