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ABSTRACT

Gallbladder cancer (GBC) is commonly diagnosed at late stages when conventional treatments achieve
only modest clinical benefit. Therefore, effective treatments for advanced GBC are needed. In this context,
the administration of T cells genetically engineered with chimeric antigen receptors (CAR) has shown
remarkable results in hematological cancers and is being extensively studied for solid tumors.
Interestingly, GBC tumors express canonical tumor-associated antigens, including the carcinoembryonic
antigen (CEA). However, the potential of CEA as a relevant antigen in GBC to be targeted by CAR-T cell-
based immunotherapy has not been addressed. Here we show that CEA was expressed in 88% of GBC
tumors, with higher levels associated with advanced disease stages. CAR-T cells specifically recognized
plate-bound CEA as evidenced by up-regulation of 4-1BB, CD69 and PD-1, and production of effector
cytokines IFN-y and TNF-a. In addition, CD8" CAR-T cells up-regulated the cytotoxic molecules granzyme
B and perforin. Interestingly, CAR-T cell activation occurred even in the presence of PD-L1. Consistent with
these results, CAR-T cells efficiently recognized GBC cell lines expressing CEA and PD-L1, but not a CEA-
negative cell line. Furthermore, CAR-T cells exhibited in vitro cytotoxicity and reduced in vivo tumor
growth of GB-d1 cells. In summary, we demonstrate that CEA represents a relevant antigen for GBC that
can be targeted by CAR-T cells at the preclinical level. This study warrants further development of the
adoptive transfer of CEA-specific CAR-T cells as a potential immunotherapy for GBC.
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Introduction . . . :
Even if research on GBC is scarce, emerging evidence

Gallbladder cancer (GBC) is the world’s sixth most common indicates that GBC tumors are immunogenic and can be

gastrointestinal malignancy with a prevalence of two cases per
100.000'. Despite the low incidence worldwide, this cancer
shows a substantial geographic variation with high prevalence
in Japan (7 cases per 100.000), American Indians in New
Mexico, USA (8.9 cases per 100.000), females in India (21.5
cases per 100.000) and Mapuche Indians of Chile (12.3 and
27.3 cases 100.000 for males and females respectably)®~. GBC
is usually detected at late stages, where conventional treatments
achieve modest clinical benefit and is characterized by early
metastasis to adjacent lymph nodes and a high mortality rate
once diagnosed®. Hence, more effective treatments are needed
for advanced GBC.

T cell-based immunotherapy is emerging as an attractive
approach to treating solid tumors, including several gastro-
intestinal cancers’””. However, due to the low incidence
worldwide, immunotherapy for GBC is poorly explored.

targeted by T cells. Higher tumor infiltration of CD8"
T cells has been associated with better clinical outcomes,
such as improved overall survival'®. Genomic analysis of
GBC tumors revealed that they have a relatively high muta-
tional burden, including non-synonymous mutations result-
ing in neoantigens that can be recognized by CD8" T cells
at least in vitro''. Moreover, antibodies blocking inhibitory
receptors, including the programmed cell death protein 1/
programmed cell death ligand 1 (PD-1/PD-L1) axis, have
emerged as a powerful approach to revert T cell suppres-
sion and mediate strong anti-tumor T cell immune
responses, leading to clinical benefit in a wide variety of
solid tumors'>'? including advanced cancers of the biliary
tract, such as GBC'*'>. Moreover, a few case reports high-
light the potential of combining immunotherapy with con-
ventional treatments for advanced GBC'®™'®,

CONTACT Alvaro Lladser @ alladser@cienciavida.org; alvaro.lladser@uss.cl; Vincenzo Borgna @ vborgna@cienciavida.org; vincenzo.borgna@uss.cl @ Centro
Cientifico y Tecnologico de Excelencia Ciencia & Vida, Fundacion Ciencia & Vida, Av. Del Valle Norte 725, Santiago 8580702, Chile

EL and SH contributed equally.

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2023.2225291

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the

posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


https://doi.org/10.1080/2162402X.2023.2225291
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2023.2225291&domain=pdf&date_stamp=2023-06-21

2 (& E.LOPEZETAL

Immunotherapies based on the administration of tumor-
specific T cells hold great potential for different types of
cancer'”*’. In particular, adoptive transfer of T cells genetically
engineered with “chimeric antigen receptors” (CAR) T cells
have shown remarkable results in the treatment of hematolo-
gical cancers and have been widely studied for solid
tumors”"*>. Among the tumor antigens expressed on GBC,
carcinoembryonic antigen (CEA) is a highly promising target
for diagnosis and immunotherapies. CEA is expressed in the
majority (57-89%) of GBC cancers and its expression corre-
lated with worse overall survival?>. Moreover, elevated serum
CEA levels are significantly associated with GBC* and can be
used as a predictor marker for metastatic disease®”.

Previous studies have shown the efficacy and safety of CEA-
specific CAR-T cells against colorectal malignancies, including
studies in transgenic animal models***® and in patients with
liver metastases””*". Altogether, these studies have demon-
strated some efficacy of CEA-specific CAR-T cells without
significant side effects in colorectal cancer. However, the
potential of CEA as a relevant antigen in GBC to be targeted
by CAR-T cells has not been addressed. Here, we demonstrate
that T cells transduced with a CEA-specific CAR containing
the signaling domains of CD3z and the co-stimulatory mole-
cule OX40 were specifically activated by CEA even in the
presence of PD-L1. Furthermore, CAR-T cells exhibited speci-
fic in vitro activation and cytotoxicity against GBC cell lines
expressing CEA and PD-L1 and suppressed tumor growth
in vivo. Taken together, these results highlight the potential
of CEA-specific CAR-T cells as a therapy for GBC.

Materials and methods
Patients and tumor samples

A retrospective analysis of cholecystectomy specimens and
clinical data from patients diagnosed with GBC from 2001 to
2015 at the Pathologic Anatomy Sub-department of the
Hospital Base Valdivia (Chile) was performed for CEA expres-
sion analysis. 186 cases of primary invasive gallbladder adeno-
carcinoma cases were considered. In situ adenocarcinoma,
squamous carcinoma, neuroendocrine carcinoma and metas-
tases were excluded. Cases were selected using the code C.23,
according to the international coding for oncologic disease CIE
—0. For each tumor sample, 2-3 foci of neoplastic invasion
were selected for the analysis under a light microscope, and
these areas were marked. The study was performed in agree-
ment with the Helsinki Declaration and approved by the
“Comité Etico Cientifico Servicio de Salud Valdivia”. All
patients signed a letter of informed consent for publication at
the time of surgery.

Tissue microarrays and immunohistochemistry

Quick-Ray® UT06 Manual Tissue Microarrayer (Unitma Co.,
Ltda, Seoul, Korea) was used according to the manufacturer’s
instructions. Representative blocks (tissue specimens fixed in 10%
neutral buffered formalin and embedded in paraffin wax) were
selected for immunohistochemistry analysis. Paraffin blocks were
cut into 3 um thick slides and mounted on positively charged

slides together with their respective positive control tissue.
CEA staining was performed with an automatic BenchMark GX
Ventana system using an ultraview universal DAB detection kit
(Roche, Arizona, USA), following the manufacturer’s instruc-
tions. The primary antibody used was an anti-CEA monoclonal
mouse IgG, clone COL-1 (1:200 dilution; Thermo Scientific).
CEA expression was evaluated blindly, by a pathologist, under
light microscopy, and antigen expression was classified by com-
parison with positive tissue controls included in each slice.

Vector construction

The CEA-specific CAR was generated using the BW431/26
scFv pBULLET retroviral vector as backbone, a kind gift from
Prof. Hinrich Abken (Cologne, Germany). The CAR was
generated by linking the CEA-specific scFv BW431/26 CAR
to a human IgGl spacer, followed by a mouse CD4 trans-
membrane domain, an intracellular CD3{ moiety and OX40
co-stimulation signaling domain. pBULLET coding for the
green fluorescent protein (pGFP) was used as control. The
lentiviral vector pLenti CMV-LUC-Puro (pLUC-Puro,
Addgene plasmid #17477) was used to generate lentiviral
particles for transduction of luciferase-expressing GB-d1 cell
line. Lentiviral particles were produced by co-transfection of
pLUC-Puro plasmid, psPAX2 (Addgene plasmid #12260),
and pCMV-VSV-G (Addgene plasmid #8454) using CaCl,
method.

Cells

Phoenix-Ampho (ATCC® CRL-3213) and HT29 (ATCC® HTB
—38) cell lines were obtained from ATCC. GB-d1, NOZ, 24TKB
and OCUG-1 gallbladder cancer cell lines were kindly provided
by Dr. Juan Carlos Roa (Department of Pathology, Pontificia
Universidad Catélica de Chile, Santiago, Chile). GB-d1 expressing
luciferase was obtained by lentiviral transduction with pLUC-
Puromycin®'. All cell lines were cultured in complete Dulbecco’s
Modified Eagle Medium (DMEM) (ThermoFisher Scientific) or
Roswell Park Memorial Institute (RPMI) 1640 Medium
(ThermoFisher Scientific). All cell lines were routinely tested for
mycoplasma contamination.

Transduction and selection of producer cell lines

4x10° Phoenix-Ampho cells were seeded on 6-well plates
(Nunclon Delta Surface, Thermo Scientific). After 24 h, the
cells were transfected with CAR-encoding plasmids using the
CaCl, precipitation method previously described’>. After 48 h,
the supernatants containing retroviral particles were recovered
and passed through a 0.2 uM filter. Stable producer cell lines
were generated by transduction of 5x 10° Phoenix-Ampho
cells cultured with retroviral supernatants and 4 pg/mL of
polybrene (Sigma-Aldrich, Cat# 107689) and centrifuged for
90 minutes at 1200 g at 32°C. Transduction efficiency were
assessed by flow cytometry after 48 h. IgG1" cells were selected
by cell sorter (FACS Aria IT) until a > 95% producer population
was obtained.



Activation and transduction of T cells

Peripheral blood mononuclear cells (PBMC) were obtained
from 30-80 mL of blood from healthy donors by Ficoll-
Parque™ separation (GE Healthcare, Cat.#17-5442-02).
PBMC were cultured in RPMI complete medium supple-
mented with hIL-2 (0.2 ug/mL, BioLegend, Cat.#589108),
aCD3 (0.1 ug/mL, BioLegend Cat.#317315), and aCD28 (1
ug/mL, BioLegend Cat.#302923). After 48h, T cells were
transduced by centrifugation in Retronectin-coated plates
(12 pg/mL RetroNectin, Takara Cat.#T100B). Retroviral
supernatants were loaded on Retronectin plates and centri-
fuged at 2000g for 90 minutes at 32°C. 1x10° T cells
per mL were seeded in a 1:1 ratio of fresh media with
retroviral supernatants and centrifuged at 1200 g for 90
minutes at 37°C. 16 h later, the cells were recovered, and
a second transduction was performed. Transduction effi-
ciency was assessed 48h after the second round of
transduction.

CAR-T cells functional assays

Activation of CAR-T cells was performed by culturing 1 x
10° unsorted T cells on CEA-coated plates (1 pug/mL, Fitz
Gerald, Cat.# 30-AC32) and PD-L1 (1-5 ug/mL Cat.# 156-B7
-100) or with GBC cell lines at 1:1 ratio. After 16 h, the
expression of activation markers was assessed by flow cyto-
metry analyzing CAR" T cells. Intracellular staining was
performed by incubation with brefeldin A for 6 h according
to the manufacturer’s instructions (Biolegend, Cat.# 420601).
For the cytotoxicity assay, transduced T cells were purified
by cell sorting (FACS Aria II) and cultured at different
effector:target ratios with 1 x 10* cells GBC cell lines expres-
sing luciferase. After 24 h, D-luciferin (0.5 ug/mL, Promega
Cat.#E1602) was added to the media and luminescence was
measured (Synergy HT, Bio Tek). The percentage of specific
lysis was calculated by measuring relative light units (RLU)
and applying the formula:

100 * (RLU control — RLU test)/(RLU control—
RLU maximal killing)

The maximal killing was calculated by permeabilization with
—20°C methanol and control using tumor cells without effector
T cells.

Flow cytometry staining

Monoclonal antibodies specific for human CD3-PeCy7,
CD3-APC-Cy7 (Clone HIT3a), CD4-Alexa Fluor 488
(Clone OKT4), CD8-APC-Cy7, CD8-Brilliant Violet 421
(Clone RPA-T8), IgG1-PE (Clone HP6017), IgG1 Isotype-
PE (Clone MOPC-21), 41BB-PE (Clone 4B4-1), PD
—1-PeCy7, PD-1-Brilliant Violet 421 (Clone EH12.2H7),
CD69-APC-Cy7 (Clone FN50), IFNy-APC-Cy7 (Clone 48S.
B3), TNFa-Alexa Fluor 488 (Clone Mabll), granzyme
B-APC (Clone GB-11), perforin-PerCPCy5.5 (Clone
B-D48), CEA-APC (Clone ASL-32), PD-L1-Brilliant Violet
421 (Clone 29E.2A3), TruStain fcX™ (Clone 93) and viability
dye Zombie Aqua (ref 423,101), were purchased from
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Biolegend. Samples were analyzed in a FACSCanto II cyt-
ometer (BD Bioscience) and data were analyzed using
FlowJo version X.0.7 (Tree Star, Inc.).

Tumor challenge

NOD.CB17-Prkdc*®/] (NOD/SCID) mice were purchased
from Jackson Laboratories, kept at the animal facility of
Fundacién Ciencia & Vida and maintained according to
the “Guide to Care and Use of Experimental Animals,
Canadian Council on Animal Care”. This study was carried
out in accordance with the recommendations of the
“Guidelines for the welfare and use of animals in cancer
research, Committee of the National Cancer Research
Institute”. The protocol was approved by the “Comité de
Bioética y Bioseguridad” from Fundacién Ciencia & Vida.
Blinding or randomization strategy was done whenever pos-
sible. No animals were excluded from the analysis and, male
and female mice were used indistinctly. Mice were allocated
randomly in the different experimental procedures. GB-d1
cells were inoculated by injecting subcutaneously 5 x 10°
cells. Seven days after tumor inoculation, transduced
human T cells containing 1x 10° CAR" or GFP" T cells
were transferred intravenously in 200 pL of sterile PBS.
When indicated, 50.000 UI/mL of hIL2 and 200 pg anti-
PD-1 antibody nivolumab (Bristol Maier Squib) were
injected intraperitonially three consecutive days after T cell
transfer. Tumor growth was monitored by measuring per-
pendicular tumor diameters with calipers. Tumor volume
was calculated using the following formula: V= (D x d2)/2
where V is the volume (mm?®), D is the larger diameter
(mm) and d is the smaller diameter (mm). Mice were
euthanatized when moribund or when the mean tumor
diameter was 215 mm, according to the approved bioethical
protocol.

Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware (GraphPad Software Inc.). Unpaired t-tests were per-
formed pairwise between relevant groups. Two-way ANOVA
between relevant groups when analyzing tumor growth. Error
bars in the figures indicate the mean plus SEM. P value <.05
was considered statistically significant; *P <.05, **P <.01,
*P <.001 and ****P <.0001.

Results
CEA is highly expressed in GBC tumor biopsies

We first sought to validate CEA as a potential target in GBC.
To this end, we analyzed the expression of CEA (also known as
CEACAMS5) by immunohistochemistry in tumor biopsies
obtained from gallbladder cancer (GBC) patients®. We col-
lected samples from 186 primary tumors at different stages and
categorized CEA expression as negative (0), low (1+), inter-
mediate (2+) or high (3+) (Figure 1a). We observed that 86% of
the GBC tumors expressed CEA at some level, with higher CEA
levels associated with more advanced disease stages
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Figure 1. CEA expression in GBC tumor biopsies. Immunochemistry of CEA expression on stained slides of gallbladder carcinoma biopsies (a). Representative images of
positive and negative control for CEA staining are shown (Left). Biopsies were classified as negative (0), low (1+), intermediate (2+) or high (3+) by patchy or diffuse
tissue patterns. Pictures were taken at 20x magnification. (b) Pie charts showing the percentage of patients per each CEA expression category (CEA negative, CEA 1+,
CEA 2+ and CEA 3+) from the total cohort and within specific tumor stages (T1, T2 and T3+T4). N = 186 samples

(Figure 1b). Interestingly, 23% and 54% of advanced GBC
tumors (stages T3 and T4) expressed intermediate (2+) and
high (3+) levels of CEA, respectively (Figure 1b). These find-
ings support CEA as a clinically relevant antigen in GBC that
can potentially be targeted by CAR-T-based immunotherapy.

CEA-specific CAR-T cells are activated in the presence of
PD-L1

Next, we tested a CEA-specific CAR consisting of
a humanized scFv>* linked to an IgG1-derived spacer domain,
a transmembrane domain, and intracellular signaling
domains from OX40 and CD3{, a design similar to others
previously described®>*¢. Replication-deficient retroviral par-
ticles encoding the CAR or green fluorescent protein (GFP),
as control, were produced using the Phoenix-Ampho cell
line*>. Then, human T cells obtained from peripheral blood
mononuclear cells (PBMC) from healthy donors were acti-
vated in vitro with plate-bound anti-CD3 and anti-CD28
agonistic antibodies. Subsequently, activated T cells were
transduced with the retroviral vectors, and transgene expres-
sion was evaluated 48-72 h later, observing 34-54% and 72-
83% of transduction efficiency for both CAR and GFP con-
structs, respectively (Supplementary Figure Sla,b). The func-
tionality of the CEA-specific CAR was tested in vitro by
stimulating transduced T cells with plates coated with CEA
alone or in combination with PD-L1 for 16 h. As a negative
control, plates were coated with bovine serum albumin (BSA).
CAR-expressing CD8" T cells specifically recognized plate-
bound CEA, as evidenced by strong surface up-regulation of
activation markers 4-1BB, CD69 and, to a lesser extent, PD—1
(4-1BB: from 28.70% + 6.26 to 69.44% + 12.12; CD69: from

23.41+4.71 to 56.72% +9.77; PD-1: from 18.69 + 7.31 to
29.8 £5.83. Data is expressed as mean + SEM). This CEA-
specific activation was unaltered in the presence of PD-L1
(coated at 1 pg/mL), which has been demonstrated to inhibit
CD28-based CAR constructs’”*®. However, when the PD-L1
coating concentration was increased to 5ug/mL (nearly 25
times the molar amount of CEA), the up-regulation of 4-1BB,
CD69 and PD-1 was severely impaired (Figure 2a, b) (4-1BB:
40.88% + 8.32; CD69: 31.98% + 3.26; PD—1: 10.88% + 3.03).
Similar up-regulation of activation markers, but to a lesser
extent, was observed in CEA-activated CD4" CAR-T cells
(4-1BB: from 14.65% +4.52 to 33.59% + 10.33; CD69: from
26.78 +3.37 to 44.92% + 5.56; PD-1: from 18.14 + 6.50 to
31.28% * 7.62), which was also reduced by 5 pg/mL PD-L1
coating (4-1BB: 16.70% + 5.71; CD69: 27.44% + 2.15; PD-1:
13.98% + 4.09) (Figure 2c, d). These results indicate that
CAR-T cells can specifically recognize CEA, regardless of
the presence of PD-L1, but are still sensitive to high levels of
PD-LI1. Next, we determined the production of effector mole-
cules by CAR-T cells. For this purpose, T cells were stimu-
lated as described in Figure 1, followed by an additional 4 h
culture in the presence of brefeldin A. Then, intracellular
staining of cytokines and cytotoxic molecules was performed.
CAR-T cells specifically produced IFN-y and TNF-a upon
CEA stimulation alone (Figure 3a) (CD8" T cells: IFN-y: from
5.94% * 2.44 t0 27.94% + 4.83; IFN-y and TNF-a: from 3.16%
+1.64 to 21.83+3.97) (CD4" T cells: IFN-y: from 5.80% +
3.94t0 13.62% + 2.28, IFN-y and TNF-a: from 3.43% + 2.77 to
11.81% + 3.49) or in the presence of PD-L1 (1 pg/ml coating).
Increased PD-L1 partially reduced IFN-y and TNF-a produc-
tion by CD8" (Figure 3b) and CD4" (Figure 3c) CAR-T cells
(CD8" T cells: IFN-y: 16.94% + 5.60; IFN-y and TNF-a:



ONCOIMMUNOLOGY e 5

[ R

I CEA

B CEA + PD-LY
I CEA « PD-L1 (5x)

% PD-1* CD8 T cells

GFP  aCEA-CAR

aCEA-CAR

a n
8
[
a0
o
&
Q
<
w
O
o
b
2 % 100
8 8
- — 80
@
8 a8 60
O o
+ + 40
i 2
v 8 20
T
= X 0
GFP  aCEA-CAR GFP
-
[;] T
§ ; 11.4%)
'_
“D" 39. 10/0
(3]
4 33.8%|
Q
ﬁ Q zu
(3] ‘
o
4-1BB
d
2 2
8 8
- -
3 3
O o
@ >
- a
3 (&)
2 S

GFP GFP

aCEA-CAR

. : 30.9% . 24.5%)| g cen
| I CEA » PD-LY

6%5 B CEA « PD-L1 (5x)

A; =
. 20.3%

PD-1

60.3%

% PD-1* CD4 T cells

GFP

aCEA-CAR

aCEA-CAR

Figure 2. CEA-specific activation of CAR-T cells. CEA-specific CAR-T cells, or GFP-transduced T cells as control, were cultured in plates coated with BSA (black), CEA (red),
CEA and 1 pg/ml PD-L1 (blue) or CEA and 5 pg/ml PD-L1 (green) for 16 h and activation markers were evaluated by flow cytometry. Representative histograms (a,c) and
graphs (b, d) showing the percentage of 4-1BB*, CD69* and PD-1* CD8"* and CD4* T cells (a-b and c-d, respectively). Data from five donors are shown. Bars are the

mean + SEM. *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001 by 2-way ANOVA.

12.54% +4.13) (CD4" T cells: IFN-y: 11.6% * 7.23; IFN-y and
TNF-a: 8.30% + 5.56). In addition, CD8" CAR-T cells also up-
regulated granzyme B (Figure 3d) and perforin (Figure 3e) in
response to CEA stimulation (granzyme B: from 66.03% +
9.93 t0 93.05% + 3.68; perforin: from 36.97% + 7.88 to 60.63%
+13.87), whereas high PD-L1 levels tended to reduce the
expression of both cytotoxic molecules but this decrease was

not significant. Taken together, these results indicated that
CEA-specific CAR-T cells up-regulate effector cytokines and
cytotoxic molecules in response to CEA but showed a limited
sensitivity to PD-L1 inhibition. The different sensitivities to
PD-L1-mediated inhibition observed when analyzing the up-
regulation of surface molecules and intracellular effector
molecules are likely due to differences in expression kinetics.
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Figure 3. CEA-specific production of effector cytokines and cytotoxic molecules by CAR-T cells. CEA-specific CAR-T cells, or GFP-transduced T cells as control, were culture with
plates coated with BSA (black), CEA (red), CEA and 1 pg/ml PD-L1 (blue) or CEA and 5 pg/ml PD-L1 (green) for 24 h and analyzed by flow cytometry. (a) Representative
pseudocolor plots of IFN-y and TNF-a production on CD8" (left panels) and CD4™ (right panels) T cells. (b-c) Graphs showing the percentage of IFN-y*TNF-a* double positive (lefts
panels) and total IFN-y* (right panels) CD8" (b) and CD4* (c) T cells. Representative histogram and quantification of granzyme B (d) and perforin (e) expression on CD8* CAR-T
cells. Data from 4-5 donors are shown. Bars are the mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by 2-way ANOVA.

CAR-T cells recognize GBC cell lines expressing CEA and
PD-L1

Then, we addressed the potential of CEA-specific CAR-T cells
to recognize GBC cells expressing both CEA and PD-L1. To this
end, CAR-T cells were co-cultured with the GBC cell lines GB-
dl and NOZ displaying variable levels of CEA (Supplementary
Figure S2a, ¢) and high levels of PD-LI, which can be further

up-regulated after IFN-y treatment (Supplementary Figure S2b,
d). After co-culture, CEA-specific activation was evidenced by
up-regulation of surface markers 4-1BB, CD69 and PD-1 in
both CD8" (Figure 4a, b) (4-1BB: 70.85% + 11.17 for Gb-d1 and
56.68% + 8.29 for NOZ; CD69: 32.92% +11.13 for Gb-dl
and 56.68% +8.29 for NOZ; PD-1: 59.83% + 8.36 for Gb-d1
and 48.27% + 9.31 for NOZ) and CD4" (Figure 4c, d) (4-1BB:
42.23% + 8.76 for Gb-d1 and 28.18% + 7.31 for NOZ; CD69:
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Figure 4. CAR-T cell activation upon recognition of CEA-expressing GBC cell lines. GFP* T cells (black) or CEA-specific CAR-T cells (red) were co-cultured with GB-d1 or
NOZ cell lines for 24 h, and activation markers were evaluated by flow cytometry. Histograms (a, ) and graphs (b, d) showing the percentage of 4-1BB*, CD69* and PD-
1* on CD8" (a-b) and CD4* (c-d) T cells. Data from six donors are shown. Bars are the mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by 2-way ANOVA.

39.35% + 4.96 for Gb-d1 and 18.78% + 3.10 for NOZ; PD-1:
36.52% * 5.68 for Gb-d1 and 24.68% + 7.37 for NOZ) CAR-T
cells, to a similar extent than levels observed after stimulation
with purified CEA-coated plates. We extended our analysis to
include the OCUG-1 GBC cell line, which does not express
CEA and PD-L1, as well as 24TKB cell line as a positive control

expressing high levels of CEA but no PD-L1 (Supplementary
Figure S2e-f)*’. Up-regulation of activation markers was
observed after co-culturing CD8" (Supplementary Figure S3a-
b) and CD4"(Supplementary Figure S3c-d) CAR-T cells with
24TKB but no OCUG-1 cells (CD8" T cells: 4-1BB: 21.27% +
5.18 for OCUG-1 and 92.90 + 1.4 for 24TKB; CD69: 13.54% +
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2.85 for OCUG-1 and 55.37% + 11.85 for 24TKB. PD-1: 5.48%
+2.12 for OCUG-1 and 47.85% + 13.35 for 24TKB) (CD4"
T cells: 4-1BB: 13.9% +5.37 for OCUG-1 and 74.85% * 6.95
for 24TKB; CD69: 17.81% + 4.34 for OCUG-1 and 55.35% +
8.25 for 24TKB. PD-1: 24.77% + 11.71 for OCUG-1 and 57.2%
+9.3 for 24TKB). These results show that CEA-specific CAR-T
cell can specifically recognize CEA-expressing GBC cell lines
regardless of PD-L1 expression.

CAR-T cell-mediated cytotoxicity against CEA-expressing
GBC cell lines

To investigate the cytotoxic potential of CAR-T cells, we eval-
uated the expression of cytotoxic molecules in co-culture
experiments. As expected, CD8" CAR-T cells up-regulate gran-
zyme B and perforin in response to both GB-d1 and NOZ GBC
cell lines (Figure 5a, b) (granzyme B: 90.98% + 5.92 for Gb-d1
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Figure 5. CAR-T cell-mediated cytotoxicity against CEA-expressing GBC cell lines. GFP-transduced T cells (black) or CEA-specific CAR-T cells (red) were co-cultured with
GB-d1 or NOZ cell lines for 24 h, and cytotoxic molecules were evaluated by intracellular staining and flow cytometry. Representative histograms (a) and graphs (b)
showing the percentage of perforin* and granzyme B*CD8" T cells. (c) Cytotoxicity assay was performed by co-culture of GFP-transduced or CAR-T cells with luciferase-
expressing GB-d1 cells for 16 h. Data from 3-5 donors are shown. (d) NOD/SCID mice were subcutaneously challenged with GB-d1 cells, GFP or CAR-T cells were
intravenously transferred after 7 days. Tumor growth curves of the different groups are shown. Data representative of three independent experiments, n = 4-5 mice per
group. Bars are the mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant by 2-way ANOVA.



and 91.40% + 2.08 for NOZ; Perforin: 60.32% + 8.04 for Gb-d1
and 57.18% + 4.69 for NOZ). To assess in vitro anti-tumor
cytotoxicity, co-culture experiments were performed with luci-
ferase expressing GB-d1 cells at 1:1 and 1:5 target-to-effector
ratios, and then luminescence was quantified. We observed
CAR-T significantly eliminated GB-d1 cells compared to con-
trol GFP-transduced T cells (Figure 5c) (Specific lysis at 1:5
Target:Effector ratio: 31.49% + 5.83 for GFP T cells and 95.53
+3.00 for CAR-T cells). Finally, the ability of CAR-T cells to
eliminate GBC cells was evaluated in vivo. To this end, NOD/
SCID mice bearing palpable GB-d1 tumors received adoptive
transfer of CAR-T cells. We observed a significant reduction in
tumor growth following transfer of T cells transduced with the
CEA-specific CAR compared to GFP-transduced T cells
(Figure 5d). A similar reduction in tumor growth was observed
in mice inoculated with colorectal adenocarcinoma cells HT
—29, which express higher levels of CEA and lower levels of
PD-L1 (Supplementary Figure S5a-c), indicating that CEA-
specific CAR-T cells can target cells expressing limited levels
of CEA and high amounts of PD-1. To test whether CAR-T
cell-mediated tumor control could be improved, we combined
CAR-T cells with systemic injections of IL-2 and an antibody
blocking PD-1 (nivolumab). In this setting, intraperitoneal
injections of anti-PD-1, did not increase the antitumor efficacy
of CEA-specific CAR-T cells (Supplementary Figure S6a-b),
suggesting that CAR-T cells can target GBC cells indepen-
dently of PD-1-mediated suppression in this mouse model.
Taken together, these results demonstrate that CEA-specific
CAR-T cells display anti-tumor activity against GBC cell lines
expressing CEA and PD-L1 at a preclinical level and warrant
further development as a potential immunotherapy for GBC.

Discussion

Cancer immunotherapy has emerged as a new standard of care
for several malignancies. CAR-T cell immunotherapies have
shown remarkable results in hematological cancers and have
great potential for the treatment of solid tumors such as GBC.
Here, we identified CEA as a tumor-associated antigen broadly
expressed in GBC that can be targeted by a CAR-T cell immu-
notherapy at the preclinical level. We observed that most of the
GBC samples analyzed expressed CEA at some level
Importantly, higher CEA expression was associated with
advanced stage disease, making GBC a suitable disease for
CEA-targeted immunotherapies. We showed that CEA-
specific CAR-T cells were efficiently activated upon recogni-
tion of plate-bound CEA or CEA-expressing GBC cell lines, as
assessed by up-regulation of surface markers (4-1BB, CD69
and PD-1), production of effector cytokines (IFN-y and
TNF-a), and cytotoxic molecules (granzyme B and perforin).
Interestingly, CAR- T cell activation driven by both plate-
bound CEA and CEA-expressing GBC cell lines, occurred
even in the presence of PD-L1. In contrast to our results,
other studies have shown that inhibition of TCR-mediated
T cell activation can be observed with 10-fold lower levels of
plate-bound PD-L1*. CEA-specific CAR-T cells were still sen-
sitive to PD—1 inhibition when PD-L1 coating concentration
was significantly increased (5ug/mL), suggesting a higher
threshold for PD-L1 inhibition on CEA-specific CAR-T cells.
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Importantly, CAR-T cells efficiently eliminated Gb-d1 cells
in vitro and significantly reduced tumor growth in immuno-
deficient mice to a similar extent as observed in HT29 tumors,
a commonly used model of colorectal cancer that expresses low
levels of PD-L1 and high levels of CEA*"**, as other colorectal
cancer cell lines*’. We selected the GBC cell lines GB-d1 and
NOZ, which express intermediate levels of CEA and high levels
of PD-L1, because they recapitulate key features of human
tumors. Our results show that CEA-specific CAR-T cells exhi-
bit antitumor activity regardless of the presence of PD-L1.
Consistent with these in vitro results, we observed that the
combination of CAR-T cells and a blocking antibody against
PD-1, which is commonly used in the clinic, did not improve
the control of GB-d1 tumors. However, whether this is parti-
cular to our model or a more general phenomenon in GBC
remains to be elucidated. In this context, PD-L1 expression
remains controversial as a predictive marker for GBC progres-
sion. An analysis of PD-L1 expression in 174 GBC tumors and
tumor-infiltrating lymphocytes concluded that PD-L1 did not
correlate with survival or prognosis**. Another study analyzing
66 tumor samples found a correlation between high PD-LI
expression and worse overall survival (OS) but not progres-
sion-free survival (PFS), while the combination of CD8"#" and
PD-L1 correlated with improved OS and PFS*. Furthermore,
another study in 75 GBC patients receiving PD-1 inhibitors
and chemotherapy showed improved FPS but no significant
difference in objective response or disease control rate'’.
Future studies may help to clarify the role of PD-1 in GBC
progression.

One of the major challenges of CAR-T cell-based immu-
notherapies in solid tumors is that the results obtained in
mouse models do not always translate to the human setting.
Therefore, testing the efficacy of CEA-specific CAR-T cells in
humanized in vivo models is key to assessing the therapeutic
potential of this type of immunotherapy for GBC. We observed
that CEA-specific CAR-T cells significantly reduced the growth
of GB-d1 tumors. Still, this type of humanized mouse model
has some limitations. For example, the contribution of PD-L1
expressed on mouse cells in the tumor microenvironment,
such as dendritic cells and macrophages, to the suppression
of CAR-T cells expressing human PD-1 cannot be addressed.
In addition, human CEA is not expressed in mice and mouse
GBC tumor. Our model does not address potential side effects,
particularly on-target/off-tumor toxicities. Fortunately, pre-
vious studies using transgenic mice expressing human CEA
in colon epithelium have shown no inflammation in the colon
due to CEA-specific CAR-T cell treatment®”*>*, This is prob-
ably because CEA is predominantly expressed in the lumen of
the intestine, which reduces the likelihood of CAR T cells
interacting with normal colon epithelium. Moreover, CEA-
specific CAR-T cells have been well tolerated in clinical trials,
and no important toxicities have been reported in colorectal
cancer patients”>*®. Despite the promising results of CEA-
specific CAR-T cells in preclinical models, there is still room
for improvement of this immunotherapy in solid tumors.
A key feature of CAR-T cells is that both CD4" and CD8"
T cell subsets can directly recognize cancer cells, triggering
T cell activation that leads to tumor killing. In our setting,
CD4" CAR-T cells showed lower up-regulation of activation
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markers, cytokine production and expression of cytotoxic
molecules, as compared to CD8" CAR-T cells. These results
suggest that a CAR-T cell product composed exclusively of
CD8" T cells would show enhanced antitumor activity.
However, CD4" CAR-T cells may contribute to antitumor
immunity by several other mechanisms. Indeed, cumulative
evidence indicates that CD4" CAR-T cells are more resistant
to antigen-induced exhaustion and may play a key role in
sustaining long-term antitumor responses*’™>'. Importantly,
recent studies have shown promising results in improving
CEA-specific CAR-T cells in preclinical models. Systemic
administration of IL-12 increased CAR-T cell persistence
and killing potential of several tumor cell lines®*. Activating
IL-12 receptors by a domain contained within the CAR struc-
ture induced an NK cell-like signature on CAR-T cells,
enabling them to recognize and eliminate CEA-negative cancer
cells® and shape the tumor microenvironment by recruiting
macrophages’®. In addition, the administration of CEA-
targeted IL-2 improves CAR-T cell-mediated eradication of
syngeneic tumors in CEA transgenic mice*’. Similar strategies
may prove effective in improving CAR-T cell-based immu-
notherapies against GBC. Our work highlights the use of CEA-
specific CAR-T cells as a potential immunotherapy for GBC.
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