L)

Check for
updates
Copyright © 2023 Tiic

Authors, some
rights reserved;
exclusive licensee

SCIENCE ADVANCES | RESEARCH ARTICLE

CANCER

EpCAM-targeting CAR-T cell immunotherapy is safe and
efficacious for epithelial tumors

Dan Li't, Xianling Guo?t, Kun Yang>, Yuening Yang', Weilin Zhou', Yong Huang’, Xiao Liang™*,
Jinhua Su', Lin Jiang', Jing Li', Maorong Fu', Haixia He"*>%, Jinrong Yang'”, Huashan Shi’,
Hanshuo Yang’, Aiping Tong’, Nianyong Chen**, Jiankun Hu?*, Qing Xu?*, Yu-Quan Wei'¥,

Wei Wang'*

American Association

for the Advancement

of Science. No claim to
original U.S. Government
Works. Distributed

under a Creative
Commons Attribution
NonCommercial

The efficacy of CAR-T cells for solid tumors is unsatisfactory. EpCAM is a biomarker of epithelial tumors, but the License 4.0 (CC BY-NQ).
clinical feasibility of CAR-T therapy targeting EpCAM is lacking. Here, we report pre- and clinical investigations of

EpCAM-CAR-T cells for solid tumors. We demonstrated that EpCAM-CAR-T cells costimulated by Dectin-1 exhib-

ited robust antitumor activity without adverse effects in xenograft mouse models and EpCAM-humanized mice.

Notably, in clinical trials for epithelial tumors (NCT02915445), 6 (50%) of the 12 enrolled patients experienced

self-remitted grade 1/2 toxicities, 1 patient (8.3%) experienced reversible grade 3 leukopenia, and no higher-

grade toxicity reported. Efficacy analysis determined two patients as partial response. Three patients showed

>23 months of progression-free survival, among whom one patient experienced 2-year progress-free survival

with detectable CAR-T cells 200 days after infusion. These data demonstrate the feasibility and tolerability of

EpCAM-CAR-T therapy.

INTRODUCTION
Chimeric antigen receptor-modified T (CAR-T) cell therapy has
been considered a new paradigm in the treatment of hematological
malignancies due to remarkable clinical benefits and acceptable
toxicity (I-3). Many researchers have attempted to repeat this
success by eradicating solid tumors, but the results are far from sat-
isfactory due to multiple challenges (4). One important hurdle is the
lack of ideal target antigens. Target selection is pivotal for CAR-T
immunotherapy, and the most ideal targets are tumor-specific an-
tigens. However, potential antigens targeted by CAR-T therapy are
not restricted to tumor cells, and they are also expressed on normal
tissues, leading to lethal on-target/off-tumor toxicity to normal
tissues (5, 6). Therefore, comprehensive evaluation of the feasibility
of CAR-T therapy targeting tumor-associated antigens (TAAs) is
required before translating the therapy to clinical applications.
Now, CAR-T therapies targeting TAAs, including disialoganglio-
side (GD2), human epidermal growth factor receptor 2 (HER2),
and mesothelin, have been demonstrated to be tolerable in preclin-
ical and clinical studies (7-9).

Epithelial cell adhesion molecule (EpCAM) is a transmembrane
glycoprotein that is expressed in the epithelia and epithelial-derived
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neoplasms, including lung carcinoma, colorectal cancer, pancreatic
cancer, and other epithelial tumors (10). Previous studies demon-
strated that EpCAM was expressed on cancer stem cells and circu-
lating tumor cells (CTCs) and was closely associated with tumor
recurrence and metastasis (11, 12), leading to the approval of
EpCAM by the Food and Drug Administration as a diagnostic
marker of CTCs of breast, prostate, and colorectal cancers (13).
Many immunotherapies targeting EpCAM, including adecatumu-
mab (anti-EpCAM), the trifunctional antibody catumaxomab
(anti-EpCAM and anti-CD3), and oportuzumab monatox, have
shown promising clinical benefits for patients with EpCAM-ex-
pressing tumors (14-17). It is therefore convincing to develop
CAR-T therapy targeting EpCAM for the treatment of epithelial
carcinomas. Although many preclinical investigations of
EpCAM-CAR-T therapy have shown the inhibition of tumor
growth and metastasis in animal models (18), clinical studies pre-
senting detailed evaluations of the safety and efficacy of EpCAM—
CAR-T therapy are lacking.

Here, in this study, we report the development of CAR-T therapy
targeting EpCAM. We demonstrated that EpCAM—-CAR-T cells
showed robust antitumor efficacy with acceptable safety in immu-
nodeficient mice and EpCAM-humanized immunocompetent
mice. The pilot clinical studies we performed to evaluate the
safety and efficacy of EpCAM—CAR-T cells (NCT02915445) for
treating EpCAM-positive tumors demonstrated that systemic or
peritoneal infusion of EpCAM—CAR-T cells was well tolerated
without any target-directed toxicity. Two of 12 patients had a
partial response to EpCAM~-CAR-T therapy, and three patients
had >23 months progress-free survival (PES). This study demon-
strated that EpCAM was feasible as a target for CAR-T therapy.
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RESULTS

The intracellular domain of Dectin-1 as a suitable
costimulatory domain for the CAR construct of CAR-T cells
Previous studies showed that antitumor efficacy benefited from cos-
timulatory signaling (19, 20). The various costimulatory domains
endow CAR-T cells with different functions. The 4-1BB molecule
enhanced the persistence of engineered lymphocytes (21, 22).
Some CAR-T cells containing the CD28 costimulatory domain
showed an effective antitumor immune response in a short time
(23, 24). Dectin-1—as a non-Toll-like receptor pattern-recognition
receptor that is widely expressed in dendritic cells, monocytes, neu-
trophils, and subpopulations of T cells—is considered a potential T
cell function enhancer (25, 26). In this study, we introduced Dectin-
1, CD28, or 4-1BB costimulatory domains, which have been exten-
sively examined in clinical studies, into EpCAM-CAR (CD28 CAR
/4-1BB CAR /Dectin-1 CAR) and characterized the profile of these
genetically engineered T cells (Fig. 1, A and B) and compared the
Dectin-1 with CD28 and 4-1BB used in CAR to examine the fea-
tures of CAR-T cells with different costimulatory domains. We
first tested the differences in the effector functions of different
CARs. The results of real-time cytotoxicity assay (RTCA) demon-
strated that EpCAM-expressing tumor cells were eradicated by all
CAR-T cells in the coculture system (fig. SIA). The cytotoxicity
of Dectin-1 CAR-T cells to EpCAM-expressing tumor cells was
similar to that of 4-1BB and CD28 CAR-T cells. Coincided with
the antitumor effects, the cytotoxic effector molecules interferon-
y (IFN-y) and interleukin-2 (IL-2) were equally secreted after
CAR-T cells were activated by the EpCAM-positive cell lines HT-
29 and SK-OV-3 (fig. S1B). Next, to investigate the difference of
CD28, 4-1BB, or Dectin-1 costimulator-engaged CAR-T cells, we
performed transcription profile analysis by RNA sequencing
(RNA-seq). After 6 days of CAR modification, CAR-T cells were
stimulated by plate-bounded EpCAM-Fc protein for 24 hours.
And next, mRNA from CAR-T cells was extracted for sequencing.
The cluster analysis demonstrated that Dectin-1 CAR-T cells
showed similar cytokine and cytokine receptor gene signatures
with 4-1BB CAR-T cells, while CD28 CAR-T cells showed higher
enrichment of these genes in the transcription profile than the
other two CAR-T cells (fig. S1C). Meanwhile, analysis of T cell ex-
haustion-related genes showed that the T cell hyporesponsiveness-
related regulatory factor NR4A1 (27) and the inhibitory molecule
CD200 (28) were elevated in CD28 CAR-T cells. In contrast,
Dectin-1 and 4-1BB CAR-T cells had higher expression of the
JUN and FOSB genes, which have been reported to induce exhaus-
tion resistance (fig. S1D) (28, 29). In addition, the results from gene
set enrichment analysis (GSEA) demonstrated that Dectin-1 CAR-T
cells showed enrichment of genes that contribute to central memory
differentiation (fig. SIE), whereas genes related to down-regulate
terminal effector differentiation were enriched in Dectin-1-based
CAR-T cells in contrast to 4-1BB CAR-T cells (fig. S1F). These
results suggest that all types of CAR-T cells have similar antitumor
kinetics in vitro. Dectin-1- and 4-1BB—costimulated CAR-T cells
might have lower immune activation and exhaustion-associated
genes transcription. In contrast, CD28-stimulated CAR may trans-
duce antigen-independent activation signaling, which has been
shown to have tonic signaling transduction and result in CAR-T
cell dysfunction in vivo (30). CAR-T cell anergy has been shown
to be closely related to self-activation and early exhaustion, as well
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as resulting in antitumor efficacy limitations in vivo (30). To test the
findings in gene enrichment and clarify the specific characteristics
of Dectin-1-stimulated CAR-T cells, we compared Dectin-1 CAR-T
cells to CD28 and 4-1BB CAR-T cells in many aspects. First, based
on the findings in RNA-seq, three types of CAR-T cells were per-
formed self-activation and early exhaustion analysis via flow cytom-
etry after 9 days of expansion in vitro. The results demonstrated that
Dectin-1 CAR-T cells retained expression of the costimulatory
signals CD25, CD28, CD69, and CD127, which was similar to
that of 4-1BB CAR-T cells and Mock-T cells (T cell transduced
with empty lentivirus). In contrast, CD28 CAR-T cells had marked-
ly elevated expression of the costimulatory signals CD25, CD28, and
CD69 but reduced CD127 expression (Fig. 1, C and D). In addition,
Dectin-1-based CAR-T cells displayed less early exhaustion con-
firmed by lower checkpoint receptors expression, especially that
of TIM-3 and LAG-3 than CD28 CAR-T cells (Fig. 1E and fig.
S1G). These results confirmed that Dectin-1 CAR-T cells have a
quantitative decrease in early exhaustion and self-activation relative
to CD28 CAR-T cells. Because tonic signaling transduction affects T
cell differentiation, the results from GSEA predicted the differential
expression of differentiation-related genes in various CAR-T cells.
Therefore, we examined the differentiation of different CAR-T cells
with flow cytometry. Different CAR-T cells were activated with
plate-bound EpCAM-Fc protein. Three days later, CAR"CD4"
cells and CAR"CD8" cells were gated for further analysis (fig. S2).
In correspondence with the results from GSEA, Dectin-1
CAR-T cells retained a more central memory phenotype
(CD45RA™CD62L") than CD28 CAR-T cells and fewer terminal ef-
fector T cells (CD45RA"CD62L7) than 4-1BB CAR-T cells (Fig. 1F
and fig. S1H). Previous research demonstrated that a memory phe-
notype is preferable to terminal differentiated effectors in adoptive
therapy due to superior proliferation and persistence (31). A more
central memory phenotype and fewer terminal effector phenotypes
may benefit CAR-T cells that use Dectin-1 for costimulatory signal-
ing. These results demonstrated that because Dectin-1 was associat-
ed with less exhaustion, more memory, and less terminal effector
differentiation, it may be a promising costimulator for CARs in pro-
moting T cell function.

Meanwhile, to exclude the effect from antigen dependence, we
compared HER2-specific CAR-T cells costimulated with the three
different intracellular domains (CD28, 4-1BB, and Dectin-1) (fig.
S3A). Similar results were observed that Dectin-1 endows HER2—
CAR-T cells with superior cytotoxicity (fig. S3, B and C), appropri-
ate immune activation (fig. S3D), reduced exhaustion (fig. S3, E to
G), and increased proportion of central memory phenotype differ-
entiation (fig. $3, H to J). These findings suggested that Dectin-1isa
universal costimulatory domain for CAR-T cells.

An in vivo study was conducted to further validate the findings
in vitro and understand the mechanism and kinetics of CD28-, 4-
1BB-, and Dectin-1-stimulated CAR-T cells. NOD-Prkdc**
IL2rg"""/Bcgen (B-NDG) mice were intraperitoneally inoculated
with HT-29 tumor cells (day —7) that had been modified to stably
express firefly luciferase (Luc). Mice treated with CD28, 4-1BB, or
Dectin-1 stimulated EpCAM—CAR-T cells on days 0, 3, and 7, re-
spectively (Fig. 1G). As shown, the majority of mice that were
treated with different types of EpCAM—-CAR-T cells showed
tumor eradication (Fig. 1H), while two of the six mice that were
treated with CD28 domain-containing EpCAM~-CAR-T cells had
tumor recurrence in a short time, and one mouse has experienced
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Fig. 1. The Dectin-1-stimulated
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delayed tumor regression after receiving 4-1BB CAR-T cell admin-
istration (Fig. 1, H and I). The effective homing and enhanced per-
sistence have contributed to the sustained tumor clearance activity
of Dectin-1- and 4-1BB-containing EpCAM—-CAR-T cells (Fig. 1, ]
and K). The sustained persistence of Dectin-1 and 4-1BB CAR-T
cells was ascribed to more proportion of central memory phenotype
and less terminal effector phenotype (Fig. 1L and fig. S1I). Dectin-1
CAR-T cells have displayed lower exhaustion-associated surface
markers expression, including programmed cell death protein 1
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(PD-1) and LAG-3, which was consistent with 4-1BB CAR-T cells
(Fig. 1, M and N, and fig. S1J). Combined the findings in vitro and
in vivo, we confirmed that Dectin-1 promotes CAR-T cells function
by increasing memory differentiation, resistance to exhaustion, and
decreasing terminal effector phenotype, which may benefit CAR-T
cells’ persistence and survival in vivo.

Considering the priorities found above, we determine to costi-
mulate CAR-T cells with the intracellular domain of Dectin-1.
Therefrom, in all of the following experiments in this study,
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CAR-T cells with the specificity to EpCAM were stimulated by
Dectin-lintracellular domain and henceforth named as EpCAM-
CAR-T cells.

Intraperitoneal and intravenous infusion of EpCAM-CAR-
T cells
Given the observed characteristics of Dectin-1-costimulated
EpCAM-CAR-T cells in vitro and in vivo and the exquisite
antigen density-sensitive recognition (fig. S4, A to D) and antigen
density-dependent cytotoxicity for tumor cells (fig. S4, E and F), we
thought that it is necessary to further evaluate the effect of antitu-
mor efficacy on different therapeutic doses and CAR-T cells deliv-
ery methods with xenograft tumor models. B-NDG mice were
intraperitoneally inoculated with HT-29-Luc tumor cells. These
tumor-bearing mice received triple EpCAM—CAR-T cell infusions
intravenously or intraperitoneally after 7, 10, and 14 days of tumor
cell inoculation (Fig. 2A). Tumor burden was monitored by biolu-
minescence imaging (BLI). Intravenous infusion of 1 x 10" CAR-T
cells mediated complete tumor regression within 2 weeks (Fig. 2, B
and C). A lower dose (2 x 10° cells) was effective in delaying tumor
growth, and mice treated with Mock-T cells underwent rapid tumor
progression and were euthanized within 4 weeks (Fig. 2, B to D).
Compared with those in the Mock-T cell treatment group, the
mice that received CAR-T cells achieved remarkable survival bene-
fits (Fig. 2E). Peritoneal infusion of CAR-T cells resulted in more
rapid and robust tumor eradication than intravenously infused
CAR-T cells (Fig. 2, F to H). Compared with intravenous infusion,
mice that received peritoneally infused CAR-T cells had a longer
survival period (Fig. 2I) and more rapid recovery of body weight
(fig. S5, A and B). At the end point of the experiment (above 40
days after CAR-T cells infusion), tumors relapsed and reduced sur-
vival in the lower dose (2 x 10° cells) treated group in both intraper-
itoneal and intravenous treatment models, especially in mice with
the intravenous treatment group. That ascribe lower CAR-T cells
homing and poor infiltration in tumors. The efficacy of EpCAM—
CAR-T cells was closely related to highly efficient spleen homing
and sustained persistence (above 40 days) in both the peritoneal
and intravenous infusion groups (Fig. 2, ] to M). In mice that re-
ceived intravenous infusion, EpCAM—-CAR-T cells were detected
in peripheral blood at low levels 40 days after infusion (Fig. 2, N
and O). In the high-dose group, the antitumor efficacy could be at-
tributed to successful CAR-T cells infiltration into the tumor tissues
because more CAR-T cells were detected in the tumor tissue in the
high-dose group than in the low-dose group (Fig. 2, P and Q).
Moreover, the safety of EpCAM—CAR-T cell therapy was prelim-
inarily evaluated. After EpCAM~-CAR-T cell infusion, there were no
obvious treatment-related adverse effects in response to intravenous
or peritoneal infusion (fig. S5, A and B). Haematoxylin and eosin
(H&E) staining of tissues showed no pathological signs of tissue
damage in the low- or high-dose peritoneal and intravenous infu-
sion groups (fig. S5, C and D). These results demonstrated that dif-
ferent therapeutic doses and local or systemic delivery of EpCAM~—
CAR-T cells was well tolerated by mice, and further investigating
the clinical benefits would be feasible and valuable.

Safety of EpCAM-CAR-T cells in EpCAM-humanized mice

Although the immunodeficient xenograft mouse model is widely
used to evaluate the efficacy of CAR-T therapy, it poorly predicts
treatment-related clinical toxicities because these mice lack the
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same antigen that is targeted by CAR-T cells and bystander
immune cells and reject human cell engraftment (32). To reliably
investigate the safety of EpCAM-CAR-T cells, we designed
EpCAM-humanized C57BL/6 (C57BL/6-EpCAM"™ EPCAM) mice.
The mouse EpCAM gene locus was truncated, and the homologous
human EpCAM gene locus was inserted by the CRISPR-Cas9
system (Fig. 3A). Pathological analysis showed that there was no ev-
idence of abnormalities in the major organs of genetically engi-
neered mice compared with wild-type mice (fig. S6A). The
membrane biodistribution of human EpCAM in murine tissue
was mainly in the epithelium of the alimentary canal and nephric
tubule, skin, and pulmonary alveoli (fig. S6B), which was consistent
with that in human tissues (fig. S7, A and B).

To further examine the potential toxicity of EpCAM-CAR-T
cells in vivo, C57BL/6-EpCAM"™ <A™ mice were treated with cy-
clophosphamide (100 mg/kg) for lymphodepletion. After 2 days,
three different doses of murine CAR-T cells targeting human
EpCAM (1 x 10°% 5 x 10°% and 1 x 107) were intravenously
infused into the different groups. Mice that were treated with
Mock-T cells were used as control (Fig. 3B). After T cell treatment,
there was no obvious change in body weight in the different treat-
ment groups, even in response to the high dose of CAR-T cells
(Fig. 3C). Cytokine release syndrome (CRS) is a critical clinical
sign of excessive T cell activation and proinflammatory cytokine
production and is a key predictor of fatal adverse events in T cell
therapy (33). There was no typical cytokine release after administra-
tion of CAR-T cells, except IFN-y, which increased slightly
(Fig. 3D). In addition, the penetration of the infused T cells was
evaluated. A previous study demonstrated that systemically
infused CAR-T cells accumulated in the lung, liver, and other crit-
ical organs and resulted in on-target/off-tumor toxicity (34). In this
study, the infused CAR-T cells prominently accumulated in the
spleen and lung but not in the liver (Fig. 3, E and F). The number
of infiltrated T cells in the organs positively correlated with the in-
fusion dose (Fig. 3, E and F). In organs where EpCAM is expressed
at low levels, including the colon, intestine, skin, and lung, few
EpCAM-CAR-T cells were detected by specific CD3 staining
(Fig. 3E) or CAR gene detection (Fig. 3F). Moreover, no evidence
of inflammation, necrosis, or other pathological damage was detect-
ed in the heart, liver, spleen, lung, kidney, or other main organs in
mice that received adoptive T cell therapy (Fig. 3, G to J, and fig. S8).

Further, safety study of EpCAM—~CAR-T therapy in tumor-
bearing EpCAM-humanized mice was performed to confirm the
feasibility of this therapy. To evaluate the antitumor activity of
EpCAM—-CAR-T cells in EpCAM-humanized mice, B16-EpCAM-
Luc cells were subcutaneously inoculated in EpCAM-humanized
mice on day —3, and then the mice were subsequentially treated
with 1 x 10" EpCAM—CAR-T cells or Mock-T cells on days 0, 3,
and 7 (fig. S9A). As expected, EpCAM—CAR-T cells inhibited
tumor growth effectively (fig. S9, B and C) and prolonged survival
of mice (fig. S9D). Meanwhile, EpCAM—CAR-T cells were well tol-
erated by mice with unobvious body mass and body temperature
change (fig. S10, A and B). There was no organ damage evidence
according to blood biochemistry analysis (fig. S10, C to F) and path-
ological analysis (fig. S10G).

These results indicated that adoptively transferred EpCAM~—
CAR-T cells were tolerable in EpCAM-humanized mice and pre-
dicted the safety of EpCAM—CAR-T cell therapy in humans
because EpCAM has a similar expression pattern in mice and
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Fig. 2. Intraperitoneal and intravenous infusion of EpCAM—CAR-T cells induced colon cancer remission in a xenograft mouse model. (A) Schematic of the animal
experiments. B-NDG mice were intraperitoneally injected with 2 x 10° Luc-expressing HT-29-Luc cells on day —7. After that, the mice were randomly assigned to different
groups and were intraperitoneally or intravenously infused with three doses of Mock-T or CAR-T cells. n = 5 mice for each group. (B and C) Bioluminescence images and
statistical result of tumor burden after intravenous administration of CAR-T cells. (D and E) Tumor weight at the end point of the experiment and the survival of mice who
received intravenous CAR-T infusion. (F and G) Bioluminescence images and statistical result of tumor burden after intraperitoneal administration of CAR-T cells. (H and I)
Tumor weight at the end point of the experiment and the survival of mice who received intraperitoneal CAR-T infusion. (J to M) Flow cytometry analysis of EpCAM—CAR-T
cell persistence in the spleens of mice with intravenous (J) and (K) or intraperitoneal (L) and (M) T cell infusion. The Mock-T cell group was examined on day 21, and the
CAR-T cell groups were examined when euthanized. n =4 mice in the 1 x 10” CAR-T cells intravenously treated group and n = 5 mice in the other group. (N and 0) EpCAM—
CAR-T cells persisted in the peripheral blood of mice that received intravenous infusion of T cells. (P and Q) Representative results showing tumor-infiltrated human CD3*
T cells in mice that received intravenous injection of T cells, as determined by immunohistochemistry (P) and statistical results shown in (Q). Scale bars, 200 um (white) and
50 um (black). The data are expressed as the means + SD. Log-rank test for (E) and (I) and Mann-Whitney U test for (C), (D), (G), (H), (K), (M), and (O). *P < 0.05, **P < 0.01, and
***¢p < 0.0001. P < 0.05 was considered statistically significant.
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Fig. 3. EpCAM-CAR-T cells were well tolerated by EpCAM-humanized mice. (A) Genetic engineering strategy for EpCAM-humanized C57BL/6 mice. The murine EpCAM
gene locus was truncated, and a homologous human EpCAM gene locus was inserted from exon 2 to exon 7. Purple, exon of mouse EpCAM; green, exon of human EpCAM;
E, exon. (B) Experimental schematic showing the safety evaluation in the C57BL/6-EpCAM™ <™ mouse model. The mice were randomly grouped; n = 3 per group. All
mice were preconditioned with cyclophosphamide (100 mg/kg). Two days later, a single dose of Mock-T cells (1 x 10% or EpCAM—-CAR-T cells (1 x 108 5% 10% and 1 x 107)
was intravenously administered. (C) Percentage of body weight change was normalized to that on day 0 after T cell infusion. (D) Serum cytokine levels in peripheral blood
at the indicated points after T cell infusion (means + SD). (E and F) Representative immunohistochemical (E) and quantitative real-time PCR (F) analysis of mouse CD3*
cells (E) and EpCAM-CAR gene (F) distribution in the spleen, lung, and other organs 7 days after T cell transfer. Scale bars, 50 pm. (G to J) Organ damage-related serum
biomarkers were measured in the liver (G), kidney (H), heart (I), and pancreas (J) on day 7 after T cell transfer. The data are presented as the means + SD, and data analysis
was performed by one-way analysis of variance (ANOVA). P < 0.05 was considered statistically significant. AST, aspartate aminotransferase; ALT, alanine aminotransferase;
CRE, creatinine; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; CK-MB, creatine kinase-MB; AMY, amylase.
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humans. However, these results need to be further confirmed in
clinical trials.

Clinical trial design and patient characteristics
Considering the widespread expression of EpCAM in gastric cancer,
colon cancer, and other solid tumors (10) and the excellent antitu-
mor activity and safety of EpCAM—CAR-T cells in preclinical re-
search (18, 35), we then initiated a phase 1 clinical study of
Dectin-1-administrated EpCAM—CAR-T cell therapy with the
primary end point of evaluating the safety of the treatment and
the secondary end point of evaluating antitumor efficacy
(NCT02915445). The Medical Ethics Committee of West China
Hospital, Sichuan University approved the study protocol, and all
patients provided informed consent.

The clinical design of the study is shown in Fig. 4A. Briefly, pa-
tients whose primary or metastatic lesions had high EpCAM

A B

Screened
(n=38)

Patient screening and tumor
EpCAM expression detection

Informed consent
PBMCs collection

expression were enrolled if they met the inclusion criteria. For pa-
tients with advanced gastric cancer secondary to peritoneal metas-
tasis, EpCAM—CAR-T cells were intraperitoneally transferred via
interventional operation. Patients with colon cancer, rectal carcino-
ma, and other tumors received intravenous infusion of CAR-T cells.
All enrolled patients were treated with preconditional chemothera-
py with 300 mg of cyclophosphamide/m? plus 30 mg of fludarabine/
m” before the CAR-T cell infusion. EpCAM—CAR-T cells were ad-
ministered once they met the release criteria of CAR-T cells, and the
patients were treated with a dose escalation design, as shown in
Fig. 4A. Then, the adverse effects of the therapy were monitored.
Computerized tomography (CT) imaging, inflammatory cytokine
detection, and pharmaceutical kinetics analysis by measuring the
specific genes of CAR-T cells were performed during the next 6
months. Long-term follow-up of the patients was performed
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Fig. 4. EpCAM—-CAR-T cell clinical protocol design and cohort diagram. (A) Clinical protocol schematic for patient screening, CAR-T cell manufacture, and time points
of the clinical study. Cy, cyclophosphamide; Flu, fludarabine; CT c/a/p, computed tomography of chest/abdomen/pelvis. (B) Number of patients screened, enrolled, and
treated with autologous EpCAM—CAR-T cells in the clinical study. (C) Waterfall plot summarizing the adverse effects of CAR-T therapy in the clinical study. (D) Swimming
plot showing patients’ disease development and substantial therapy and present status. IMRT, intensity-modulated radiotherapy.
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every 6 months beginning 6 months after the infusion of CAR-T
cells and lasted until patient death or 15 years.

In this pilot clinical study, 12 patients were enrolled and received
autologous EpCAM~-CAR-T cell treatment following the inclusion/
exclusion criteria. The clinical and disease characteristics of all pa-
tients are listed in Table 1. The median age at the beginning of the
study was 54.9 years old (from 27.2 to 69.6 years). All patients had
stage III or IV advanced carcinoma, and 10 patients had metastases
before treatment. Seven patients underwent radical resection plus
chemotherapy, and five patients underwent chemotherapy only.
All primary or metastatic tumor lesions were EpCAM positive
(fig. S7C).

Manufacture and characteristics of EpCAM-CAR-T cells
CAR-T cells were successfully generated from the 16 patients whose
peripheral blood mononuclear cells (PBMCs) were collected for
CAR-T cell manufacturing. Four patients withdrew from the infu-
sion due to the infeasibility caused by the development of their
disease, and 12 patients completed the EpCAM~CAR-T cell treat-
ment (Fig. 4B). Of these 12 patients, lymphocytes were obtained by
apheresis (n = 4) or peripheral blood collection (n = 8). The period
time from lymphocyte separation to final product harvest was 11 to
14 days, and the median time was 12 days. EpCAM—-CAR-T cells
were harvested once they met the release criteria of CAR-T cells.
The final CAR-T cell products were immediately infused or
cryopreserved.

After the CAR-T cells were harvested, we analyzed the final cell
products by flow cytometry. In all infused cell products, most were
T cells. The median percentage of CD3" cells was 97.88% (range,
77.37 to 99.94%). CD3™ T lymphocytes contained a mixture of
CD4", CD8", and CD56" subpopulation cells with patient-specific
heterogeneity and wide-ranging subset distributions. The median
frequency of CD4" helper T cells was 44.81%, ranging from 15.42
to 91.48%. The proportion of CD8" T lymphocytes ranged from
6.93 to 77.95% (median frequency, 48.64%). A small group of
cells were identified as CD56" cells (median, 14.59%; range, 3.57
to 19.25%). The median CD4:CD8 T cell ratio in the infused prod-
ucts was 1 (range, 0.2 to 13.2). In addition, the CAR" cell frequency
in the final patient-infused products is 22.07%, ranging from 5.03 to
90.68%. These data demonstrated our stable and efficient EpCAM~—
CAR-T cell manufacturing capability.

Safety evaluation of autologous EpCAM-CAR-T cells in
patients with EpCAM-expressing carcinomas

For this clinical study, the primary end point was the safety of
EpCAM-CAR-T therapy. The adverse events were categorized ac-
cording to the Common Terminology Criteria for Adverse Events
Version 5.0 (CTCAE 5.0) and are listed in table S1 and summarized
in Fig. 4C. In cohort 1, six patients received a single dose of 1 x 10°
to 5 x 10°/kg T cells by infusion. Four subjects experienced grade 1/
2 acute fever, myalgia or arthralgia pain, dry mouth, blepharoptosis,
hypotension, leukopenia, and weakness after autologous EpCAM~—
CAR-T cell transfer (patients 1, 3, 5, and 6). Two of these patients
developed concurrence metastasis lesion-limited pain within 1
month. One patient underwent progression of leukopenia from
grade 1 before infusion to grade 3 after treatment, which resolved
after drug intervention (patient 3). Moreover, there was no evidence
of neurological toxicity except for two recipients who had suffered
from grade 2 headache (patient 1 and patient 6). All adverse events

Li et al., Sci. Adv. 9, eadg9721 (2023) 1 December 2023

in the cohort 1 group were mild and self-remitted without any in-
tervention except for grade 3 leukopenia. In cohort 2, three subjects
received one dose of 5 x 10° to 1 x 10”/kg T cells by infusion. Only
one patient developed grade 1 lymphopenia, and another suffered
from grade 1 acute fever within 1 week of treatment. In cohort 3,
only one patient developed grade 1 acute fever without any other
adverse events. Among all patients, no CRS evidence was observed,
and five tolerated EpCAM-CAR-T therapy without any detectable
therapy-associated toxicity. No skin events, gastrointestinal hemor-
rhage, oral mucositis, or other EpCAM-directed grade >3 toxicities
or dose-limiting toxicities were identified in any patient. Moreover,
no subject died from this therapy.

EpCAM-CAR-T cell persistence and cytokine release after
transfusion

We analyzed EpCAM—-CAR-T cell persistence and cytokine kinetics
in many subjects after infusion. As shown in Fig. 5A, there was mea-
surable persistence of CAR-T cells without obvious CAR-T cell ex-
pansion within 1 month of treatment in the groups. In cohort 2 and
cohort 3, although there was no evidence of large CAR-T cell expan-
sion in a short time, we observed high levels of serum CAR-T cell
persistence 200 days after infusion in two patients (patient 7 and
patient 10). Patient 10 reached the peak CAR-T cell number on
day 7, which declined to the measurable baseline in subsequent
monitoring. For cytokine kinetics, there was a mild increase in
IL-6 and tumor necrosis factor—a (TNF-a) in all subjects (Fig. 5,
B and C). Most patient serum IL-6 reached the peak concentration
on day 3 and TNF-a on days 14 to 22 after infusion, and the change
in serum complement-reactive protein (CRP) was not obvious
(Fig. 5D). These results suggested that EpCAM—CAR-T cell infu-
sion did not markedly increase cytokines, which correlated with a
low risk of CRS in this therapy.

Antitumor effects of EpCAM-CAR-T cells

The clinical response was assessed on the basis of Response Evalu-
ation Criteria in Solid Tumors 1.1 (RECIST 1.1). Preliminary anti-
tumor efficacy was evaluated by CT and is summarized in Fig. 4D.
After images were compared pre— and post—-CAR-T cell administra-
tion in all enrolled patients, five patients remained with a stable
disease after CAR-T cell administration. Among these patients,
three achieved progression-free survival longer than 700 days. Of
the other enrolled patients, eight experienced progressive disease,
and one patient was lost to follow-up 2 months after T cell infusion.
Evidence of tumor regression was observed in patient 10 and patient
3 (Fig. 5E). In cohort 3, patient 10 received one high dose of T cell
infusion via the peritoneum, and the tumor in the peritoneum was
remitted after 7 months of treatment (Fig. 5E). This finding was
consistent with the high CAR gene copies in peripheral blood on
day 200 (Fig. 5A), suggesting that CAR-T cells had long-term per-
sistence in patient 10. In cohort 1, patient 3 achieved a partial re-
sponse in lung tumors 3 months after treatment (Figs. 4D and
Fig. 5E) but subsequently developed disease progression due to in-
creased lung metastasis. This may be attributed to the intravenous
infusion strategy and low dose of infused CAR-T cells, which result-
ed in short-term CAR-T cell persistence in vivo (Fig. 5A).

In addition, the clinical response was associated with tumor
burden. Patients whose original tumor lesions were removed were
more likely to maintain stable disease and achieve longer progres-
sion-free survival. High tumor burden and multiple metastases
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before infusion predicted poor prognosis (Fig. 4D and Table 1). Al-
though CAR-T cells have measurable proliferation and mild cyto-
kine secretion after infusion (Fig. 5, A to D), there was no treatment-
related CRS in any of the patients as evaluated by former reported
CRS diagnosis criteria (36). Long-lasting antitumor efficacy in sur-
viving patients is still being monitored.

DISCUSSION

CAR-T cell-based cancer immunotherapy has shown therapeutic
potential for the treatment of hematological malignancies, and en-
deavours have been made to extend this efficacy to solid tumors. To
solve many barriers that cause poor responses of solid tumors to
CAR-T therapy, optimization of the clinical strategy and updating
CAR architecture remain the key factors to success for this novel
therapy. Careful demonstration of the feasibility of the tumor
antigen targeted by CAR-T cells, efficient intracellular signaling,
and the delivery pathway of CAR-T cells are the focuses of research-
ers worldwide (37). As a surface molecule that is overexpressed on
tumor cells, EpCAM has been deemed an attractive target for cancer
therapies. Various strategies targeting EpCAM molecules have dem-
onstrated therapeutic potential in previous investigations (16, 17,
38); however, the clinical feasibility of CAR-T therapy targeting
EpCAM is lacking. In this study, we designed a specific EpCAM-di-
rected CAR construct bearing a Dectin-1 intracellular costimulatory
domain and demonstrated the safety and efficacy of EpCAM~-CAR-
T cell therapy in preclinical and clinical studies.

First, the specific cytotoxicity of the EpCAM—CAR-T cells was
examined (fig. S1), and it was dependent on the density of the
antigen on the tumor cells (fig. S4). Several studies have demonstrat-
ed that the therapeutic benefit of CAR-T cells might ultimately be
dependent on optimal intracellular signaling transduced by the cos-
timulatory molecules (20, 39). In this study, we selected the intra-
cellular domain of Dectin-1 (CLEC7A, C-type lectin domain family
7 member A), which is a new peptide sequence, as the costimulatory
domain in the CAR construct. In a preliminary study of this CAR
construct, our team demonstrated that HER2-specific CAR-T cells
bearing the Dectin-1 costimulatory domain exhibited different phe-
notypes and biological functions from those of CD28 CAR-T cells
(40). Although detailed mechanism by which Decint-1 intracellular
domain exerts the biological functions in CAR-T cells is unclear,
several clues facilitate the elucidation of the advantage of the
Dectin-1 CAR-T cells. In this study, it is found that after being
exposed to the antigen, Dectin-1 CAR-T cells were prone to
develop more central memory T cell phenotype compared with
the classic CD28 costimulatory domain—engaged CAR-T cells and
less terminal effector T cell phenotype compared with 4-1BB CAR-
T cells in vitro and in vivo (Fig. 1 and fig. S1). These findings sug-
gested that Dectin-1-stimulated EpCAM—CAR-T cells have appro-
priate persistence and sustained therapeutic efficacy (41), which has
been further validated in xenograft models. The satisfactory thera-
peutic effects, good infiltration, and long-lasting survival of Dectin-
1 bearing EpCAM~-CAR-T cells in xenograft models were observed
(Figs. 1 and 2). In addition to the central memory phenotype,
reduced self-activation and exhaustion might contribute to the
functionality of Dectin-1 CAR-T cells in vivo. A previous study re-
ported that the signaling activation strength of CAR-T cells is a key
determinant for the sustained activity of CAR-T cells (42). In this
study, we observed that Dectin-1 CAR-T cells showed moderate
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activation levels of immune function of T cells (Fig. 1). NR4A1
has been identified as a key mediator of T cell hyporesponsiveness
and limits CAR-T cell function in solid tumors (27, 43). Also, ¢c-Jun
deficiency mediates CAR-T cell dysfunction, and engineering CAR-
T cells to overexpress c-Jun endows CAR-T cells with exhaustion
resistance (29). In this study, we found that decreased NR4AI and
increased of JUN expression (fig. S1), as well as diminished expres-
sion of immune checkpoint receptors PD-1 and LAG-3 in Dectin-1
CAR-T cells, indicate decreased exhaustion tendency of Dectin-1-
costimulated CAR-T cells. However, to fully understand the prop-
erties of this specific CAR construct and clarify the mechanism, ad-
ditional experiments, especially further in vivo experiments of
Dectin-1 CAR-T cells, are needed. Considering these advantages
of Dectin-1 CAR-T cells in self-activation, exhaustion, and rigorous
tumor killing ability, we lastly selected the Dectin-1 intracellular
domain as the costimulatory effector for this second generation of
EpCAM-specific CAR-T cells.

Two delivery pathways of EpCAM~-CAR-T cells were used to
confirm the antitumor efficacy and safety in animal models. As
shown in Fig. 2, both intravenous and intraperitoneal infusion of
EpCAM~-CAR-T cells robustly inhibited tumor growth. Compared
with intravenous infusion, intraperitoneal infusion of CAR-T cells
requires a lower number of CAR-T cells to control the growth of
tumors. This difference might be due to the efficient trafficking of
CAR-T cells into the tumor mass via the local delivery pathway. A
preclinical result demonstrated that, compared with systemically
infused CAR-T cells, 30-fold fewer dose of intrapleurally adminis-
tered CAR-T cells can induce long-term complete remission for
malignant pleural mesothelioma treatment. Even equivalent
numbers of CAR-T cells accumulated in pleural tumor, systemically
infused CAR-T cells cannot achieve persistence and eradicate tumor
(9). In addition, there is no obvious difference in safety for these two
CAR-T cell delivery strategies in the corresponding clinical research
(44). Also, the therapeutic potential of local delivery pathways, such
as intertumoral injection (45) and intracranial injection (46, 47), has
been validated in previous studies. Notably, intraventricular admin-
istrated IL-13Ra2 CAR-T cells displayed curative efficacy for patient
with recurrent multifocal glioblastoma (47), suggesting the thera-
peutic potential of locally delivered CAR-T cells for specified
tumors. In our clinical study, four gastric cancer patients received
locally delivered EpCAM~CAR-T cells and patient 10 has a partial
response (Fig. 4E) and patient 7 has a >2-year survival. Because of
the limited number of enrolled patients, to confirm the clinical
benefit of locally infused CAR-T cells, more trials, such as intracra-
nial infusion of CAR-T cells (47), and clinical data for comprehen-
sive elucidation of the advantages are needed.

Our preclinical research initially focused on the safety and effi-
cacy of EpCAM—CAR-T cell therapy, and so we designed and gen-
erated an EpCAM-humanized immunocompetent mouse model to
evaluate the potential off-target toxicity of EpCAM-CAR-engi-
neered T cells. We observed human EpCAM expression in the ali-
mentary canal, nephric tubule, skin, and pulmonary alveoli of
humanized mice, which was consistent with the expression
pattern of EpCAM in humans. This transgenic mouse model
served as an in vivo platform that could mimic the expression
pattern of human EpCAM in mice, which is, at least in part, differ-
ent from that of mouse EpCAM. To determine the cytotoxicity of
EpCAM-CAR-T cells, different doses (1 x 10° 5 x 10° and 1 x 107
cells) of EpCAM-CAR-T cells were infused into EpCAM-
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humanized immunocompetent mice. After EpCAM—CAR-T cell
administration, no dose-dependent toxicity was observed (Fig. 3).
No obvious evidence that T cell infiltration and tissue damage oc-
curred in tissues after CAR-T cell infusion. Qin et al. (48) found that
EpCAM-CAR-T cells were harmless to normal tissues except the
lung. Although our humanized mice exhibited obvious EpCAM ex-
pression on alveolar cells and bronchial cells, we did not detect any
lung injury in response to EpCAM~-CAR-T cells. These results may
be explained by the different affinities of the recognition domains of
the CAR-T cells and different CAR-T cell infusion doses. Morgan
et al. (5) showed that high-dose HER2-specific CAR-T cells induced
inflammatory cytokine secretion and lethal toxicity due to the low
expression of HER2 antigen on lung epithelial cells. However,
similar toxicity has not been observed in lower-dose HER2-CAR-
T cell treatment (49), suggesting that a customized treatment dose is
necessary for patients. The high affinity of the antigen-recognition
domain should be responsible for antigen-induced fatal toxicity (50,
51). The ability to recognize antigens is dependent on the affinity of
scFv, while hyperactivation caused by excessive affinity can trigger T
cell depletion and other toxicity (52, 53). Therefore, finding the
balance between affinity and function may improve treatment
safety by ensuring the efficiency of recognition (4). Therefore, the
safety of targeted cellular therapy is affected by numerous factors,
including therapeutic dose, target toxicity, affinity of the recognized
domain, and tonic signaling. Combined with the absence of cyto-
toxicity to normal tissues in immunodeficient mice and EpCAM-
humanized mice and a previous study in which we found that
third-generation EpCAM—CAR-T cells induced good tumor regres-
sion in a xenograft model without obvious treatment-related cyto-
toxicity (35), we moved EpCAM—CAR-T cells bearing the Dectin-1
costimulatory domain into a clinical trial.

The primary end point was to evaluate safety, and the secondary
goal was to evaluate efficacy. We initiated that pilot phase 1 clinical
trials use EpCAM—CAR-T cells to treat tumors. In this study,
EpCAM-CAR-T cells were infused in a dose-escalating manner.
Three cohorts received 1 x 10° to 5 x 10° 5 x 10° to 10 x 10°, or
10 x 10° to 15 x 10° cells/kg EpCAM—CAR-T cells. There were no
severe adverse effects detected in any cohort, except patient 3, who
underwent grade 3 leukopenia, to which lymphodepletion and pre-
vious chemotherapy were mainly ascribed. CRS and neurotoxicity
were not observed in any of the subjects. Last, the most tolerable
dose was not reached.

The robust release of inflammatory cytokines and the prolifera-
tion of CAR-T cells contribute to antitumor efficacy in the treat-
ment of hematological malignancies (54). In this study, we
performed lymphodepletion by preconditional chemotherapy and
CAR-T cell proliferation and increased cytokines in peripheral
blood after 1 month of treatment were detected (Fig. 5), but the ex-
pansion fold and cytokines levels were much lower than that in
CAR-T therapy in treatment of hematological malignancies. This
may be attributed to the different kinetics of CAR-T cells in solid
tumors and hematological malignancies (36, 55). In two patients
(patient 7 and patient 10) in cohorts 2 and 3, infused CAR-T cells
were detected at high levels 200 days after infusion. Although pre-
vious clinical instances highlight the probability of CAR-T cells ma-
lignant transformation (56, 57), we had not detected such
transformation and CRS evidence in patient 7 and patient 10.
Long-term persistence of CAR-T cells in patient 10 contributed,
at least in part, to the antitumor efficacy for this subject, whose
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partial response lasted 10 months. In the treatment of solid
tumors, CAR-T cell homing to tumor lesions limited CAR-T cell
persistence in peripheral blood, especially locally infused CAR-T
cells (47). Although long-term persistence of EpCAM—CAR-T
cells was found in two subjects, further investigations and more
clinical cases are needed to determine the correlation between pe-
ripheral CAR-T cell levels and the clinical benefits to solid tumors.

In this study, the absence of robust cytokine release—especially
IL-6, TNF-a, and CRP—might be related to the safety of EpCAM—
CAR-T cell therapy. Although inflammatory cytokines increased
after the infusion of CAR-T cells, especially in subjects in the
high-dose cohorts, the levels of cytokines in most of the patients re-
turned to baseline (Fig. 5). In patient 10, IL-6 and TNF-a were re-
leased at high levels after infusion. This effect might be closely
related to the long-term persistence of EpCAM—-CAR-T cells.
Many factors affect cytokine release by CAR-T cells in solid
tumors. The harsh microenvironment in solid tumors inhibits the
function of CAR-T cells, including the persistence, proliferation, in-
filtration, and release of inflammatory cytokines. In addition, in this
study, the EpCAM antigen was targeted by CAR-T cells, and
whether the characteristics of the antigen affect cytokine release
and other properties of EpCAM—CAR-T cells remains unclear.

In summary, we designed a specific CAR construct with EpCAM
specificity and examined the antitumor potential of EpCAM—-CAR-
T cells in preclinical and clinical investigations. Moreover, the safety
of EpCAM~-CAR-T cells was verified in an EpCAM-humanized
mouse model and immunodeficient mice. To further evaluate the
feasibility of EpCAM—CAR-T therapy, a clinical investigation of au-
tologous EpCAM~-CAR-T cell therapy for solid tumors demonstrat-
ed its safety and efficacy. Further properties of the EpCAM—-CAR-T
cells and the mechanisms contributing to the clinical benefits of this
therapy require larger-scale clinical investigations.

MATERIALS AND METHODS

Cell lines and culture conditions

The Lentivirus package human embryonic kidney (HEK) 293T
(HEK-293T) cells were purchased from the American Type
Culture Collection (Manassas, VA). Human cancer cell lines—in-
cluding the ovarian cancer cell line SK-OV-3, lung adenocarcinoma
cell line A549, breast cancer cell line MDA-MB-468, cervical carci-
noma cell line HeLa, and colorectal adenocarcinoma cell line HT-29
—were obtained from the Chinese Academy of Sciences. HeLa cells
were transduced with lentiviruses encoding human EpCAM. After
being screened by puromycin, resistant monoclonal cells were se-
lected. HeLa cells expressing EpCAM were identified by flow cy-
tometry after being stained with anti-human EpCAM antibodies.
The fluorescent reporter gene Luc was introduced into HT-29
cells (HT-29-Luc) by lentiviruses. The puromycin-resistant HT-
29-Luc cells were identified by an In Vivo Imaging System
(IVIS). HEK-293T, SK-OV-3, HT-29, and HelLa cells were cultured
in Dulbecco’s modified Eagle’'s medium (Gibco) containing 10% (v/
v) bovine serum (PAN), penicillin (100 U/ml), and streptomycin
(100 mg/ml; HyClone). A549 cells were cultured in RPMI 1640
medium (Gibco) supplemented with 10% (v/v) bovine serum
(PAN), penicillin (100 U/ml), and streptomycin (100 mg/ml;
HyClone). The cells were cultured in a humidified incubator at
37°C supplemented with 5% CO,.
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Mice

Female B-NDG mice were purchased from Biocytogen Inc. (6 to 8
weeks old). The generation of genetically modified mice (C57BL/6-
EpCAM'™" EPCAMY wyas entrusted to Biocytogen Inc. All animals
were fed and bred under specific pathogen—free conditions in the
Laboratory Animal Center of State Key Laboratory of Biotherapy.
All animal experiments were conducted according to the animal
health care regulations of the ethics committee in the State Key Lab-
oratory of Biotherapy, Sichuan University.

Structural design of the CAR

The EpCAM-CAR was constructed and optimized on the basis of
the second-generation CAR construct. Briefly, the CAR was com-
posed of a signal peptide from human IL-2; a human EpCAM-spe-
cific nanobody (VHH); a CD8a hinge; a transmembrane and an
intracellular domain derived from Dectin-1, CD28, or 4-1BB; and
an immunoreceptor tyrosine-based activation motif 1 (ITAMI1)
domain derived from human CD3{.

Multiple anti-human HER2-specific CARs were designed on the
basis of the second-generation CAR construct. They all consisted of
human CD8a signal peptide and hinge domain, human HER2-spe-
cific scFv derived from the FRP5 monoclonal antibody, and the
CD3{ signal in the C-terminal. Moreover, these constructs had
the characteristics of different intracellular costimulatory domains
and transmembrane regions, which were derived from CD28, 4-
1BB, or Dectin-1. All DNA coding CAR molecules were cloned
into the lentiviral vector pCLK.

Package and purification of lentivirus

Three plasmid systems and the calcium phosphate method were
used to produce the lentivirus by transfecting the packaging plas-
mids psPAX2 and pMD2. G (Invitrogen) and the transgene expres-
sion plasmid pCLK into HEK-293T cells. Mock lentivirus was
generated using package plasmids and a non-CAR-expressing
pCLK backbone. Supernatants containing the lentiviral particles
were harvested 48 and 72 hours after transfection, followed by con-
centration and purification by filtration and ultracentrifugation at
19,700 rpm/min (BECKMAN). Last, the viral titter of the purified
product was determined by quantitative real-time polymerase chain
reaction (PCR).

Transduction of human T cells

Human PBMCs from healthy donors were isolated with Ficoll-
Paque (Sigma-Aldrich). Primary CD3" T cells were enriched from
human PBMCs using the CD3 Fab-TACS Agarose Column Starter
Kit (IBA Lifesciences). The isolated CD3" T cells were stimulated
with anti-CD3/anti-CD28 Dynabeads (Gibco) and cultured in X-
VIVO 15 medium (Lonza) supplemented with recombinant
human IL-2 (hIL-2) (100 IU/ml; PeproTech), hIL-7/IL-15 (10 ug/
ml; Novoprotein), and 5% (v/v) human serum (Sigma-Aldrich).
After 24 hours, the prestimulated T cells were transduced with len-
tivirus containing the different CAR fragments. During this exper-
iment, FibroNectin (Tonglihaiyuan Biotech)—coated plates were
used to promote infection. After transduction, human CAR-T
cells were expanded for subsequent analysis and provided fresh
medium periodically.
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Generation of murine CAR-T cells

Fresh murine lymphocytes were isolated from the lymph nodes of
mice. Primary mouse lymphocytes were added to a six-well plate
that was precoated with anti-mouse CD3 and CD28 antibodies (Bi-
oLegend) for T cell activation. The isolated T cells were maintained
in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum
(Gibco), mouse IL-2 (100 IU/ml; PeproTech), penicillin (100 U/ml),
streptomycin (100 mg/ml; HyClone), 2 mM L-glutamine (Gibco), 1
mM sodium pyruvate (Gibco), 0.1 mM nonessential amino acids
(Gibco), and 0.05 mM B-mercaptoethanol (Sigma-Aldrich). After
48 hours, the preactivated T cells were transduced with lentivirus
in the presence of polybrene (8 ug/ml). CAR expression on
murine T cells was detected by flow cytometry.

CAR-T cell manufacture for clinical usage

The EpCAM—-CAR-T cells for clinical use were manufactured from
PBMC:s isolated by Ficoll-Paque (Sigma-Aldrich). After 24 hours of
prestimulation with anti-CD3/anti-CD28 Dynabeads (Gibco),
CD3" T cells were transduced with lentivirus containing the
EpCAM-CAR gene and expanded for 11 to 14 days. Rigorous
quality control was performed during therapeutic CAR-T cell prep-
aration. All procedures on EpCAM~-CAR-T cells were carried out
under good manufacturing practice (GMP) conditions.

Flow cytometry

For surface CAR expression assessment, engineered T cells were in-
cubated with Alexa Fluor 488-conjugated anti-camel VHH anti-
bodies (clone: 96A3F5, GenScript) or HER2-Fc protein
(Novoprotein) at 4°C for 45 min. Then, the HER2-CAR-T cells
were reacted with fluorescein isothiocyanate—labeled anti-Fc anti-
bodies (Sigma-Aldrich, catalog no. F9512) and analyzed by flow cy-
tometry. 7-Aminoactinomycin D (7-AAD) (BioLegend) staining
was performed to discriminate dead cells from total cells. For extra-
cellular staining, the cells were washed and resuspended in phos-
phate-buffered saline (PBS) buffer. Fluorochrome-conjugated
antibodies were incubated with the cells at 4°C for 30 min in the
dark. Flow cytometry was performed on a NovoCyte flow cytometer
(ACEA) and analyzed by NovoExpress 1.3.0 software (ACEA).

Antibodies

The immunophenotyping of T cells was performed with various
monoclonal antibodies, including anti-CD3 (clone: HIT3A, BioLe-
gend), anti-CD4 (clone: RPA-T4, BioLegend), anti-CD8 (clone:
HIT8A, BioLegend), anti-CD45RA (clone: HI30, BioLegend),
anti-CD62L (clone: preg-56, BD), anti—PD-1 (clone: NA7105, BioL-
egend), anti-TIM-3 (clone: F38-2F2, BioLegend), anti-LAG-3
(clone: 7H2C65, BioLegend), anti-CD25 (clone: 0323, BioLegend),
anti-CD27 (clone: 0323, BioLegend), anti-CD28 (clone: CD28.2,
BioLegend), anti-CD69 (clone: FN50, BioLegend), anti-CD127
(clone: A01905, BioLegend).

Granzyme B secretion was tested using an anti-human Gran-
zyme B recombinant antibody (clone: QA16A02, BioLegend).
Monoclonal anti-human EpCAM antibodies (clone: 9C4, BioLe-
gend) and anti-human HER2 antibodies (clone: 4D5, BioLegend)
were used to detect EpCAM or HER2 expression on the tumor
cell surface.

To detect CAR-T cells in vivo, peripheral heparinized blood or
primary spleen cell suspensions were pretreated with Red Blood Cell
Lysis Buffer (Solaria) and stained with anti-camel VHH antibodies
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(clone: 96A3F5, GenScript) and anti-hCD45 antibodies (clone:
HI30, BioLegend).

Clinical trial

This clinical trial was a phase 1, multicentre and open-label study
that was initiated to investigate the safety and efficacy of EpCAM~
CAR-T cells in patients with primary and relapsed stage IIT or IV
advanced solid tumors. The study protocol was reviewed and ap-
proved by the Medical Ethics Committee of West China Hospital
of Sichuan University. This clinical study was registered at
ClinicalTrials.gov with the identifiers NCT02915445. After explain-
ing the potential risks, written informed consent was obtained from
the patients. Then, autologous EpCAM—CAR-T cells were trans-
ferred to patients by intraperitoneal (gastric cancer patients) or in-
travenous injection (doses ranging from 1.6 x 10° to 3.5 x 107 cells/
kg body weight). All therapeutic EpCAM-CAR-T cell products
were processed under GMP conditions. Therapy-related adverse
events were evaluated during the phase 1 clinical trial according
to CTCAE 5.0. Clinical responses were recorded and analyzed on
the basis of RECIST 1.1.

Quantitative detection of cytokines
Genetically engineered T cells (CAR-T or Mock-T) were cocultured
with tumor cells (1 x 10* antigen-positive or negative cells per well)
in 96-well plates at different effector to target (E/T) ratios. After 24
hours, the culture supernatant was collected, and cytokine levels
were measured. The production of cytokines, including IFN-y,
TNF-a, and IL-2, was quantified by an ELISA MAX Deluxe Set
Human (BioLegend). To simultaneously detect multiple murine
serum cytokines, samples were collected and analyzed by using a
Luminex Mouse Discovery Assay (R&D Systems).
EpCAM-CAR-T cells were incubated with HeLa cells or
EpCAM-expressing Hela cells (H"*", H™, and H'&") at 2.5:1 E/
T ratio, then brefeldin A was added after 1 hour of coculture. All
cells were collected and washed with phosphate buffer after 4
hours of coculture. Next, samples were stained with Alexa Fluor
488—anti camel VHH antibody and fixed with fluorescence-activat-
ed cell sorting buffer for 10 min in 4°C. A 0.04% Triton-X 100 was
added to permeabilize samples for 10 min in 4°C. Last, cells were
stained with allophycocyanin (APC)-anti human Granzyme B anti-
body for 30 min in 4°C and washed twice for flow analysis.

Real-time cytotoxicity assay

The cytotoxicity of CAR-engineered T cells was monitored and pro-
filed by the xCELLigence Real-Time Cell Analysis System (Agilent).
Tumor cells were precultured in E-Plate 96 for 24 hours (1 x 10* per
well), followed by the addition of CAR-T cells or Mock-T cells ac-
cording to the plan. The change in the cell index reflected the target
cell attachment and growth characteristics and revealed the cytolytic
ability of CAR-T cells. The data were analyzed according to the
manufacturer’s instructions (RTCA Software 2.1).

Xenograft mouse model

Female B-NDG mice (aged 6 to 8 weeks) were implanted with 2 x
10° HT-29-Luc cells. Seven days later, mice were randomly separat-
ed into different groups. Three doses of Mock-T cells or CAR-T
cells were adoptively transferred to mice via peritoneum or tail
vein on days 0, 3, and 7, respectively. Tumor growth was regularly
monitored by BLI. Bioluminescence signals were analyzed on an
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IVIS Spectrum imaging system (PerkinElmer). During the experi-
ment, mouse body weight and survival were recorded. When all
mice were euthanized in the Mock-T—cell treated group, the other
mice were subsequently euthanized (above 40 days after CAR-T
cells infusion). The orbital blood of mice was collected to determine
CAR-T cell persistence in the peripheral blood, the main organs
were collected to perform pathological analysis, and tumors were
collected simultaneously to detect CAR-T cell infiltration. Many
mice were euthanized after 21 days of adoptive T cells treatment.
Flow cytometry was used to test the phenotypes and the expression
of exhaustion markers in persisted CAR-T cells in vivo.

Safety evaluation mouse model

To test the safety of EpCAM—CAR-T cells with an immunocompe-
tent system, cyclophosphamide (100 mg/kg) was intravenously in-
jected into C57BL/6-EpCAM™ *r°AM mice (aged 6 to 8 weeks),
followed by the adoptive cell transfer of 1 x 10° Mock-T cells, 5 x
10° EpCAM—CAR-T cells, or 1 x 10" EpCAM—CAR-T cells 2 days
later. On the first, third, and fifth days after genetically engineered T
cells were administered, peripheral heparinized blood samples were
collected in each group to evaluate serum cytokine levels. On day 7,
all mice were euthanized, and the key organs were isolated and pre-
served in formalin for further analysis.

For safety evaluation under the tumor-bearing condition, 8- to
12-week-old C57BL/6-EpCAM™ FP“4M mice were subcutaneously
injected 3 x 10° B16-EpCAM-Luc cells (B16 cell line was genetically
modified to stably express human EpCAM and Luciferase). The
mice were randomly divided into three groups when tumor
volume reached ~15 mm? (about 3 days after tumor cells transfer).
Three doses of murine EpCAM~-CAR-T or Mock-T cells (1 x 107
per mouse) were following intravenously administrated at days 0,
3, and 7. Tumor burden was monitored by BLI, imaged with IVIS
Spectrum, and analyzed using Living Image software (PerkinElm-
er). Murine body mass and temperature were recorded at the indi-
cated time. The orbital blood was collected at the end of the
experiment to perform a biochemistry analysis. The main organs
were preserved in formalin for further analysis.

Real-time PCR

Total genomic DNA was extracted from peripheral blood samples
or murine tissues using the TIANamp Genomic DNA Kit
(TTANGEN). Primers were designed according to the RRE gene
in the pCLK backbone. The following primers were used in the anal-
ysis: forward, 5'-TTTGTTCCTTGGGTTCTTGGG-3' and reverse,
5-GATTCTTGCCTGGAGCTGCTT-3'. Real-time PCR was per-
formed with a SYBR Green Supermix kit (Bio-Rad) on a CFX
Connect Real-Time System (Bio-Rad).

RNA sequencing

After 6 days of CAR gene modification, 1 x 10° Dectin-1, CD28, or
4-1BB CAR-T cells were stimulated for 24 hours with plate-bound
antigen-Fc protein (1 pg/ml), and there were three replicates per
group. The cells were collected, washed twice with PBS, and lysed
with TRIzol reagent (Life Technologies). mRNA was extracted and
sent to the microarray core facility of The Beijing Genomics Insti-
tute to be processed and hybridized according to the protocols spec-
ified by the manufacturers. After sequencing, clean reads were
identified by DESeq2 algorithms. Further analysis was based on dif-
ferentially expressed genes and visualized with the plots package in
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R. Genes were considered differentially expressed if they changed
more than two fold compared to the normal T cell group. GSEA
was performed on different cell types in prerank list mode with
1000 permutations (nominal P value <0.01). The genes that were
identified by absolute log, fold change > 1 and P value < 0.05
were considered to have significant expression changes. This exper-
iment was repeated at least twice in the laboratory. The following T
cell signature gene sets (down and up) from The Broad Institute
Molecular Signature Database (MSigDB) were used: KEGG_CYTO-
KINE_CYTOKINE_RECEPTOR_INTERACTION, GSE23321_
CENTRAL_MEMORY_VS_NAIVE _CD8_T CELL_UP_, and
GSE41867_NAIVE_VS_EFFECTOR_CDS8_T CELL_UP.

Histological analysis

Tumor samples and tissues were fixed in 4% paraformaldehyde
overnight and then dehydrated and embedded in paraffin wax.
Tissue sections were prepared for H&E staining or immunohisto-
chemical analysis. For immunohistochemical analysis, the tissue
sections were subjected to a heat-induced antigen retrieval protocol
to avoid masking an epitope. The slides were incubated with 10%
goat serum (ZSGB-Bio) and an endogenous peroxidase blocking
agent (ZSGB-Bio) to reduce endogenous peroxidase activity and
nonspecific interactions. Next, the samples were incubated with
primary antibodies, including rabbit anti-CD3 (1:300; Abcam)
and rabbit anti-EpCAM (1:200; Abcam). Horseradish peroxidase—
labeled goat anti-rabbit immunoglobulin G (ZSGB-Bio) and DAB
chromogen solution were used to produce a colored precipitate,
which localized to the antigen-expressing site. If necessary, the
cell nucleus was counterstained with hematoxylin. For H&E stain-
ing, xylene and ethyl alcohol were used first to remove the wax and
hydrate the sections. Then, the slides were successively stained with
haematoxylin and 0.5% eosin-G for 5 min. Last, the samples were
cleared in purified water for 5 min. For better visual presentation, all
tissue sections were scanned with Pannoramic MIDI II (3DHIS-
TECH) and Snap using CaseViewer software (3DHISTECH).

Statistical analysis

All statistical analyses and graphs were generated by GraphPad
Prism software 8.0 (GraphPad 8.0). Student’s ¢ test was used to
compare the data between two groups. One-way analysis of variance
(ANOVA) was performed when comparing more than two groups.
Mouse survival was analyzed by using a log-rank test. The results
are presented as the means + SD unless otherwise indicated. A P
value < 0.05 was considered statistically significant.
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