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Abstract: Despite advances in the understanding of its molecular pathophysiology, prostate cancer
remains largely incurable, highlighting the need for novel therapies. We developed a chimeric
antigen receptor (CAR) specific for prostate specific membrane antigen (PSMA), a glycoprotein that
is overexpressed in prostate cancer, which expression involves neovasculature of several tumor
entities, thus envisaging an additional antiangiogenic effect. To optimize the CAR design, we
compared two CARs with signaling domains containing one or two T cell costimulatory elements,
in addition to CD3C. Conversely, what has been described for other CARs, a third-generation CAR
(containing CD28 and 41BB co-signaling domains) induced a potent antitumor effect similar to a
second-generation CAR (containing CD28 co-signaling domain), though we observed a detrimental
effect of the additional costimulatory domain that was attributed to increased activation-induced
cell death (AICD). This “super-stimulation” resulted in exhaustion of cells, higher frequencies of cell
death and, more importantly, the impossibility of sufficiently expanding the CAR cells to obtain the
minimum number of cells requested for in vivo therapies. While the superiority of 2nd and 3rd
generation over 1st generation CAR T cells has been clearly shown in both preclinical and clinical
studies, the optimal combination of costimulatory domains for 3rd generation CAR-T cells must still
be defined and should be evaluated case-by-case in order to fine-tune immunotherapy approaches.
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1. Introduction

Adoptive cell transfer (ACT), utilizing autologous T cells engineered to express chimeric antigen
receptors (CAR), has proven to be a highly effective strategy for the management of patients with
relapsed or refractory B-cell malignancies [1-3]. However, the field remains in its infancy and these
great strides are yet to be replicated in patients with advanced solid tumors [4-6]. In the context of
Prostate Cancer (PCa), one of the most suitable targets is prostate specific membrane antigen
(PSMA), which is a well-known tumor-associated antigen. In particular, PSMA expression levels
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differentiate normal and cancerous prostatic tissues. Interestingly, PSMA expression involves
neovasculature of several tumor entities, thus envisaging an additional antiangiogenic effect. In this
scenario, PSMA can represent a suitable target; indeed, it is currently exploited for both imaging and
therapeutic purposes [7]. In CAR-based therapies, even though identifying valid targets to achieve
effective tumor rejection while ensuring patient safety is an essential goal, it is well accepted that
anti-tumor efficacy of adoptively transferred T cells requires efficient expansion and persistence in
vivo [8-10]. Moreover, there is currently little understanding of how CAR structure impacts on these
properties. Meanwhile, human T cells expressing CARs not infrequently mediate potent in vitro
cytolysis, but show limited expansion, persistence, and anti-tumor efficacy [11-14]. Much work
remains to be undertaken to more fully appreciate how CAR structure determines function and
delineates the complexity of CAR intracellular signaling, as well the web of interactions between
CAR T cells and other protagonist cells within the tumor microenvironment (TME) in vivo.
Considerable effort continues to be applied to the optimization of the CAR construct itself to enhance
antitumor potency, metabolism, proliferative capacity, and persistence [15,16]. It is becoming
increasingly apparent that subtle differences in CAR design can have amplified effects both in vitro
and - particularly - in vivo and that the optimal selection of CAR's extracellular targeting moiety,
hinge, spacer, transmembrane domain (TMD), and intracellular costimulatory domain(s) (ICD), is
crucial. Co-stimulation provided by a CD28 signaling domain in a second-generation CAR (2G-
CAR) substantially improved the efficacy of redirected T cells in an antitumor attack, while other
co-stimuli differentially modulate the T-cell effector functions in a specific fashion [17]. Combined
co-stimulation by the so-called third-generation CAR (3G-CAR) with early CD28 and late co-
stimulation by OX40 or 4-1BB promotes T-effector memory cell differentiation and protects cells
from apoptosis [18]. In view of all these findings, understanding how the CAR structure influences
the behavior of T cells is extremely relevant. Moreover, while the superiority of 2nd and 3rd
generation over 1st generation CAR T cells has been clearly shown in both pre-clinical and clinical
studies, the optimal combination of co-stimulatory domains for 3rd generation CAR-T cells remains
to be defined and should be evaluated case-by-case in order to fine-tune immunotherapy
approaches. With a view to of identifying the best experimental conditions able to ameliorate the
biological properties of CAR-T cells in humans and, thus, to optimize clinical results of CAR T-cell
therapy in patients with PCa, we designed and tested a 2G and 3G CAR direct against the PSMA. In
this work, the direct comparison of the efficacy of CAR constructs targeting PSMA indicates that a
2G CAR containing the CD28 co-stimulation domain is equally effective as a 3G CAR, which
contains both CD28 and 4-1BB domains. However, most importantly, we confirmed what was
observed in other works [19,20], namely, that the effect of additional signaling modules is not
additive, as often affirmed [21-23], and can in fact be detrimental. In particular, in this work we
observed that the detrimental effect of the additional co-stimulatory domain was attributed to
increased activation-induced cell death in T cells expressing the 3G CAR, as a result of augmented
FasL expression that induces an exhaustion status represented by low proliferative and cytokine
producing capacities, high rates of apoptosis, high expression of inhibitory receptors, and a reduced
expansion of CAR T cells. Exhaustion has a significant role in limiting CAR efficacy and how CAR
structural design affects the development of exhaustion has not been yet clearly understood. Here
we demonstrate that CAR structure has a central role in predisposing CAR T cells to exhaustion, but
above all we show how combined CD28-41BB “super-stimulation” can be counter-productive.
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2. Materials and Methods
2.1. Cell Lines

LNCaP, PC3 (both human prostate carcinoma cell lines) and 293T (human embryonic kidney cell
line) were obtained from the American Type Culture Collection (ATCC). PC3-PSMA, a PC3
derivative cell line stably expressing human PSMA, has been previously described [24]. LNCaP,
PC3, and PC3-PSMA, were cultured in RPMI 1640 medium, while DMEM medium was used for
293T; all cell lines were enriched with 10% heat-inactivated fetal bovine serum (FBS, Gibco). All
media were supplemented with 2 mM L-Glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin (all from Lonza) and maintained at 37°C in a humidified 5% CO: incubator. Firefly
luciferase (fluc)-expressing PC3 and PC3-PSMA cell derivatives were obtained by viral transduction
as previously described [25].

2.2. T Cell Transduction

The anti-PSMA CAR/eGFP lentiviral transfer vector (LV) and viral particle production in 293 T cells
have been previously described [25]. To generate CAR-T cells, PBMC from healthy donors were
activated 48 hours with OKT-3 (50 ng/mL; Ortho Biotech Inc) and human IL-2 (hIL-2, 300 U/mL;
Proleukin; Novartis Pharmaceuticals). T cells were then infected with the viral supernatant for 18
hours at 37°C and 5% CO, in the presence of protamine sulfate (40 mg/mL; Sigma- Aldrich) and
hIL-2 (500 U/mL). The supernatant was then changed with fresh complete medium containing hIL-
2 (100 U/mL). Seventy-two hours later, PBMC were analyzed for CAR and eGFP expression. CAR-
T cells were re-stimulated once a week with irradiated (60 Gy) PC3-PSMA at a 10:1 ratio. Complete
medium with fresh IL-2 was replenished twice a week.

2.3. Phenotypic analysis

All samples were analyzed with a FACSCalibur (BD Bioscience) and data were analyzed using
Flow]o software. PSMA CARs were detected with the anti-c-myc mAb (clone 9E10; Sigma-Aldrich)
or the isotype control (mouse IgG1, Southern Biotech, Milan, Italy), followed by a secondary
antibody (PE-conjugated goat anti-mouse IgG; Southern Biotech). T cell phenotype was evaluated
via: CD62L, CCR7, CD27, CD28, CD57 (eBioscience), Annexin V (BD Bioscience), FasL. (BD
Bioscience), PD-1 (eBioscience), TIM-3 (eBioscience), LAG-3 (eBioscience) and the relative isotype
controls purchased from the same companies. All FACS plots presenting CAR T cell phenotype data
were conducted on gated CAR* cells.

2.4. Cytotoxicity assay

The cytotoxic activity of 2G and 3G CAR T cells was assessed in a standard 4 h >'Cr-release assay as
previously reported [25]. PC3-PSMA, LNCaP and PC3 were used as target cells.

2.5. Cytokine release assay

To evaluate IFN-y, IL-2 and TNF-a production, an ELISA IFN-y, IL-2 or TNF-a Screening Set
(Thermo Scientific) was used, according to manufacturer’s instructions. Briefly, 1x10° CAR T cells
were seeded with 1x10° target cells (PC3 or PC3-PSMA) in triplicate wells in 96-well round bottom
plates. Cytokine secretion was measured after 12 hours of incubation. Negative and positive controls
were represented by CAR T cells unstimulated or treated with 40 ng/mL of PMA and 4 mg/mL of
Ionomycin (Sigma-Aldrich), respectively. Supernatants were then analyzed on a VICTOR X4
(PerkinElmer).
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2.6. Statistics

Statistical analysis was performed by Student’s t test when only two value sets were compared.
One-way ANOVA was used when the data involved three groups. Histograms represent mean
values + standard deviation. P < 0.05, P < 0.01 or P < 0.001 were considered statistically significant
and indicated by *, ** or ***, respectively. Statistical analysis was performed using GraphPad Prism
7.0 software.

3. Results
3.1. Construction and development of an efficient bidirectional LV for anti-PSMA 2G and 3G CAR expression

The 2G and 3G CAR sequences were inserted into a LV carrying a bidirectional promoter [25] that
allowed transcription of a reporter gene (eGFP ) from the upstream minimal promoter minCMV,
without affecting downstream expression of the anti-PSMA CAR from the efficient hPGK promoter
(Fig. 1A). A 2G, and 3G CAR sequences, were designed and encoded the following components: the
single-chain variable fragment (scFv) of the anti-PSMA antibody IgGD2B [26], a myc-tag for the
cytofluorimetric detection, and the CD28 co-stimulatory molecule linked directly to the CD3C
sequence for the 2G CAR; instead, the 3G CAR presents a second co-stimulatory molecule within
the CD28 and CD3C domains (Fig. 1B). We decided to exploit the anti-PSMA scFv (scFvD2B) for the
construction of our CAR, because of its very appealing characteristics, in particular the nanomolar
affinity for the target that is similar to the one evidenced by the whole J591 antibody [26]; the 2G
CAR was already described from our group [25] and, encouraged from its high and specific lytic
activity, we developed the 3G CAR to improve the activity and survival in vivo of the T cells
transduced. T cells were transduced with LV 2G and 3G CAR PSMA/eGFP. In particular, one month
after transduction, CAR-expressing cells were more than 90% when transduced with LV CAR
PSMA/eGFP, as demonstrated by the high percentage of CAR* cells detected by flow cytometry
analysis (Fig. 1C). Notably, the bidirectional LV vectors appeared to drive the expression of both the
CAR (2G and 3G) and the reporter gene with a very balanced efficiency, as demonstrated by the
high intensity of eGFP signal (Fig. 1D).
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3.2.2G and 3G CAR T cells show a similar expansion of the CAR-expressing population, but 3G population
quickly displays a more differentiated effector memory phenotype

For the generation of T cell populations expressing the 2G or the 3G CAR anti-PSMA, we used a
previously described [25] rapid expansion protocol that involve weekly re-stimulation with PC3-
PSMA cells that allowed a rapid and sustained proliferation of CAR-T cells. In both generations, the
subsequent encounter with the antigen led to the expansion of the CAR-expressing population
(Fig.2A, left panel). Moreover, to better define the state of differentiation of CAR-transduced T
lymphocytes in the post-infection period during antigenic re-stimulations, expression of different
surface markers (CD62L, CD27, CD28, CCR7, CD57) was assessed by cytofluorimetric analysis. One
week after transduction, the emerging profile of 2G CAR T was essentially of
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Figure 2. Differentiation pattern of the 2G and 3G CAR-expressing populations. (A) Left panel, 2G and 3G CAR expression in transduced T cells upon
stimulation. Istograms report percentage of 2G (light blue) and 3G (yellow) CAR* cells in LV CAR hPSMA/eGFP transduced T cell populations at different
time points post transduction. Right panel, expression of CD62L. (B) Left panel, expression of CCR7, and in right panel, expression of CD27. (C) Left panel,
expression of CD28, and in right panel, expression of CD57. All surface markers were evaluated in 2G and 3G CAR-expressing populations at different time
points post transduction, as assessed by flow cytometry. Figures show mean +/- 2 SD of at least three independent experiments. *p<0.05, **p<0.01,
**¥*¥p<0.001****p<0.0001 by two-way ANOVA.

early effector T cells, as shown by the high expression of CD62L (Fig.2A, right panel), CD27 (Fig.2B,
right panel) and CD28 (Fig.2C, left panel), the presence of CCR7 (Fig.2B, left panel) positive cells and
the low expression of CD57 (Fig.2C, right panel). Instead, 3G CAR T cells show, already at the first
week post transduction, a significant difference in the expression of CD62L and CCR7, displaying
very quickly a more differentiated effector memory phenotype. Following re-stimulations with the
antigen, both T cells populations acquired an intermediate effector memory phenotype with the
progressive down-modulation of CD62L, CCR7, CD28 and a slight increase in CD57 expression.
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Figure 3. Functional characterization of the 2G and 3G CAR-expressing populations. (A) Lytic activity of the 2G (light blue) and 3G CAR (yellow)-expressing
populations. Cytotoxicity was analyzed at 15 days post-transduction; PC3-PSMA, LNCaP and PC3, cells were used as target cells. (B) Cytokine release upon
antigen stimulation. Upper panel: IFN-y, middle panel: IL-2 and lower panel: TNF-a. The cytokine production was analyzed at different time points after T
cells transduction by stimulating 2G and 3G CAR populations with PC3-PSMA or PC3 cancer cell lines. 2G and 3G CAR T cells unstimulated or treated with
PMA/lonomycin represented the negative and positive controls, respectively. Figures show mean +/2 SD of 3 independent experiments.

3.3. 2G and 3G CAR T cells show comparable tumor cell killing and cytokine production following exposure
to PSMA* cells
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CAR expression provided the transduced population with the ability to recognize the PSMA antigen
on the surface of prostate tumor cell lines, and to mediate a high and specific cytotoxicity. Indeed,
both the 2G and 3G CAR populations lysed the PSMA-transfected PC3 cells (Fig.3A, upper panel)
while sparing the antigen-negative counterpart (Fig.3A, lower panel); more importantly, they were
also capable of recognizing the LNCaP target cells that naturally harbor the PSMA antigen (Fig. 3A,
middle panel). Other than exerting a relevant cytotoxic activity, both generations of CAR-transduced
T cells also produced high and comparable levels of IFN-y, IL-2 and TNF-« in response to PSMA-
expressing tumor cells, but not against PSMA negative control cells (Fig. 3B).

3.4.3G CAR T cells become exhausted during in vitro expansion

After an initial rapid and sustained proliferation of CAR T cells, 4 weeks from transduction in 3G
CART cell population a slight slowdown of proliferation set in, with a significant difference in the
number of total CAR T cells from day 25 to day 40 (p<0.0001) after transduction (Fig.4A, left panel).
By day 25, CD28-(-4-1BB (3G) CAR T cells showed a cell surface profile consistent with exhaustion,
including higher and significant difference in expression of PD-1 (p<0.0001), TIM-3 (p=0.0019) and
LAG-3 (p=0.0031) compared to 2G CAR T cell population (Fig 4A, right panel). 3G CAR T cells
expanded less efficiently and showed higher rates of apoptosis (Ann V*; p < 0.0031), compared to
the 2G CAR T cell population, more probably induced by the FAS-FASL pathway (FASL*; p=0.0454)
(Fig 4B, left panel). Furthermore, 3G CAR T cells poorly produced IL-2, TNF-a and IFN-y, compared
with 2G CAR T cells following exposure to PSMA* cells. Together, these phenotypic and functional
studies demonstrate that 3G CAR T cells become rapidly exhausted during in vitro culture, whereas
similar effects do not occur in 2G CAR T, cells stimulated in the same manner. More importantly,
this exhaustion causes the impossibility to expand the 3G-CAR cells sufficiently to obtain the
minimum number of cells requested for the in vivo therapies
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Figure 4. 3G CAR T cells become exhausted during in vitro expansion. (A) Left panel, expansion of the 2G (light blue) and 3G CAR (yellow)-expressing
populations upon weekly antigen stimulation. Right panel, quantification of exhaustion marker expression at 25-35 days from transduction. (B) Left panel,
quantification of ANN V*and FASL* in 2G and 3G CAR populations at 25-35 days from transduction. Right panel, cytokines production upon stimulation with
PC3-PSMA target cells at 25-35 days from transduction. Figures show mean +/2 SD of 3 independent experiments. *p<0.05, **p<0.01,
***p<0.001****p<0.0001 by two way ANOVA.

4. Discussion

Impressive early clinical results were reported following administration of CD19 CAR T cells and
demonstrate that CAR therapies represents one of the most effective immune-based treatments of
cancer [27,28]. Conversely, the difficulties intrinsic to the treatment of solid tumors (in particular,
the choice of suitable and safe target antigens) and the largely unsatisfactory results obtained thus
far make them a less appealing but still open battle field for immunotherapeutic strategies. Among
solid tumors, PCa is the most common tumor between males in Europe and the US [29]. The specific
targeting of this tumor by ACT represents a promising strategy to control the disease, as PCa
expresses distinct surface tumor-associated antigens that can be exploited for immune interventions.
Among these, PSMA is a well-known tumor-associated antigen, and its expression and enzymatic
activity are increased in PCa compared to normal prostate epithelium, thereby making PSMA an
ideal target for ACT. In our laboratory, we have already described a very efficient CAR against
PSMA [25] based on an high-affinity specific mAb [26]. Nevertheless, important lessons have been
learned from trials, particularly with regard to data concerning the improved persistence and
efficacy of CAR T cells, as well as the importance of enhancing co-stimulation and reducing T-cell
exhaustion [30]. It remains furthermore unclear to what extent this relates to variable potencies of
the chimeric receptors themselves. To this purpose, in this study we have generated two tumor
antigen-specific receptors that signal, through serial endodomains, a second generation (2G) CAR
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bearing both CD28 and CD3C( signaling domains and a 3rd generation (3G) CAR combining CD28
and CD3C with a 4-1BB co-stimulatory domain. Their function was analyzed in comparative fashion
in cultured human primary T lymphocytes. Both chimeric receptors effectively killed PSMA*tumor
cell lines in vitro, underscoring their antigen-specificity and sufficient signaling strength to trigger
cytolysis. However, already in the first week post transduction, 3G CAR T cell population has
shown a more differentiated effector phenotype that is more prone to AICD compared to the early
effector 2G population. Moreover, in proliferative assays we observed that the expansion rate of
these two types of CAR T cells was superimposable during the first three weeks of culture.
Thereafter, 2G CAR displays an expansion rate, whereas 3G CAR T cells reached a plateau and then
started to die. Here, we provide the unexpected observation that PSMA CARs incorporating an high-
affinity scFv derived from the well-studied D2B antibody [26] and CD28-4-1BB produce a “super-
stimulation” that accelerates apoptosis and exhaustion of 3G CAR T population during in vitro
expansion. This exhaustion is characterized by high expression of exhaustion markers, poor
proliferative capacity, and poor cytokine production. These observations provide the rationale to
assert that co-stimulatory signals could induce an activation-induced cell death (AICD) as a result
of augmented FasL expression and, more importantly, causing the impossibility to expand the 3G
CAR cells sufficiently enough to obtain the minimum number of cells requested for in vivo therapies.
The observation that some CARs lead to impaired T cell function and exhaustion illustrates the
importance of optimizing CAR engineering and a need for enhanced understanding of how receptor
structure impacts on function. The role of T-cell exhaustion is particularly relevant in the context of
adoptive T-cell therapy for treatment of solid tumors, since it has been clearly shown that expansion
and persistence of the adoptively transferred cells are crucial for patient outcome [30-32]. The
possibility to modulate the degree of T-cell exhaustion, which limits anti-tumor efficacy, remains
largely unexplored. Our work contributes to a growing literature demonstrating that structural
characteristics of CAR endodomains can critically impact on the functionality of these novel
receptors [15,20,22,23,33]. In this work, where we used an identical high affinity anti-PSMA scFvs
with a CD28 or a combined CD28-4-1BB co-stimulatory domain, we have demonstrated that the
presence of a high-affinity scFv in addition to a two-costimulatory molecule most likely produces
an overloading of stimulation, engendering an exhaustion profile of the cells that stop proliferating.
Given these findings, we demonstrate as other groups [19] that second generation CAR-T cells
outperform their third generation counterparts. A similar phenomenon was described by
Hombachet et al., who described that cytokine-induced killer (CIK) cells expressing a second
generation CAR containing CD28-CD3( domains presented higher antitumor efficacy than CIK
expressing a third generation CD28-OX40-CD3(C CAR. In that setting, as in ours, the detrimental
effect of the additional co-stimulatory domain was attributed to increased activation-induced cell
death in CIK cells expressing the third generation CAR [20]. On the other hand, other authors
postulate that third-generation CARs containing both CD28and 4-1BB outperform second-
generation CARs containing only CD28, as a general rule [22,34]. The discrepancy between our
results and previously published reports imply that the optimal CAR design might need to be
empirically determined for each individual target and for each scFv, because too much stimulation
could be detrimental.
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51Cr, chromium-51; 2G-CAR, second-generation CAR; 3G-CAR, third-generation CAR; ACT, adoptive cancer
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