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ABSTRACT
Background Limited persistence of functional CAR T cells 
in the immunosuppressive solid tumor microenvironment 
remains a major hurdle in the successful translation of 
CAR T cell therapy to treat solid tumors. Fine- tuning of CAR 
T cell activation by mutating CD3ζ chain immunoreceptor 
tyrosine- based activation motifs (ITAMs) in CD19- CAR 
T cells (containing the CD28 costimulatory domain) has 
proven to extend functional CAR T cell persistence in 
preclinical models of B cell malignancies.
Methods In this study, two conventional second- 
generation MSLN- CAR T cell constructs encoding for either 
a CD28 co- stimulatory (M28z) or 4- 1BB costimulatory 
(MBBz) domain and a novel mesothelin (MSLN)- directed 
CAR T cell construct encoding for the CD28 costimulatory 
domain and CD3ζ chain containing a single ITAM (M1xx) 
were evaluated using in vitro and in vivo preclinical 
models of ovarian cancer. Two ovarian cancer cell 
lines and two orthotopic models of ovarian cancer in 
NSG mice were used: SKOV- 3 cells inoculated through 
microsurgery in the ovary and to mimic a disseminated 
model of advanced ovarian cancer, OVCAR- 4 cells injected 
intraperitoneally. MSLN- CAR T cell treatment efficacy was 
evaluated by survival analysis and the characterization 
and quantification of the different MSLN- CAR T cells were 
performed by flow cytometry, quantitative PCR and gene 
expression analysis.
Results M1xx CAR T cells elicited superior antitumor 
potency and persistence, as compared with the 
conventional second generation M28z and MBBz CAR 
T cells. Ex vivo M28z and MBBz CAR T cells displayed 
a more exhausted phenotype than M1xx CAR T cells as 
determined by co- expression of PD- 1, LAG- 3 and TIM- 3. 
Furthermore, M1xx CAR T cells showed superior ex vivo 
IFNy, TNF and GzB production and were characterized by a 
self- renewal gene signature.
Conclusions Altogether, our study demonstrates the 
enhanced therapeutic potential of MSLN- CAR T cells 
expressing a mutated CD3ζ chain containing a single ITAM 
for the treatment of ovarian cancer. CAR T cells armored 
with calibrated activation potential may improve the 
clinical responses in solid tumors.

INTRODUCTION
Since the first reported clinical application 
of CD19- directed chimeric antigen receptor 

(CAR) T cell therapy for the treatment of 
B cell malignancies major advances have 
been made in CAR therapy.1 2 To date, four 
different CD19- directed CAR constructs, 
containing either a CD28 or 4- 1BB co- stim-
ulatory domain, have been Food and Drug 
Administration (FDA) and European Medi-
cines Agency (EMA) approved to treat CD19+ 
hematological malignancies.3–6

The mesothelin (MSLN) glycoprotein, 
overexpressed in many solid tumors, is a 
relevant target for antigen- specific thera-
pies. Promising results have been reported 
using MSLN- directed CAR T cells in preclin-
ical models7 8 and a recent phase I clin-
ical trial demonstrated the safety profile 
of MSLN as a target antigen for CAR T cell 
therapy in patients with advanced solid 
cancers.9 10 Despite improvements in CAR 
design, successful clinical responses in solid 
tumors remain to be achieved. The solid 
tumor niche imposes several barriers: (1) 
physical barrier leading to poor immune traf-
ficking and infiltration, (2) limited expression 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ To date, chimeric antigen receptor (CAR) T cell ther-
apy has not been very successful for the treatment 
of solid tumors.

WHAT THIS STUDY ADDS
 ⇒ We compared in preclinical models mesothelin 
(MSLN) targeting CAR constructs for ovarian cancer 
treatment. Our study shows that T cells expressing 
the MSLN CAR construct that includes a CD3ζ chain 
containing a single immunoreceptor tyrosine- based 
activation motifs (M1xx), increased survival and 
M1xx CAR T cells displayed a less exhausted phe-
notype ex vivo.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Calibration of CAR T cell activation is a promising 
strategy to enhance CAR T cell antitumor functions.

http://bmjopen.bmj.com/
http://orcid.org/0000-0003-0440-6924
http://dx.doi.org/10.1136/jitc-2022-005691
http://dx.doi.org/10.1136/jitc-2022-005691
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2022-005691&domain=pdf&date_stamp=2023-02-06


2 Schoutrop E, et al. J Immunother Cancer 2023;11:e005691. doi:10.1136/jitc-2022-005691

Open access 

of tumor- specific/associated antigens and (3) immuno-
suppressive and hypoxic tumor microenvironment.11 12

One of the current challenges in CAR T cell therapy 
is to design a cell product capable of inducing potent 
and persistent antitumor responses in the immunosup-
pressive tumor microenvironment. Different strategies to 
boost CAR T cell antitumor efficacy have been explored: 
(1) CAR T cells expressing cytokine, chemokine or 
chemokine receptors13 14; (2) engineered downregu-
lation of coinhibitory molecules (CIMs) such as PD- 1, 
TIM- 3, and LAG- 315 16; (3) combinational therapies with 
immune checkpoint blockade17 or oncolytic viruses.18 19 
Finetuning of intracellular CAR signaling, through muta-
tion of the two distal immunoreceptor tyrosine- based acti-
vation motifs (ITAMs) of the CD3ζ chain, has proven to 
be a promising approach to increase CD19- CAR T cells 
potency.20–22

We compared the potential therapeutic effect of M1xx, 
a MSLN- directed CAR T cell containing a CD28 costimu-
latory domain and a CD3ζ chain with mutations in the two 
distal ITAMs, with two conventional second- generation 
MSLN- CAR T cells containing either CD28 (M28z) or 
4- 1BB (MBBz) costimulatory domain.20 Functionality and 
therapeutic efficacy of M1xx CAR T cells was assessed in 
vitro and in two in vivo orthotopic preclinical models of 
ovarian cancer.

MATERIAL AND METHODS
CAR T-cell production
Peripheral blood mononuclear cells were isolated from 
healthy donor buffy coats (Karolinska University Hospital, 
Huddinge, Sweden) using Ficoll- Paque density gradient 
centrifugation (GE Healthcare). T cell activation and 
viral transduction with γ-retroviral vectors encoding 
for three distinct MSLN- directed CAR constructs was 
performed as reported previously.23 The MSLN- directed 
CAR constructs (generously provided by Prof. M. Sade-
lain, Memorial Sloan Kettering Cancer Center (MSKCC), 
New York, USA), encompass a human MSLN- specific 
ScFv,21 followed by either a CD28- CD3ζ, 4–1BB- CD3ζ or a 
CD28 costimulatory domain linked to an ITAM2- ITAM3 
mutated CD3ζ chain. The CAR constructs were linked by 
2A self- cleaving peptide to a truncated EGFR (EGFRt) 
sequence, allowing assessment of transduction efficiency 
(figure 1A). Anti- human CD19- CAR construct containing 
the CD28- CD3ζ signaling domain was included as control 
(kindly gifted by Prof. S. Rosenberg, NCI, Bethesda, 
USA). Retroviral supernatants were manufactured as 
previously reported.23–25

Human cancer cell lines
The high- grade serous human ovarian adenocarcinoma 
cell line, OVCAR- 4, was generously provided by Prof. 
Kaisa Lehti (Karolinska Institutet, Stockholm, Sweden) 
and cultured in RPMI- 1640 (Hyclone). SKOV- 3 tumor 
cells (human ovarian adenocarcinoma ATCC, HTB- 77) 
were cultured in McCoy’s 5a medium (Sigma- Aldrich). 

The chronic myelogenous leukemia cell line, K562, was 
maintained in RPMI- 1640. All culture media were supple-
mented with 10% fetal bovine serum (FBS, GE Health-
care) and 1% penicillin- streptomycin (Gibco). Tumor 
cells were transduced with γ-retroviral vectors encoding 
for human MSLN variant 1 (SFG vector) and green fluo-
rescent protein (GFP)/firefly luciferase fusion protein 
(SFG vector) (kindly donated by Prof. M. Sadelain, 
MSKCC). To isolate a pure polyclonal pool of double- 
positive MSLN+GFP+/ffLuc+ cells, transduced OVCAR- 4, 
SKOV- 3 and K562 cells were sorted using Fluorescence- 
Activated Cell Sorting (FACS) (BD FACSAria, Becton 
Dickinson and SONY MA900 cell sorter, Sony Biotech-
nology). MSLN+GFP+/ffLuc+ OVCAR- 4 and SKOV- 3 
cells were assessed for microbiology and Mycoplasma 
(MycoAlert Mycoplasma Detection Kit, Lonza) prior to 
injection in mouse models.

Short-term in vitro restimulations assay
The phenotype of M28z, MBBz and M1xx CAR T cells 
was determined by flow cytometry prior to start of assays 
and on day 6 following two rounds of antigen stimula-
tion. MSLN- CAR T cells were cocultured with irradiated 
(55 Gy) MSLN+ K562 cells at a 1:1 effector:target (E:T) 
ratio on day 0 (figure 1B). After 72 hours of coculture, 
CAR frequency was evaluated and MSLN- CAR T cells 
were restimulated with freshly irradiated MSLN+ K562 
cells and cocultured at 1:1 E:T ratio for another 72 hours. 
On day 6, MSLN- CAR T cells were exposed for a third 
time to MSLN+ K562 cells at 1:1 E:T ratio and following 
6 hours of coculture, cytokine production and degranula-
tion were assessed by intracellular staining as previously 
described.26 Cocultures were maintained for a total of 
6 days in AIM- V medium supplemented with 5% human 
AB serum, at 37°C, 5% CO2.

Long-term in vitro restimulations assay
MSLN- CAR T cells were labeled with CellTrace Violet 
Cell Proliferation Kit (ThermoFisher Scientific) on day 
0. CAR T cells phenotype was determined (flow cytom-
etry) on days 0, 7, 14 and 2, stimulation done with irradi-
ated (55 Gy) MSLN+ K562 cells, 1:1 E:T ratio (figure 1I). 
Manual cell counts and medium medium refreshments 
(AIM- V medium supplemented with 5% human AB serum 
and 300 IU IL- 2) were performed on a weekly basis. Cells 
were incubated at 37°C, 5% CO2.

K562 MSLN+GFP+ cells were used to assess killing by 
MSLN- CAR T cells (day 0 and 21). Briefly, after CAR 
frequency evaluation (FACS), 0.1E6 MSLN- CAR T cells 
were incubated for 24 hours at 37°C, 5% CO2 in a 96- well 
plate with 0.2E6 K562 MSLN+GFP+ at a 1:2 E:T ratio. 
Donor- matched untransduced T cells were used as nega-
tive control. The assay was performed in a final volume 
of 200 µL AIM- V medium supplemented with 5% human 
AB serum. After 24 hours, 100 µL from each resuspended 
co- culture was added to 40 µL of ONE- Glo EX Reagent 
(Promega) and bioluminescence reading done using 
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Figure 1 Impact of repeated In vitro stimulation on MSLN- CAR T cells. A. MSLN- directed constructs with a CD3ζ endodomain 
and 4- 1BB costimulatory domain (MBBz) or CD28 costimulatory domain (M28z) or CD28 with ITAM2- ITAM3 mutated CD3ζ 
chain (M1xx). (B) Experimental design short- term restimulations assay, number of healthy donors, n=6. (C) Representative plot 
of MSLN expression in K562 target cells. (D). Kinetics of the CD4+/CD8+ ratio within the different MSLN- CAR T cells. (E–F) LAG- 
3, PD- 1 and Tim- 3 CIM expression kinetics by MSLN- CAR T cells prior to and following antigenic (re)stimulation, as determined 
by frequency (E) and MFI (F,G) changes in CIM coexpression by CD4+ (top) and CD8+ (bottom) MSLN- CAR T cells prior to and 
following antigenic (re)stimulation. (H) frequency of CD107a, IFNγ, IL- 2 and TNF producing CD4+ (left) and CD8+ (right) T cells 
after three stimulations with K562 MLSN+target cells. (I) Experimental design of the long- term restimulations assay spanning 
3 weeks. Number of healthy donors: n=6. (J) Representative histogram of proliferation as determined by CellTrace violet signal 
by the different MSLN- CAR T cell constructs at day 7 post- first stimulation (left) and weekly monitoring (cell count) of MSLN- 
CAR T cell proliferation (right). (K) Expression of CD45RA and CCR7 at day 21 (following 3- week period in vitro stimulation). 
(L) Percentage killing of K562 MSLN+GFP+ target cells by the different MSLN- CAR T cells after a single exposure (day 0, left) 
and three exposures (day 21, right, means and SD are represented). The two- way ANOVA with Sidak’s test was used to do 
multiple comparisons between CAR T cells and date. Friedman’s test with Dunn’s correction was used to compare. The three 
paired MSLN- CAR T cells. delta Δ=value at day 6 – value at day 0. Medians are represented. *p<0.05, **p<0.01,***p<0.001. 
ANOVA, analysis of variance.
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CLARIOstar multireader (BMG Labtech). MSLN- CAR T 
cells specific killing was calculated as follows:

 % specific killing = 100 x
1 − CART cells biolum

Untransduced T cells biolum


  

SKOV-3 and OVCAR-4 mice models
Female NOD scid gamma (NSG) mice (Charles River) 
aged 6–8 weeks old were kept as described previously.27 
An orthotopic model of ovarian cancer was established 
through microsurgery: 0.5E6 SKOV- 3 MSLN+GFP+/
ffLuc+ cells (passage 36 and 37) were injected into the 
bursa of the left ovary as reported previously.27 To mimic 
a disseminated model of ovarian cancer, 1E6 OVCAR- 4 
MSLN+GFP+/ffLuc+ cells (passage 28) were adminis-
tered intraperitoneally (i.p.). Mice were treated with 1E6 
CAR T cells (corresponding approximately to 1.5E6 to 
2E6 total T cells) by intravenous injection 21–22 days 
post SKOV- 3 tumor inoculation or i.p. injection 13 days 
after OVCAR- 4 tumor engraftment, respectively. Prior to 
CAR T cell administration, mice were divided into treat-
ment groups with comparable median bioluminescence 
imaging (BLI) signal intensity (used to monitor tumor 
burden).

Overall condition, body weight (online supplemental 
figure 2B, online supplemental figure 4C) and tumor 
burden were evaluated weekly. Mice were i.p injected 
with 150 mg/kg d- luciferin (PerkinElmer) in PBS to 
detect the ffLuc+ bioluminescence signal using the In 
Vivo Imaging System (IVIS, PerkinElmer) and data were 
analyzed with the Living Image V.4.3.1 software (Perki-
nElmer). BLI threshold detection level was evaluated at 
1.5E6 photons using two untreated NSG mice. Some IVIS 
points were excluded due to technical error during BLI 
measurements.

To longitudinally characterize tumors and CAR T cells, 
some mice were sacrificed at intermediate time points 
(study design, online supplemental table 1). Remaining 
mice were kept for survival analysis and sacrificed on 
reaching humane endpoint as described previously.27

Organ collection and processing
Primary ovarian tumor/ovarian tissue, spleens, blood (by 
heart puncture) and, if available, ascites were harvested 
on sacrificing of mice that received SKOV- 3 cells. Organs 
were processed into single cell suspensions for flow 
cytometry and cell culture in case of sufficient material, 
as described previously.27

Spleens of sacrificed mice inoculated with OVCAR- 4 
cells were processed into single cell suspensions for flow 
cytometry analysis and FACS sorting (BD FACSAria, 
Becton Dickinson and SONY MA900 cell sorter, Sony 
Biotechnology) to isolate CAR- transduced T cells 
(CD45+CD3+EGFRt+). In parallel, the infused CAR frac-
tion of M28z and M1xx CAR T cells (OVCAR- 4 model) 
were also FACS sorted. Following sorting, isolated CAR+ 
T cells were counted and pelleted, dry cell pellets were 
stored at −80°C until further usage.

Quantitative real-time PCR
Peripheral blood was collected from tail veins of SKOV- 
3- inoculated mice every 2 weeks. After centrifugation, 
blood pellets were stored at –80°C until usage. For DNA 
extraction, blood pellets from several mice (up to four) 
were pooled when needed to achieve an initial volume of 
collected blood between 60 and 200 µL. DNA extraction 
was performed using Qiagen AllPrep DNA/RNA kits 
(Qiagen). To detect MSLN- CAR T cells, primers specific 
for EGFRt (forward primer 5’- AATGCGTGGACAAGT-
GCAAC- 3', reverse primer 5’- CGATGGACGGGATCT-
TAGGC- 3') were used. PowerUP SYBR green master mix 
(Applied Biosystems) was mixed with primers and 25 ng 
DNA per reaction in Microamp Fast Optical 96- well 
reaction plates (Thermo Scientific), amplification was 
performed using a 7500 fast real- time PCR machine 
(Applied Biosystems). Primers specific for the beta- 
globulin gene (HBG) were included as internal control.

Flow cytometry
Staining with biotinylated anti- EGFRt/Cetuximab anti-
body (R&D systems) was used to assess EGFRt expression 
and thus CAR transduction efficiency. Detection of CAR 
surface expression was using biotinylated anti- human Fab 
(for MSLN- CAR) or anti- mouse Fab (for CD19- CAR) anti-
bodies followed by a blocking step with mouse γ-globulin 
(all from Jackson ImmunoResearch Lab). Stainings with 
anti- Fab or anti- EGFRt were followed by staining with 
streptavidin- PE conjugated antibody (Biolegend) (online 
supplemental figure 2A). Extracellular antibodies were 
included in the secondary staining (online supplemental 
tables 2 and 3). Cell viability was assessed with 7AAD. 
Tumor cells were checked regularly by flow cytometry for 
MSLN cell surface expression and GFP signal. Acquisition 
was performed on CytoFlex (Beckman Coulter) and data 
analyzed using FlowJo V.10.8 Software (BD Life Sciences).

Fluorospot assays
MSLN- directed CAR T cells isolated from primary ovarian 
tumors and/or spleen of SKOV- 3 MSLN+GFP+/ffLuc+ 
inoculated mice were cocultured with MSLN+ OVCAR- 3 
cells for 24 hours in FluoroSpot plates (FluoroSpotPLUS 
kit IFNy/GranzymeB/TNFa, Mabtech) allowing detec-
tion of IFNy, GzB and TNF production and analyzed 
using the IRISTM ELISpot/FluoroSpot reader (Mabtech).

Gene expression analysis
Sorted CAR T cell pellets were thawed and resuspended 
in 1:3 diluted RLT buffer. Cell pellets of some mice (from 
the same treatment group) were pooled for Nanostring 
analysis (online supplemental table 4). Cells were then 
incubated for 20 min at 4°C for lysis. Lysed samples equiv-
alent to 10,000 cells were analyzed for gene expression 
using the nCounter CAR- T Characterization and the 
nCounter Metabolic Pathways Panels (Nanostring Tech-
nologies) using the Nanostring MAX/FLEX platform 
(KIGene core facility, Karolinska Institutet, Stockholm, 
Sweden). nCounter data were analyzed with a custom 
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script in R. Because 212 genes overlapped between the 
nCounter CAR- T Characterization and the nCounter 
Metabolic Pathway panels, the reproducibility of the 
measurements could be calculated. A linear model was 
set up over Log2 normalized nCounter measurements 
to remove any batch variations by a constant shift. The 
remaining difference between repeated measurements 
was assumed to be the real dispersion. The dispersion 
for all the genes was then estimated using the Bayesian 
approach of DEseq2, assuming that the error was 
normally distributed.28 Fold changes were calculated by 
subtraction in log space, with deviations calculated from 
the normal distribution using the square additivity of vari-
ances. The background value was set as negative controls 
maximum value +30 and was used for gene exclusion. List 
of the genes used for comparison analysis can be found in 
online supplemental table 5A- C.

Data and statistical analysis
Data analysis was conducted using GraphPad Prism 
(GraphPad Software, San Diego, California, USA). Data 
are represented as median, unless indicated intermediate 
time points were pooled with humane endpoint data. 
Individual mice were used as experimental units, with a 
minimum of five mice per group for statistical analysis. 
Non- parametric paired samples of two or multiple groups 
were compared using Wilcoxon matched- pairs signed 
rank test or Friedman test with Dunn’s correction. Two 
groups and multiple groups of unpaired samples were 
compared using Mann- Whitney test or Kruskal- Wallis test, 
respectively. The two- way analysis of variance with Sidak’s 
test was used to do multiple comparisons between groups 
of samples overtime. Log- rank test was used to analyze 
Kaplan- Meier long- term survival curves. Correlation was 
analyzed by linear regression; log 10 transformation of 
the data was performed when necessary for correlation 
analysis. The threshold of significance was set at 0.05.

RESULTS
MSLN-CAR T cell phenotype and function were impacted 
differently on repeated stimulations
Repeated in vitro stimulations of MSLN- CAR T cells were 
performed over a period of 1 week (short term restimu-
lations assays) to compare the phenotype and function-
ality of M28z, MBBz and M1xx CAR constructs. The 
frequency of CAR+ T cells (online supplemental figure 
1A) remained stable overtime for M28z and MBBz CAR 
T cells, while it decreased significantly at day 6 (after 
two stimulations) in M1xx CAR T cells. After two stimu-
lations with MSLN+ K562 target cells (figure 1C), there 
was a shift towards a lower CD4+/CD8+ ratio within MBBz 
CAR+ T cells (figure 1D). Notably, MBBz CAR T cells 
exhibited a significantly higher CD4+/CD8+ ratio than 
M1xx CAR T cells prior to antigen exposure (figure 1D, 
online supplemental figure 1B). CIM expression levels 
were impacted differently following repeated stimula-
tions with MSLN+ target cells on M28z, MBBz and M1xx 

CAR T cells. Following repeated antigen exposure, LAG- 3 
and PD- 1 expression (as determined by frequency and 
median fluorescence intensity, MFI) increased signifi-
cantly in MSLN- CAR T cells, especially in M1xx CAR T 
cells compared with M28z and MBBz CAR T cells (p<0.05, 
(online supplemental figure 1C–F, figure 1E,F). Accord-
ingly, M1xx CAR T cells showed a stronger increase in 
phenotypically exhausted LAG- 3/PD- 1/TIM- 3 triple posi-
tive CAR T cells than M28z (CD4+ only) and MBBz (both 
CD4+ and CD8+) CAR T cells (p<0.05) after repeated 
antigen exposure. The activation/exhaustion pheno-
type of MBBz CAR T cells was less impacted by repeated 
antigen stimulations than M1xx CAR T cells, as shown by 
the stable frequency of LAG- 3/PD- 1/TIM- 3 triple nega-
tive cells within MBBz CAR T cells (p<0.05, figure 1G, 
online supplemental figure 1G,H).

Following the third antigen exposure, M28z CD4+ 
CAR T cells showed less degranulation (CD107a+) than 
MBBz CAR T cells and produced less IL- 2 than M1xx 
CAR T cells, while CD8+ M1xx CAR T cells were more 
efficient in TNF production than MBBz CAR T cells 
(p<0.05, figure 1H). There were no differences between 
MSLN- CAR T cells concerning their multifunctionality, 
and noticeably MSLN- CAR T cells demonstrated mainly 
one or two functions on repeated antigen exposure 
(online supplemental figure 1I,J).

Repeated in vitro stimulations were then performed 
over a 3- week period (long- term restimulations assay) 
including weekly stimulations with MSLN+ K562 target 
cells (figure 1I). Overall, CAR frequency within CD3+ 
cells increased progressively up to a median >90% (ie, 
M28z 95,9%, MBBz 92,1% and M1x×98,5%) while 
the CD4/CD8 ratio progressively decreased (p<0.001, 
online supplemental figure 1K). While M28z CAR T cells 
displayed a rapid initial proliferation capacity during the 
first week of antigenic exposure (p<0.001 vs. MBBz CAR T 
cells), M1xx CAR T cells demonstrated a more persistent 
expansion potential (as measured by proliferation and 
cell counts) over 21 days with repeated antigen exposure 
(p<0.01 vs. M28z and MBBz CAR T cells, figure 1J). At 
21 days, M1xx CAR T cells presented a higher frequency 
of LAG- 3 and TIM- 3 surface expression as compared 
with M28z and MBBz CAR T cells (p<0.01). No differ-
ences in PD- 1 expression levels were observed between 
the MSLN- CAR T cell constructs (online supplemental 
figure 1L). M1xx CAR T cells exhibited the highest CCR7 
expression levels among the MSLN- CAR T cells (p=0.05) 
which translated into a higher central memory pheno-
type (TCM, p<0.05) compartment as compared with 
M28z CAR T cells (figure 1K). Overall, no differences in 
killing potential between MSLN- CAR T cells after a single 
(day 0) or after repeated (day 21) exposure to target cells 
were detected (figure 1L).

M1xx CAR T cells induced persistent tumor regression and 
long-term remission in vivo
To assess the antitumor efficacy of M28z, MBBz and M1xx 
CAR T cells in an in vivo model, NSG mice were inoculated 
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with MSLN+GFP+/ffLuc+ SKOV- 3 cells (figure 2A), 
followed by M28z, MBBz or M1xx CAR T cell intravenous 
treatment 21 days post tumor engraftment. Treatment with 
all MSLN- CAR constructs significantly prolonged survival 
compared with control mice (figure 2B,C, online supple-
mental figure 2C). Median BLI signals already decreased 
1 week after MSLN- CAR treatment compared with the 
control group (p<0.001), however, only M1xx CAR T cells 
induced persistent tumor regression (figure 2D). Indeed, 
relative to BLI prior to CAR treatment (−1 day), median 
BLI signal decreased up to 100- fold and below level of 
detection (online supplemental figure 2C) in some mice 
treated with M1xx CAR T cells. Treatment with M28z and 
MBBz CAR T cells merely delayed tumor progression 
with median BLI signals reaching the initial BLI level 
(day –1) within 29 days. Accordingly, tumor burden was 
significantly reduced in M1xx CAR T cell treated mice 
compared with both the M28z- treated and MBBz- treated 
groups over time (p<0.05). The remarkable antitumor 
effect elicited by M1xx CAR T cells was maintained until 
termination of the experiment (>90 days post CAR treat-
ment), with BLI signals on the threshold of detection, 
demonstrating long- term remission (figure 2D).

Loss of MSLN surface expression and PD-L1, FAS and CD73 
upregulation by SKOV-3 tumor cells
SKOV- 3 tumor cells were detected in all primary tumors 
isolated from the control, M28z and MBBz treatment 
groups, but only detectable in 4/10 mice treated with 
M1xx CAR T cells. At time of microsurgery, MSLN cell 
surface expression by SKOV- 3 cells was 94% (median 
of six independent samples). Regardless of treatment, 
median MSLN surface expression decreased below 20% 
at the time of sacrifice. Of note, in the control group high 
frequency of MSLN+ tumor cells was detected at the inter-
mediate time point and lower at the humane endpoint, 
while the frequency of MSLN+ tumor cells in MSLN- CAR- 
treated mice was low at both the intermediate and humane 
endpoint (figure 2E). Linear regression analysis of tumor 
weight on sacrifice and MSLN expression by tumor cells 
revealed a negative correlation within the control treat-
ment group. No correlations were found in MSLN CAR T 
cell- treated groups (online supplemental figure 2D). This 
suggests that MSLN surface expression in control mice 
gradually decreased during tumor progression, whereas 
MSLN- CAR therapy accelerated the loss of MSLN surface 
expression. PD- L1+, FAS+ and CD73+ tumor cells were 
found at higher frequencies within MSLN+ SKOV- 3 cells 
compared with MSLN- SKOV- 3 cells, regardless of treat-
ment group M28z and MBBz (figure 2F). Ex vivo pheno-
typic analysis of SKOV- 3 tumor cells was not possible in 
M1xx- treated mice due to their absence or low frequency 
in primary tumor/ovarian tissues.

SKOV-3 tumor-derived and spleen-derived M1xx CAR T cells 
displayed superior functionality
T cells were detectable in all primary tumor/ovarian tissues 
isolated from sacrificed mice, regardless of MSLN- CAR 

treatment group. Most tumor- infiltrating T cells were 
CAR- transduced; however, the median frequency of CAR- 
transduced T cells was significantly lower in the M28z 
than MBBz CAR treatment group (p<0.05, figure 3A). 
Interestingly, while CD4+ and CD8+ T cell frequencies 
were comparable within tumor- infiltrating M28z and 
MBBz CAR T cells, the CD4+ subset was predominant 
within M1xx CAR T cells (p<0.05, figure 3B).

At sacrifice, 70% of the M1xx- treated mice showed 
detectable presence of CAR T cells in blood samples by 
flow cytometry (>20 cells) as compared with 36% and 
45% of M28z- treated and MBBz- treated mice, respectively 
(online supplemental figure 3A). These findings were 
confirmed by qPCR analysis, as CAR T cells were only 
detected in peripheral blood of M1xx CAR T cell- treated 
mice (online supplemental figure 3B).

In some mice, when detectable, we characterized 
MSLN- CAR T cells in ascites, spleen and blood. Overall, 
the frequency of CD56 was low on tumor- derived and 
spleen- derived CD4+ MSLN- CAR T cells. Notably, in 
ascites, the CD56 of frequency was lower in M1xx CD4+ 
CAR T cells (p<0.05) and CD8+ tumor- infiltrating M1xx 
CAR T cells (p<0.01), whereas high M28z and MBBz 
CAR T cells. The frequency of CD56+CD8+ cells was 
high within ascites- derived and spleen- derived MBBz 
CAR T cells compared with M28z and M1xx CAR T cells 
(figure 3C).

The frequency of LAG- 3, PD- 1 and TIM- 3 CIM was 
substantially lower in CD4+ M1xx than CD4+ M28z CAR 
T cells. A similar trend was observed for MBBz CAR T 
cells relative to M1xx CAR T cells (online supplemental 
figure 3C). Furthermore, LAG- 3 and TIM- 3 frequencies 
were higher within CD8+ M28z and MBBz compared with 
M1xx CAR T cells, while PD- 1 expression was comparable 
between the CD8+ MSLN- CAR T cells. Coexpression anal-
ysis revealed that the frequency of triple negative cells was 
elevated in M1xx CAR T cells, conversely increased levels 
of LAG- 3/PD- 1/TIM- 3 triple positive cells were observed 
in M28z CAR T cells relative to M1xx CAR T cells 
(figure 3D). A similar trend was observed between MBBz 
and M1xx CAR T cells. Frequency of LAG- 3, PD- 1 and 
TIM- 3 single positive cells was elevated within M1xx CAR 
T cells compared with M28z and MBBz. FASL frequency 
was significantly higher in M28z and MBBz CAR T cells 
relative to M1xx CAR T cells. Interestingly, the LAG- 3, 
PD- 1, TIM- 3 and FASL expression profile on MSLN- CAR 
T cells was tissue- specific. Details can be found in online 
supplemental figure 3D.

Because of the higher abundance of MSLN- CAR T cells 
in the spleen (compared with other tissues that is, blood), 
spleen- derived MSLN- CAR T cells were rested overnight 
prior to co- culture with MSLN+target cells at a 1:1 effector 
to target ratio in FluoroSpot plates (figure 3E). Following 
coculture, M1xx CAR T displayed superior IFNy, GzB and 
TNF production compared with M28z and MBBz CAR 
T cells and were able to produce two to three soluble 
factors simultaneously, deeming them polyfunctional 
(figure 3F).
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Figure 2 M1xx CAR T cells display superior tumor control against orthotopic SKOV- 3 tumors in vivo. (A) Representative plot of 
MSLN expression in SKOV- 3 ovarian cancer cells. (B) Kaplan- Meier curve representing the survival of control mice (n=7, CD19- 
CAR T cell treatment) and mice treated with MSLN- directed CAR T cells, containing distinct intracellular signaling domains: 
M28z (n=8), MBBz (n=8) or M1xx (n=8). (C) Overall representative weekly bioluminescence monitoring of the SKOV- 3 tumor 
burden of NSG mice. (D) Comparison of the relative tumor growth (determined by BLI) between control mice and MSLN- CAR T 
cell- treated mice (control vs M28z vs MBBz vs M1xx, median represented) from the day prior to CAR treatment. (E) MSLN cell 
surface expression on GFP+ SKOV- 3 tumor cells exposed to control or MSLN- CAR T cell treatment. (F) Expression levels of PD- 
L1, Fas and CD73 on MSLN+ and MSLN− SKOV- 3 tumor cells in M28z- treated and MBBz- treated mice. Log- rank test was used 
to compare the survival between groups of mice. The two- way ANOVA with Sidak’s test was used to do multiple comparisons 
between CAR T cells and date. Kruskal- Wallis test was used to compare the MSLN expression in SKOV- 3 cells of different 
groups of mice. Wilcoxon matched- pairs signed RANK test was used to compare marker expression between MSLN+ and 
MSLN− SKOV- 3 cells within same mice. Medians are represented. *p<0.05, **p<0.01, ***p<0.001 ANOVA, analysis of variance.
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Figure 3 Ex vivo characterization of MSLN- CAR T cells isolated from SKOV- 3 engrafted mice. (A) Comparison of CAR+ T cell 
fractions isolated from primary ovarian tumor/tissue of M28z- treated, MBBz- treated or M1xx- treated mice. (B) Comparison of 
CD4+ and CD8+ frequency within CAR+ T cells found within primary ovarian tumor/tissue. (C) CD56 expression in M28z, MBBz 
and M1xx CAR T cells isolated from primary tumor, ascites, spleen or blood. (D) CIM coexpression pattern on CD4+ (left) and 
CD8+ (right) M28z, MBBz and M1xx CAR+ T cells derived from primary ovarian tumor/tissue. (E.) Representative Fluorospot 
images, displaying IFNy (green), GzB (yellow) and TNF (pink) (co)production by unstimulated (control) and antigen stimulated ex 
vivo MSLN- CAR T cells. (F) Number of IFNy, GzB and TNF spots forming unit (SFU) per 800 CAR T cells isolated from spleen of 
M28z- treated, MBBz- treated and M1xx- treated mice stimulated with MSLN+ target cells at a 1:1 ratio for 24 hours. Normalized 
SFU displayed following background subtraction with unstimulated spleen- derived MSLN- CAR T cells. Kruskal- Wallis test was 
used to compare the antigen expression between the three different groups of mice. Mann- Whitney test was used to compare 
CAR frequency between CD4+ and CD8+ T cells. Medians are represented. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Intraperitoneal M1XX CAR T cell treatment improved survival 
of mice with peritoneal disseminated ovarian cancer
To compare M28z CAR constructs with a wild type 
or mutated CD3ζ chain, NSG mice injected i.p. with 
OVCAR- 4 tumor cells, followed by M28z or M1xx CAR T 
cells i.p. injection 13 days after tumor engraftment (online 
supplemental figure 4A- B). Mice treated with M28z and 
M1xx CAR T cells presented a reduction in tumor burden 
as compared with control mice (five untreated and five 
mice injected with CD19- CAR T cells, figure 4A,B, online 
supplemental figure 4D). Neither M28z nor M1xx 
achieved tumor clearance in OVCAR- 4 inoculated mice. 
However, tumor growth was significantly delayed in both 
M28z- and M1xx- treatment groups compared with the 
control group. Following an initial reduction in tumor 
burden (as determined by BLI), tumor burden reached 
levels comparable to initial BLI (time of CAR treatment) 
again+35 and +56 days post M28z or M1xx CAR T cell 
treatment, respectively (figure 4A). Initially, M1xx CAR 
T cells exerted a rapid and effective antitumor response, 
as shown by the up to 100- fold reduction in tumor growth 
7 days post- i.p. CAR treatment. M1xx CAR T cell treat-
ment maintained significantly lower tumor burden over 
time relative to the control group and M28z CAR- treated 
mice (p<0.001, figure 4B). Mice treated with either M28z 
or M1xx CAR T cells showed enhanced survival compared 
with control mice (p<0.001). However, M1xx CAR T cell 
treatment elicited superior survival compared with M28z 
CAR T cell- treated mice (median survival 90 days post- 
tumor injection vs 75 days, p<0.01, figure 4C).

T cells recovered from spleens presented higher 
frequencies of CAR+ T cells in mice treated with M1xx 
CAR T cells than those treated with M28z CAR T cells 
(p<0.01, figure 4D) both displaying predominantly an 
effector memory phenotype (online supplemental figure 
4E). MSLN+ tumor cells were detected by FACS in most 
spleens and in mice treated with M1xx CAR T cells showed 
a higher CAR T cells:MSLN+ tumor cells ratio than M28z 
CAR T cell- treated mice (online supplemental figure 4F). 
The CD4+/CD8+ ratio was comparable between spleen- 
derived M28z and M1xx CAR T cells CAR+ M28z and 
M1xx T cells, however, the CD4+/CD8+ ratio was signifi-
cantly higher within CAR- compared with CAR+ fraction 
of M1xx- transduced T cells (p<0.05, figure 4E).

M1xx CAR T cells exhibited a different gene expression 
profile than M28z CAR T cells after in vivo MSLN tumor cells 
stimulation
Ten CAR T cell samples were analyzed for gene expres-
sion, samples consisted of sorted CAR+ M28z- transduced 
and M1xx- transduced CAR T cells isolated from either 
spleen of sacrificed mice (n=8) or from the infused CAR 
fraction of MSLN- CAR T cells used for mice treatment 
(n=2) (online supplemental table 4). We first compared 
the gene expression profile of the infused fraction of 
M28z CAR T cells and M1xx CAR T cells. The profile 
of both infused M28z and M1xx CAR T cells was highly 
comparable (r2=0.9376, figure 4F), therefore due to their 

similarity, gene expression from these two infused samples 
were pooled together as reference when comparing to 
gene expression changes in spleen- derived M28z and 
M1xx CAR T cells.

Next, we compared the gene expression profile of 
MSLN- CAR T cells collected from spleens after sacri-
fice (52–77 days post- CAR i.p. infusion) to the gene 
expression profile of infused MSLN- CAR T cells. When 
comparing to infused CAR T cells the top 40 genes either 
upregulated or downregulated in M1xx and in M28z 
CAR T cells, most genes were common for M1xx and 
M28z CAR T cells (online supplemental table 5A,B). The 
top 40 (figure 4G, online supplemental figure 4G) most 
upregulated genes included dysfunction- associated genes 
such as PDCD1, TIGIT, TOX, FOS, JUN and SLAMF6 while 
many of the 40 most downregulated genes were chemo-
kine/cytokine receptors involved in Th2/Tregs profile 
such as LIF, IL5, IL4, IL3RA, IL13, IL- 9, CYP1B1, FOXP3, 
PTGDR2 and IL2RA (CD25). More specifically, ACVR2A, 
RORC and CCR6; genes involved in the Th17 differentia-
tion profile with stem cell- like properties as well as TCF7, 
a transcription factor associated with self- renewal poten-
tial, were strongly upregulated in M1xx CAR T cells (not 
found in the 60 most upregulated genes in M28z CAR T 
cells, figure 4G, online supplemental figure 4G). ITGA1, 
encoding CD49a (expressed on repeatedly activated T 
cells) and PCLAF (highly expressed in exhausted CD8 T 
cells) were specifically identified within the top 40 down-
regulated genes in M1xx CAR T cells (figure 4G).

Lastly, we compared the gene expression profile 
between spleen- derived M1xx and M28z CAR T cells. 
M1xx CAR T cells had less upregulated genes involved 
in long- term activation: IFNG, CCL4, CCL3, ITGA1 and 
dysfunction: PDCD1, HAVCR2 (TIM- 3), NFIL3, TNFRSF9 
and TNSF9 (4- 1BB and its ligand) compared with M28z 
CAR T cells but showed more gene expression associated 
with non- effector naïve/memory T cells such as CCR7, 
CD9, BCL6 and SELL (CD62L). Furthermore, M1xx CAR 
T cells differed from M28z by upregulation of CISH and 
BCL2L1 (BCL- X) gene expression (figure 4H, online 
supplemental table 5C).

Trogocytic MSLN-specific CAR T cells presented a strong 
activated effector phenotype ex vivo
Since trogocytosis contributes to antigen loss and immune 
escape we assessed the presence of trogocytic (ie, MSLN+) 
CAR T cells. Trogocytic M28z, MBBz and M1xx CAR T 
cells with detectable cell surface MSLN were recovered 
from primary ovarian SKOV- 3 tumors. We detected 
significantly lower frequencies of MSLN+ M1xx than 
MSLN+MBBz CAR T cells. No differences were observed 
between CD4+ and CD8+ MSLN- CAR T cells (figure 5A,B). 
FASL and PD- 1 expression were elevated in MSLN+ (M28z 
and MBBz) CAR T cells compared with MSLN- CAR T 
cells. Furthermore, CD56, LAG- 3 and TIM- 3 expressions 
were higher in MSLN+ MBBz CAR T cells compared with 
their MSLN- counterparts (figure 5C).
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Figure 4 MSLN 1 xx CAR T cell improved survival against peritoneal disseminated ovarian cancer cells. (A) Weekly monitoring 
of tumor burden in NSG mice intraperitoneally inoculated with OVCAR- 4 MSLN+GFP+Luc+ tumors and treated with M1xx, 
(n=12) or M28z (n=7) CAR T cells. Ten mice were included as control (n=5 injected with CD19 CAR T cells and n=5 untreated 
mice). (B) Comparison of the relative tumor growth (fold change from the day prior to CAR T cell treatment) between control 
and MSLN- CAR T cell- treated groups. (C) Kaplan- Meier curve representing the survival of the control and MSLN- CAR T cell- 
treated mice groups. (D) Comparison of CAR+ cells fraction within T cells recovered from spleen of M28z and M1xx CAR T 
cell- treated mice (E) CD4+/CD8+ ratio within M28z and M1xx CAR+ T cells isolated from mice spleen. (F) Correlation analysis 
of gene expression between infused M1xx and M28z CAR T cells. (G) Top 40 downregulated and upregulated genes classified 
by Fc (Log2 fold change) of expression in M1xx CAR T cells collected from mice spleen after in vivo stimulation compared with 
the infused CAR fraction, in blue: upregulated genes specific (ie, not found in top 60 upregulated genes in M28z) to M1xx CAR 
T cells. (H) Comparison of the top 40 upregulated genes between M1xx and M28z CAR T cells collected from mice spleen. 
Medians are represented. Two- way ANOVA with Sidak’s multiple comparison test was used to compare BLI changes between 
group of mice overtime. Mann- Whitney test was used to compare values between groups of mice or cell populations. Log- rank 
test was used to compare the survival between groups of mice. Correlation was analyzed by linear regression R2. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. ANOVA, analysis of variance; BLI, bioluminescence imaging.
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Figure 5 Trogocytic activity of MSLN- CAR T cells. MSLN surface expression by total CAR+ (A) and CD4+ or CD8+ (B) CAR+ 
MSLN- CAR T cells isolated ex vivo from SKOV- 3 ovarian tumors. (C) Expression of CD56, FasL and LAG- 3, PD- 1 and Tim- 3 in 
MSLN− (triangles) versus trogocytic MSLN+ (circles) M28z and M1xx CAR T cells isolated ex vivo from primary SKOV- 3 ovarian 
tumors. (D) detection of trogocytic MSLN+ cells in M28z and M1xx CAR T cells isolated from spleens of OVCAR- 4 inoculated 
mice. (E) Comparison of the different memory subset proportions within CD4+ and CD8+ trogocytic MSLN+ M28z and M1xx 
CAR T cells derived from spleens of OVCAR- 4 inoculated mice. (F) Comparison of trogocytic MSLN+ expression between CD4+ 
and CD8+ of M28z and M1xx CAR T cells within the different memory subsets. Medians are represented. Mann- Whitney and 
Kruskal- Wallis tests were used to compare marker expression between different 2 and 3 groups of mice, respectively. Wilcoxon 
matched- pairs signed rank test was used to compare marker expression between MSLN− and MSLN+ SKOV- 3 cells within same 
mice. *p<0.05, **p<0.01, ***p<0.001.
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Due to the lack of primary solid tumor samples in the 
OVCAR- 4 mouse model, trogocytosis was assessed on 
spleen- derived T cells. Trogocytic MSLN+ M28z and M1xx 
CAR T cells were detected with lower levels of MSLN+ 
T cells in CD8+ M1xx compared with M28z CAR T cells 
(figure 5D). Interestingly, higher frequencies of TEM were 
found in trogocytic MSLN+ M28z than M1xx CAR T cells 
(p<0.05) (figure 5E). Conversely, the frequency of trogo-
cytic MSLN+ CAR T cells was highest within TEM M28z 
CAR T cells relative to TEM M1xx CAR T cells (p<0.05) 
(figure 5E,F).

DISCUSSION
Strategies tuning CAR activation to prevent tonic signaling 
and moderate signaling outputs have been developed to 
improve antitumor potency in both hematological and solid 
malignancies.29–31 Feucht et al engineered a CD19- 1xx CAR 
construct containing mutations in the two distal ITAMs of 
the CD3ζ chain, which calibrated CAR activation, thereby 
improving functional persistence and antitumor efficacy.20 
The promising therapeutic potential of 1xx- CAR T cells was 
further supported by recent studies using the tuned acti-
vated CAR T cells in the context of mesothelioma, pancre-
atic and melanoma mouse models.21 22 In the present 
study, we report superior tumor control by 1xx CAR T cells 
targeting MSLN in an ovarian solid tumor model and in 
a more aggressive disseminated model of ovarian cancer 
(high- grade serous carcinoma OVCAR- 4 cell line). M1xx 
CAR T cells displayed a less exhausted phenotype with 
lower frequency of CIMs expression and superior ex vivo 
functional persistence and production of IFNy, TNF and 
GzB compared with the conventional second- generation 
MSLN- CAR constructs (M28z and MBBz). At the transcrip-
tional level, this study highlighted the upregulation of genes 
in M1xx CAR T cells associated with naïve/memory pheno-
type and self- renewal potential such as TCF7, CCR7, CD9, 
BCL6 and SELL32–36 together with the anti- apoptotic protein 
BCL2L1 (BCL- X).37 This self- renewal gene signature is in 
line with the remarkable M1xx persistence observed in the 
long- term surviving mice and ex vivo cytokine production. 
Interestingly, the specific upregulation of CISH (an internal 
regulator of T cell reactivity) in M1xx CAR T cells might 
stem from the calibrated activation in M1xx CAR T cells. 
Recently, Palmer et al, described that CISH expression might 
inhibit expression of activation/exhaustion markers like 
TOX, CD39 and that PD- 1 and CISH expression were mutu-
ally exclusive, suggesting that CISH upregulation in M1xx 
CAR T cells increased functional CAR T cell persistence.38 
Superior persistence of M1xx was highlighted by the high 
frequency of CAR T cells recovered from the long surviving 
mice and detection of CAR copies in the peripheral blood. 
The increased frequency of CD4+ compared with CD8+ 
M1xx CAR T cells found within ovarian tissue of SKOV- 3 
inoculated mice supports the key role of CD4+ CAR T cells 
in tumor control. These findings are in line with recent 
findings demonstrating that two patients under long- term 
complete remission (>10 years) following CD19- CAR 

treatment presented a dominant fully functional CD4+ 
CD19- CAR T cell population.2 Additionally, M1xx CAR T 
cells upregulated Th17- related genes: ACVR2A, RORC and 
CCR6.39–41 The role of Th17 in tumor immunity remains 
debated, mediating either protumor or antitumor effect but 
interestingly, and in line with our observations, Th17 cells 
have previously been shown to harbor higher self- renewal 
capacity and longer in vivo survival than Th1 cells.42–44

We also demonstrated that M28z, MBBz and M1xx 
CAR T cells were capable of trogocytosis in vivo. Previous 
reports by our group have shown M28z- mediated and 
MBBz- mediated trogocytosis in in vivo and in vitro models 
of ovarian cancer.27 45 In line with previous data, trogocytic 
CAR T cells displayed a TEM profile with higher expression 
levels of PD- 1, LAG- 3 and TIM- 3, as well as CD56 and FASL, 
indicative of both activation and exhaustion.45 46 The low 
frequency of trogocytic M1xx CAR T cells observed in our 
two models suggest that superior tumor control as seen with 
M1xx CAR T cells correlates to lower trogocytic activity.

Following repeated antigen stimulation in vitro, M1xx 
CAR T cells displayed a more exhausted phenotype than 
M28z and MBBz CAR T cells, while in vitro killing potential 
was comparable between the three MSLN- CAR constructs. 
Importantly, CIM expression levels were reduced in ex vivo 
analyzed M1xx CAR T cells. We have previously demon-
strated reversible CIM expression by M28z and MBBz CAR 
T cells following ex vivo culture in the absence of antigenic 
stimulation which may explain the discrepancy we observed 
in CIM expression by M1xx CAR T cells in vitro and ex 
vivo.24 Furthermore, repeated antigen stimulation in vitro 
highlighted the superior proliferative capacity and higher 
CCR7 expression by M1xx CAR T cells which translated 
into a larger frequency of T cells with a central memory 
phenotype. This result correlates with the gene signature 
found in our in vivo experiment. The increased presence 
of TCM M1xx CAR T cells, may therefore contribute to the 
improved survival following M1xx CAR T cell treatment in 
our study.47 48

While the majority of tumor- derived M28z and MBBz 
CAR T cells expressed CD56 which has been associated to 
a NK- like exhausted phenotype,49 the majority of tumor- 
derived M1xx CAR T cells lacked CD56 expression. This 
could be explained by the calibrated signaling in M1xx CAR 
T cells and/or by the fact that at time of sacrifice M1xx CAR 
T cells reversed to a less activated- like phenotype due to the 
absence/low abundance of SKOV- 3 tumor cells.

Taken together, these data suggest that the reduced 
CIM, CD56 and MSLN expression levels by M1xx CAR 
T cells could be explained by the rapid M1xx- mediated 
clearance of tumor cells in vivo. The functional effects of 
trogocytosis remain to be elucidated, however, it has been 
shown to interfere with successful CAR- mediated antitumor 
responses as it promotes tumor antigen escape as well as 
CAR T cell dysfunction due to fratricide killing.46

In this study, M1xx CAR T cells elicited superior anti-
tumor responses and outperformed conventional second- 
generation M28z and MBBz CAR T cells in two in vivo 
orthotopic models of ovarian cancer. Mutations in the two 
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distal CD3ζ ITAMs in M1xx CAR T cells resulted in highly 
functional T cells, with a naïve/memory gene signature 
and less exhaustive phenotype, which were able to induce 
persistent SKOV- 3 tumor control. Our study demonstrate 
that calibration of CAR activation can alleviate tumor- 
induced CAR T cells exhaustion and support the promising 
therapeutic potential of M1xx CAR T cells for the treatment 
of advanced ovarian cancer.

Author affiliations
1Department of Oncology- Pathology, Karolinska Institutet, Stockholm, Sweden
2Basic Medical Sciences Department, College of Medicine, Ajman University, Ajman, 
UAE
3Department of Biochemistry, Faculty of Medicine, Port- Said University, Port- Said, 
Egypt
4Experimental Cancer Medicine, Division of Clinical Research Center, Department of 
Laboratory Medicine, Karolinska Institutet, Stockholm, Sweden
5Clinical Research Center and Center of Allogeneic Stem Cell Transplantation 
(CAST), Karolinska University Hospital Huddinge, Stockholm, Sweden
6Laboratory for Molecular Infection Medicine Sweden (MIMS), Umeå Centre for 
Microbial Research (UCMR), Department of Molecular Biology, Umeå University, 
Umeå, Sweden
7Department of Clinical Immunology and Transfusion Medicine, Karolinska 
University Hospital, Stockholm, Sweden
8Gloria and Seymour Epstein Chair in Cell Therapy and Transplantation, Princess 
Margaret Cancer Centre and University of Toronto, Princess Margaret Cancer 
Centre, University Health Network, Toronto, Ontario, Canada

Acknowledgements The authors are grateful to Professor Michel Sadelain 
(Memorial Sloan Kettering Cancer Center (MSKCC), New York, New York, USA) 
for providing the vectors encoding the three MSLN- CAR constructs, MSLN- 1 and 
GFP/firefly luciferase as well as helpful discussions. They are also thankful to 
Professor Steven Rosenberg (National Cancer Institute, Bethesda, Maryland, USA) 
for providing the vector encoding the CD19- CAR construct and to Professor Kaisa 
Lehti (Karolinska Institutet, Stockholm, Sweden) for providing the OVCAR- 4 cell 
line. The authors thank the KIGene core facility (Karolinska Institutet, Sweden) for 
assistance with Nanostring experiments, Lina Persson and Ilva Noa Stellingwerf for 
qPCR analysis. The authors thank the foundations for financial support and private 
donations.

Contributors ES, TP and IE- S: conceptualization, formal analysis, investigation, 
visualization, writing–original draft, and editing. YZ and RH: conceptualization, 
investigation. AM: investigation. JH: conceptualization and formal analysis. MH: 
conceptualization, investigation, visualization, methodology. IM: conceptualization, 
formal analysis, supervision, investigation, visualization, methodology, writing 
original draft, and editing, guarantor. JM: conceptualization, resources, funding 
acquisition, and methodology, guarantor.

Funding IE- S was supported by Karolinska Institutet Foundation (2020- 01402). 
MH was funded by the Swedish Childhood Cancer Foundation (PR2017- 0083) 
and Cancer Research Funds of Radiumhemmet (161082). JH is supported by 
the Swedish Research Council (Vetenskapsrådet, 2021- 06602). IM was funded 
by Cancerfonden (19 0002 FE, 21 1465 Pj), the Cancer Research Funds of 
Radiumhemmet (201232), and the Karolinska Institutet Foundation (2020- 01354). 
JM was supported by grants from Cancerfonden (19 0359 Pj 01 H9), Cancer 
Research Funds of Radiumhemmet (181201), and the Mix private donation.

Competing interests The authors do not have competing interests to declare.

Patient consent for publication Not applicable.

Ethics approval Animal experiments were performed with approval from 
the Swedish Board of Agriculture (Jordbruksverket, Dnr. 5.2.18–7079/16 and 
19354–2019).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 

responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See https://creativecommons.org/ 
licenses/by/4.0/.

ORCID iD
Isabelle Magalhaes http://orcid.org/0000-0003-0440-6924

REFERENCES
 1 Kalos M, Levine BL, Porter DL, et al. T cells with chimeric antigen 

receptors have potent antitumor effects and can establish memory in 
patients with advanced leukemia. Sci Transl Med 2011;3:95ra73:95.:. 

 2 Melenhorst JJ, Chen GM, Wang M, et al. Decade- long leukaemia 
remissions with persistence of CD4+ CAR T cells. Nature 
2022;602:503–9. 

 3 Abramson JS, Palomba ML, Gordon LI, et al. Lisocabtagene 
maraleucel for patients with relapsed or refractory large B- cell 
lymphomas (TRANSCEND NHL 001): a multicentre seamless design 
study. Lancet 2020;396:839–52. 

 4 Bishop MR, Maziarz RT, Waller EK, et al. Tisagenlecleucel in 
relapsed/refractory diffuse large B- cell lymphoma patients without 
measurable disease at infusion. Blood Adv 2019;3:2230–6. 

 5 Neelapu SS, Locke FL, Bartlett NL, et al. Axicabtagene ciloleucel 
CAR T- cell therapy in refractory large B- cell lymphoma. N Engl J Med 
2017;377:2531–44. 

 6 Wang M, Munoz J, Goy A, et al. KTE- X19 CAR T- cell therapy 
in relapsed or refractory mantle- cell lymphoma. N Engl J Med 
2020;382:1331–42. 

 7 Morello A, Sadelain M, Adusumilli PS. Mesothelin- targeted cars: 
driving T cells to solid tumors. Cancer Discov 2016;6:133–46. 

 8 Zhang Z, Jiang D, Yang H, et al. Modified CAR T cells targeting 
membrane- proximal epitope of mesothelin enhances the antitumor 
function against large solid tumor. Cell Death Dis 2019;10:476. 

 9 Adusumilli PS, Zauderer MG, Rivière I, et al. A phase I trial of 
regional mesothelin- targeted CAR T- cell therapy in patients with 
malignant pleural disease, in combination with the anti- PD- 1 agent 
pembrolizumab. Cancer Discov 2021;11:2748–63. 

 10 Haas AR, Tanyi JL, O’Hara MH, et al. Phase I study of lentiviral- 
transduced chimeric antigen receptor- modified T cells recognizing 
mesothelin in advanced solid cancers. Mol Ther 2019;27:1919–29. 

 11 Binnewies M, Roberts EW, Kersten K, et al. Understanding the tumor 
immune microenvironment (time) for effective therapy. Nat Med 
2018;24:541–50. 

 12 Junttila MR, de Sauvage FJ. Influence of tumour micro- environment 
heterogeneity on therapeutic response. Nature 2013;501:346–54. 

 13 Lesch S, Blumenberg V, Stoiber S, et al. T cells armed with C- X- C 
chemokine receptor type 6 enhance adoptive cell therapy for 
pancreatic tumours. Nat Biomed Eng 2021;5:1246–60. 

 14 Luo H, Su J, Sun R, et al. Coexpression of IL7 and CCL21 
increases efficacy of CAR- T cells in solid tumors without 
requiring preconditioned lymphodepletion. Clin Cancer Res 
2020;26:5494–505. 

 15 Cherkassky L, Morello A, Villena- Vargas J, et al. Human CAR T cells 
with cell- intrinsic PD- 1 checkpoint blockade resist tumor- mediated 
inhibition. J Clin Invest 2016;126:3130–44. 

 16 Zou F, Lu L, Liu J, et al. Engineered triple inhibitory receptor 
resistance improves anti- tumor CAR- T cell performance via CD56 
[published Online First: 2019/09/13]. Nat Commun 2019;10:4109. 

 17 Grosser R, Cherkassky L, Chintala N, et al. Combination 
immunotherapy with CAR T cells and checkpoint blockade for the 
treatment of solid tumors [published Online First: 2019/11/13]. 
Cancer Cell 2019;36:471–82. 

 18 Rezaei R, Esmaeili Gouvarchin Ghaleh H, Farzanehpour M, et al. 
Combination therapy with CAR T cells and oncolytic viruses: a new 
era in cancer immunotherapy [published Online First: 2021/06/24]. 
Cancer Gene Ther 2022;29:647–60. 

 19 Watanabe K, Luo Y, Da T, et al. Pancreatic cancer therapy with 
combined mesothelin- redirected chimeric antigen receptor T cells 
and cytokine- armed oncolytic adenoviruses [published Online First: 
2018/04/06]. JCI Insight 2018;3:e99573. 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-0440-6924
http://dx.doi.org/10.1126/scitranslmed.3002842
http://dx.doi.org/10.1038/s41586-021-04390-6
http://dx.doi.org/10.1016/S0140-6736(20)31366-0
http://dx.doi.org/10.1182/bloodadvances.2019000151
http://dx.doi.org/10.1056/NEJMoa1707447
http://dx.doi.org/10.1056/NEJMoa1914347
http://dx.doi.org/10.1158/2159-8290.CD-15-0583
http://dx.doi.org/10.1038/s41419-019-1711-1
http://dx.doi.org/10.1158/2159-8290.CD-21-0407
http://dx.doi.org/10.1016/j.ymthe.2019.07.015
http://dx.doi.org/10.1038/s41591-018-0014-x
http://dx.doi.org/10.1038/nature12626
http://dx.doi.org/10.1038/s41551-021-00737-6
http://dx.doi.org/10.1158/1078-0432.CCR-20-0777
http://dx.doi.org/10.1172/JCI83092
http://dx.doi.org/10.1038/s41467-019-11893-4
http://dx.doi.org/10.1016/j.ccell.2019.09.006
http://dx.doi.org/10.1038/s41417-021-00359-9
http://dx.doi.org/10.1172/jci.insight.99573


14 Schoutrop E, et al. J Immunother Cancer 2023;11:e005691. doi:10.1136/jitc-2022-005691

Open access 

 20 Feucht J, Sun J, Eyquem J, et al. Calibration of CAR activation 
potential directs alternative T cell fates and therapeutic potency 
[published Online First: 2018/12/19]. Nat Med 2019;25:82–8. 

 21 Duan Y, Chen J, Meng X, et al. Balancing activation and co- 
stimulation of car tunes signaling dynamics and enhances 
therapeutic potency. Mol Ther 2023;31:35–47. 

 22 Chen X, Liu J, Yang S, et al. 136 ATA3271: an armored, next- 
generation off- the- shelf, allogeneic, mesothelin- CAR T cell therapy 
for solid tumors. J Immunother Cancer 2021;9(Suppl 2):A145. 

 23 Alnabhan R, Gaballa A, Mörk L- M, et al. Media evaluation for 
production and expansion of anti- CD19 chimeric antigen receptor T 
cells. Cytotherapy 2018;20:941–51. 

 24 Adusumilli PS, Cherkassky L, Villena- Vargas J, et al. Regional 
delivery of mesothelin- targeted CAR T cell therapy generates potent 
and long- lasting CD4- dependent tumor immunity. Sci Transl Med 
2014;6:261. 

 25 Kochenderfer JN, Feldman SA, Zhao Y, et al. Construction and 
preclinical evaluation of an anti- CD19 chimeric antigen receptor. J 
Immunother 2009;32:689–702. 

 26 Magalhaes I, Kalland I, Kochenderfer JN, et al. CD19 chimeric 
antigen receptor T cells from patients with chronic lymphocytic 
leukemia display an elevated IFN-γ production profile. J Immunother 
2018;41:73–83. 

 27 Schoutrop E, El- Serafi I, Poiret T, et al. Mesothelin- specific CAR T 
cells target ovarian cancer. Cancer Res 2021;81:3022–35. 

 28 Love MI, Huber W, Anders S. Moderated estimation of fold change 
and dispersion for RNA- seq data with deseq2. Genome Biol 
2014;15:550. 

 29 Eyquem J, Mansilla- Soto J, Giavridis T, et al. Targeting a car to the 
TRAC locus with CRISPR/cas9 enhances tumour rejection. Nature 
2017;543:113–7. 

 30 Hartl FA, Beck- Garcìa E, Woessner NM, et al. Noncanonical binding 
of lck to cd3ε promotes TCR signaling and CAR function. Nat 
Immunol 2020;21:902–13. 

 31 Künkele A, Johnson AJ, Rolczynski LS, et al. Functional tuning of 
cars reveals signaling threshold above which CD8+ CTL antitumor 
potency is attenuated due to cell fas- fasl- dependent AICD. Cancer 
Immunol Res 2015;3:368–79. 

 32 Escobar G, Mangani D, Anderson AC. T cell factor 1: a master 
regulator of the T cell response in disease. Sci Immunol 2020;5:53. 

 33 Giuffrida L, Sek K, Henderson MA, et al. IL- 15 preconditioning 
augments CAR T cell responses to checkpoint blockade for 
improved treatment of solid tumors. Mol Ther 2020;28:2379–93. 

 34 Kobayashi H, Hosono O, Iwata S, et al. The tetraspanin CD9 is 
preferentially expressed on the human CD4(+)CD45RA+ naive T cell 

population and is involved in T cell activation. Clin Exp Immunol 
2004;137:101–8. 

 35 Szabo PA, Levitin HM, Miron M, et al. Single- cell transcriptomics of 
human T cells reveals tissue and activation signatures in health and 
disease. Nat Commun 2019;10:4706. 

 36 Wu T, Ji Y, Moseman EA, et al. The TCF1- bcl6 axis counteracts type 
I interferon to repress exhaustion and maintain T cell stemness. Sci 
Immunol 2016;1:eaai8593. 

 37 Maity R, Benaoudia S, Zemp F, et al. A BCL2L1 armoured BCMA 
targeting CAR T cell to overcome exhaustion and enhance 
persistence in multiple myeloma. Blood 2021;138(Supplement 1):327. 

 38 Palmer DC, Webber BR, Patel Y, et al. Internal checkpoint regulates 
T cell neoantigen reactivity and susceptibility to PD1 blockade. 
Immunology [Preprint]. 

 39 Ihn H- J, Kim DH, Oh S- S, et al. Identification of ACVR2A as a 
th17 cell- specific gene induced during th17 differentiation. Biosci 
Biotechnol Biochem 2011;75:2138–41. 

 40 Yang XO, Pappu BP, Nurieva R, et al. T helper 17 lineage 
differentiation is programmed by orphan nuclear receptors ROR 
alpha and ROR gamma. Immunity 2008;28:29–39. 

 41 Yu Q, Lou X, He Y. Preferential recruitment of th17 cells to cervical 
cancer via CCR6- CCL20 pathway. PLoS One 2015;10:e0120855. 

 42 Bowers JS, Nelson MH, Majchrzak K, et al. Th17 cells are refractory 
to senescence and retain robust antitumor activity after long- term ex 
vivo expansion. JCI Insight 2017;2:e90772. 

 43 Muranski P, Boni A, Antony PA, et al. Tumor- specific th17- 
polarized cells eradicate large established melanoma. Blood 
2008;112:362–73. 

 44 Muranski P, Borman ZA, Kerkar SP, et al. Th17 cells are long 
lived and retain a stem cell- like molecular signature. Immunity 
2011;35:972–85. 

 45 Schoutrop E, Renken S, Micallef Nilsson I, et al. Trogocytosis and 
fratricide killing impede MSLN- directed CAR T cell functionality. 
Oncoimmunology 2022;11:2093426. 

 46 Hamieh M, Dobrin A, Cabriolu A, et al. CAR T cell trogocytosis 
and cooperative killing regulate tumour antigen escape. Nature 
2019;568:112–6. 

 47 Klebanoff CA, Gattinoni L, Restifo NP. CD8+ T- cell memory in tumor 
immunology and immunotherapy. Immunol Rev 2006;211:214–24. 

 48 Berger C, Jensen MC, Lansdorp PM, et al. Adoptive transfer 
of effector CD8+ T cells derived from central memory cells 
establishes persistent T cell memory in primates. J Clin Invest 
2008;118:294–305. 

 49 Good CR, Aznar MA, Kuramitsu S, et al. An NK- like CAR T cell 
transition in CAR T cell dysfunction. Cell 2021;184:6081–100. 

http://dx.doi.org/10.1038/s41591-018-0290-5
http://dx.doi.org/10.1016/j.ymthe.2022.08.018
http://dx.doi.org/10.1136/jitc-2021-SITC2021.136
http://dx.doi.org/10.1016/j.jcyt.2018.04.007
http://dx.doi.org/10.1126/scitranslmed.3010162
http://dx.doi.org/10.1097/CJI.0b013e3181ac6138
http://dx.doi.org/10.1097/CJI.0b013e3181ac6138
http://dx.doi.org/10.1097/CJI.0000000000000193
http://dx.doi.org/10.1158/0008-5472.CAN-20-2701
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1038/nature21405
http://dx.doi.org/10.1038/s41590-020-0732-3
http://dx.doi.org/10.1038/s41590-020-0732-3
http://dx.doi.org/10.1158/2326-6066.CIR-14-0200
http://dx.doi.org/10.1158/2326-6066.CIR-14-0200
http://dx.doi.org/10.1126/sciimmunol.abb9726
http://dx.doi.org/10.1016/j.ymthe.2020.07.018
http://dx.doi.org/10.1111/j.1365-2249.2004.02494.x
http://dx.doi.org/10.1038/s41467-019-12464-3
http://dx.doi.org/10.1126/sciimmunol.aai8593
http://dx.doi.org/10.1126/sciimmunol.aai8593
http://dx.doi.org/10.1182/blood-2021-153871
http://dx.doi.org/10.1271/bbb.110436
http://dx.doi.org/10.1271/bbb.110436
http://dx.doi.org/10.1016/j.immuni.2007.11.016
http://dx.doi.org/10.1371/journal.pone.0120855
http://dx.doi.org/10.1172/jci.insight.90772
http://dx.doi.org/10.1182/blood-2007-11-120998
http://dx.doi.org/10.1016/j.immuni.2011.09.019
http://dx.doi.org/10.1080/2162402X.2022.2093426
http://dx.doi.org/10.1038/s41586-019-1054-1
http://dx.doi.org/10.1111/j.0105-2896.2006.00391.x
http://dx.doi.org/10.1172/JCI32103
http://dx.doi.org/10.1016/j.cell.2021.11.016

	Tuned activation of MSLN-CAR T cells induces superior antitumor responses in ovarian cancer models
	Abstract
	Introduction
	Material and methods
	CAR T-cell production
	Human cancer cell lines
	Short-term in vitro restimulations assay
	Long-term in vitro restimulations assay
	SKOV-3 and OVCAR-4 mice models
	Organ collection and processing
	Quantitative real-time PCR
	Flow cytometry
	Fluorospot assays
	Gene expression analysis
	Data and statistical analysis

	Results
	MSLN-CAR T cell phenotype and function were impacted differently on repeated stimulations
	M1xx CAR T cells induced persistent tumor regression and long-term remission in vivo
	Loss of MSLN surface expression and PD-L1, FAS and CD73 upregulation by SKOV-3 tumor cells
	SKOV-3 tumor-derived and spleen-derived M1xx CAR T cells displayed superior functionality
	Intraperitoneal M1XX CAR T cell treatment improved survival of mice with peritoneal disseminated ovarian cancer
	M1xx CAR T cells exhibited a different gene expression profile than M28z CAR T cells after in vivo MSLN tumor cells stimulation
	Trogocytic MSLN-specific CAR T cells presented a strong activated effector phenotype ex vivo

	Discussion
	References


