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Abstract: In recent years, the, chimeric antigen receptor T (CAR-T) cell therapy as an
adoptive immunotherapy has received great attention and made great breakthroughs. CAR-T
cells show great specificity, targeting, and less major histocompatibility complex restriction
in tumor immunotherapy, significantly different from traditional T cells. In spite of the prog-
ress of CART-T technology in the treatment of lymphoma, leukemia, and other blood system
tumor, there are still many difficulties in the treatment of solid tumors by CAR-T technology.
In this review, we will make a brief summary of the present situation of CAR-T cells in the
treatment of prostate cancer, and discuss the promise of the application of this technology to
prostate cancer therapy.
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Introduction

With the improvement of human living standard and the increase of life expectancy,
the incidence of prostate cancer in the middle-aged and elderly males is increasing.
Prostate cancer has become the most common tumor among males in Europe and the
USA.! Due to the lack of full understanding of the pathogenesis of prostate cancer,
most patients are in the middle and late stage when the tumor is diagnosed and miss
the best time for surgical therapy. Consequently, prostate cancer has high mortality.
Androgen deprivation therapy is effective for the treatment of early stage prostate
cancer because of the characteristics of androgen dependence in early development
of prostate cancer. However, after androgen deprivation therapy, most of the patients
develop castration-resistant prostate cancer (CRPC), which will finally develop into
the metastatic castration-resistant prostate cancer (mCRPC).? The development of
mCRPC may be related to androgen receptor gene amplification, and regulatory fac-
tors of androgen receptors are abnormally expressed in prostate cancer.® There is still
no effective treatment for patients with CRPC.*

The chimeric antigen receptor T cell (CAR-T) therapy has gained great attention
due to the advantages of CAR-T cells in the treatment of malignant tumors of the
blood system and has achieved great breakthroughs.>® CAR-T technology provides
a new way for the treatment of malignant solid tumors including prostate cancer.
Up to now, there are only two ongoing clinical trials for prostate cancer CAR-T
therapy. One is a Phase I trial of prostate-specific membrane antigen (PSMA)-
targeted CAR-T in mCRPC patients (NCT01140373). Another (NCT03089203)
is a Phase I trial of “CART-PSMA-TGFBRDN Cells for CRPC” to evaluate the
safety and feasibility of intravenously administered, lentivirally transduced, dual
PSMA-specific/TGFB-resistant, CAR-modified autologous T cells (CART-PSMA-
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TGFBRDN cells) in mCRPC patients.” However, there are
still many difficulties in the treatment of solid tumors by
CAR-T technology. In this review, we make a systematic
summary of the present situation of CAR-T cells in the
treatment of prostate cancer and discuss the promise of the
application of this technology to prostate cancer therapy.

The molecular structure of CAR-T

The CARs are fusion proteins constructed by modern
molecular biotechnology. CARs are generally composed
of three parts: extracellular antigen identification zone,
transmembrane zone, and intracellular signal transduction
zone.” The extracellular antigen identification zone is the
basis of specific recognition of tumor antigens by CARs.®
Single-chain fragment variable (scFv) of CAR-T cells can
recognize tumor-associated antigen (TAA) specifically. The
transmembrane zone usually consists of the transmembrane
region of CD3, CDS, CD28, or FceRI and can fix scFv on
the surface of T cells and transduce the signal into the cells.
The intracellular signal transduction zone is composed of
CDS8, CD28, or CD137 intracellular area and CD3(, which
contain the immune-receptor tyrosine-based activation motif
(ITAM). ITAM plays a crucial role in the transduction of
signal to active T cells.

Antigen recognition

T cell-mediated immune response is cellular immunity.
According to the source of antigen, the pathway of activat-
ing T cells is different. The antigen presenting cell (APC)
takes in the exogenous antigens and disassembles them
into peptides by lysosomal degradation. Those peptides can
combine to a major histocompatibility complex II (MHC II)
to form MHC II-Ag complexes that can be recognized by
CD4* T cells. The endogenous antigens derived from cancer
or virus-infected cells are absorbed by APC and disassembled
into peptides by cytoplasmic protease system, which can
combine with MHC I to form MHC I-Ag complexes that
can be recognized by CD8" T cells.®

The activation and proliferation of T cells

The complete activation of T cells requires the help of dual
signal systems and cytokines. First signal comes from the
combination of TCR and MHC I-Ag and the transduction
of specific antigen stimulation signals into the cells by CD3.
The signal can and enhance the affinity of LFA-1 with
inter-cellular adhesion molecule (ICAM), which plays an
important role in prolonging and stabilizing the combination
of TCR and MHC I-Ag and the activation of T cells. The

second signal is produced by the interaction between T cell
membrane and APC membrane surface, mainly between
B7 (CD80, CD86) on APC membrane and CD28 on T cell
membrane. The double signals activate different signaling
pathways and a variety of transcription factors to promote the
production of cytokines such as IL-2 that can active T cells
fully and make them survive longer.’ The activated T lym-
phocytes proliferate rapidly, and CD8* T lymphocytes further
differentiate into cytotoxic T lymphocytes that migrate to
specific antigen aggregation site for biological effects.

CAR-T

With the development of genetic engineering technology,
CARs could be designed and transfected into T lympho-
cytes of patients by transfection in vitro. Currently, in vitro
transfection technology can be divided into viral transduction
and nonviral transfection, the former includes retrovirus and
slow virus, whereas the latter includes transposon system and
mRNA electrotransfection.

CAR-T cells can be divided into four generations
according to the costimulating molecules (CM; Figure 1).
The first generation of CAR-T have no CMs and only contain
a group of intracellular signals (TCR/CD3{ chain or
FceRly chain) that can be combined with specific antigen

First
CAR

Third
CAR

Fourth
CAR

Second
CAR

e & & S

& Single-chain fragment variable (scFv)
. Transmembrane domain

@ Costimulatory molecule 1

@ Costimulatory molecule 2

==== Signaling domain
(.= Proinflammatory factor

Figure | Diagram of the structures of CARs.

Note: Typical domain structures of the first to the fourth generation of CARs are
shown.

Abbreviation: CAR, chimeric antigen receptor.
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and activate T lymphocytes. However, due to the lack of
assistance of costimulation molecules, CAR-T cells trans-
fused into patients have poor proliferation and cannot get
expected effects.'” For the second generation of CAR-T, a
costimulatory molecule such as CD28, CD27,41BB (CDB7),
0X40 (CD134), or inducible costimulatory molecule is added
into T cells to overcome the failure of the first generation
of CAR-T. Therefore, the ability of the second generation
CAR-T cells to kill tumor cells is significantly improved.
For the third generation of CAR-T, another CM such as
CD28, 4-1BB, or CD3({ is added into T cells to contain two
stimulating molecules. Consequently, T cell proliferation
activity and cytotoxicity as well as T cell survival are further
improved."! The fourth generation of CAR is called TRUCKS
(fourth-generation CAR T-cells redirected for universal
cytokine killing), which is different from the previous CAR-T
on the structure. The addition of a proinflammatory factor
such as IL12 and co-stimulatory molecule ligands (4-1 BBL
and CD40L) provides CAR-T cells with higher efficacy of
killing tumor cells through the release of a proinflammatory
factor.!? In addition, patients who adopt the therapy with the
fourth generation CAR-T cells can avoid pretreatment such
as general or high-dose chemotherapy.

Prostate-associated antigens
Prostate-specific antigen

Currently, prostate-specific antigen (PSA) is the most
common biomarker for prostate cancer. As a glycoprotein
composed of 343 amino acids containing sugar chain, PSA
is secreted by prostate gland vesicle and catheter epithelial
cells with the activity of neutral serine protease and can be
detected in the tissue, serum, and sperm. Because PSA has
prostate tissue specificity, PSA is a good target to deliver
drugs to tumor tissue to treat prostate cancer. However, due
to serum PSA, avoiding the neutralization of targeted drugs
and the side effects by serum PSA is still a difficult problem.
Recent studies show that free prostate-specific antigen (fPSA)
three hypotypes, namely benign prostate-specific antigen,
inactive prostate-specific antigen, and precursor of PSA
(pro-PSA). Among the three hypotypes of fPSA, pro-PSA
has a higher expression in prostate cancer cells compared to
the other two hypotypes, which makes it a more appropriate
target for prostate cancer therapy.'

Prostate acid phosphatase

The prostate acid phosphatase (PAP) is another tumor marker
for prostate cancer. Compared with PSA, PAP can accurately
indicate the micrometastasis of prostate cancer and has been

used as an immunotherapy target for CRPC.'*!5 PAP is
expressed not only in the tissues of the prostate and prostate
cancer but also in small bowel cancer, pancreatic endocrine
tumor, and bladder cancer.'® Similar to PSA, PAP serum level
is extremely low under normal circumstances. Only after the
prostate tissue is damaged, such as prostate cancer, a large
amount of PAP will be released into the blood, which causes
similar difficulty in the treatment of prostate cancer.

Prostate-specific membrane antigen

PSMA is a type II transmembrane glycoprotein expressed
on prostate epithelial cell membrane. PSMA expression
is low in ovarian and breast cell membranes and almost
absent in the intestines, liver, kidney cell membranes, but
is high in prostate tissue and vessels of solid tumors, with
the highest PSMA expression in semen.'* Thus, PSMA has
a good prostate tissue specificity and is the basis for PSMA
targeted therapy of prostate cancer. Furthermore, PSMA
may function as a receptor to engage signaling to promote
cell migration and regulate the stability of chromosomes.!¢
Therefore, PSMA is a promising target for the treatment
of prostate cancer.

Prostate stem cell antigen (PSCA)

PSCA is a TAA identified in prostate cancer cells.'” PSCA
consists of highly conserved cysteine residues, signal
sequence in the N terminal, a number of glycosylation sites,
and C terminal glucose phosphatidyl inositol anchor sequence
by which PSCA is fixed on the cell membrane of prostate
cells. PSCA can be detected only on cell membrane since
this antigen is not released into the blood. The expression
rate of PSCA in prostate cancer tissue is almost 90%, much
higher than that in normal prostate tissue. With the progres-
sion of prostate cancer, PSCA expression level in cancerous
tissues gradually increases and even reaches as high as 100%
in prostate cancer bone metastases. The expression level of
PSCA is positively correlated with tumor grade and clinical
stage.'® Furthermore, the expression of PSCA has not been
detected in the testis, spleen, liver, bone marrow, lymph
nodes, lung, bladder, kidney, cerebellum, and colon tissue."
Because of prostate tissue specificity, no release to the blood,
and high expression in prostate cancer tissues, PSCA serves
as an important target for prostate cancer targeted therapy.

CAR-T therapy in prostate cancer

Ma et al made the second-generation anti-PSMA CAR-T
cells by embedding CD28 as a costimulator.?’ They used the
healthy donor T cells to make the first-generation anti-PSMA
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IgTCR CAR-T cells and the second-generation anti-PSMA
IgCD28TCR CAR-T cells with retrovirus. Compared with
mice inoculated with nontransduced T cells, tumor volume
in mice inoculated with anti-PSMA IgTCR-transduced
T cells reduced significantly. However, in mice inoculated
with anti-PSMA [gCD28TCR-transduced T cells, tumor
volume reduced further significantly and the tumor nearly
disappeared after 3 weeks. CAR-T cells targeted at PSMA
showed potent killing effect against prostate cancer, and the
second-generation CAR-T cells have a better killing effect
than the first generation and provide a novel approach for
clinical immune-targeted therapy for CRPC.

It is important to note that healthy tissues that express the
targeted antigen may subject to T cell-mediated damage. To
solve this problem, Kloss et al came up with a strategy that T
cells were transduced with both a CAR that provided subop-
timal activation upon binding of one antigen and a chimeric
costimulatory receptor that recognized a second antigen.?!
Their results showed that cotransduced T cells destroyed only
the tumors expressing both antigens but did not affect tumors
expressing either antigen alone. This “tumor-sensing” strat-
egy could avoid some side effects of targeted T-cell therapies
and advance the application of CAR-T cell therapies.

Conclusion

CAR-T cells targeting prostate cancer-specific antigens
have shown exciting results in in vitro cell and animal
model experiments, but their efficacy and safety in clinical
trials need further studies. For example, a recent study
demonstrated the importance of costimulation in defining
an optimal CAR-T therapy for PSCA+metastatic prostate
cancer.”? Furthermore, Zhang et al recently developed CAR-T
cells carrying an anti-PSMA chimeric TCR and a dominant
negative TGFB type II receptor for the resistance to TGFB-
mediated suppression of cytotoxic T cell function. The cells
also expressed HSV1 thymidine kinase to enable cell killing
via ganciclovir treatment.?® This novel strategy will overcome
the immunosuppression problem frequently associated with
cancer immunotherapy. Moreover, nanoparticle-mediated
gene delivery has been shown to provide promising results
for prostate cancer treatment.?* These results encourage the
development of nanoparticles for the delivery of CAR-T
in prostate cancer therapy.” However, there are still many
unknown questions in the field such as CAR-T-related
signaling pathways, and the comparison with different
generations of CAR-T cells still needs clinical trials to
test. In addition, the role of stem cells in CAR-T therapy
remains unclear.?® Future directions in the development of

CAR-T for prostate cancer treatment should focus on high
specificity and efficacy, low toxicity and immunosuppres-
sion, and synergy with other tumor therapies.”’” With the
advances in new techniques such as clustered regularly
interspaced short palindromic repeats (CRISPR), we expect
that CAR-T technology can be successfully applied in clinical
prostate cancer therapy in the near future.
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