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1. Introduction

Prostate cancer, the most common cancer among males, has a mortality rate of ap-
proximately 29,000 deaths each year in the United States alone [1]. While localized cases
can be treated with surgery or radiation therapy, roughly 30% of patients will develop
metastatic disease. For these patients, the most common treatment is androgen depriva-
tion therapy (ADT). However, many of these patients relapse, unavoidably progressing
to metastatic castration-resistant prostate cancer (mCRPC). The time to progression from
hormone-sensitive prostate cancer to CRPC is about 16.5 months [2]. The prognosis of
patients with mCRPC is poor, with a median survival of 10 to 21.7 months and a survival
rate of 30% over 5 years [3]. The introduction of novel anti-androgen agents and androgen
synthesis inhibitors has significantly increased the progression-free survival (PFS) and
overall survival (OS) of patients with mCRPC. However, ~20–40% of patients develop
primary resistance to these agents, and nearly all patients will progress to secondary resis-
tance [4]. Other therapies approved by the Food and Drug Administration for the treatment
of mCRPC include radiopharmaceutical agents that allow for targeted radiotherapy to
metastatic sites. Among these are Radium-233, vaccine-based therapy such as Sipuleucel-T,
Poly(ADP-ribose) polymerase (PARP) inhibitors, and immune checkpoint inhibitors. While
these treatments can increase overall survival rates, they are not a perpetual cure for the
disease, and have been shown to only have temporary benefits with significant adverse
effects [5]. It is this lack of effectiveness of the agents currently in use, as well as the promise
shown by adoptive immunotherapy, such as chimeric antigen receptor (CAR)-modified T
cells, in the treatment of hematological malignancies [6–8], that have brought focus to the
use of CAR-T cells in the treatment of solid tumors such as mCRPC.

A phase I study conducted by Narayan et al. [9] presented the results of a trial of
CRPC-targeting CAR-T cells directed against prostate-specific membrane antigen (PSMA),
thus addressing the challenges of the highly immunosuppressive tumor microenvironment
(TME) with a dominant negative form of transforming growth factor-β (TGF-β)RII engi-
neered CAR-T cells [10]. The authors engineered CAR-T cells that were directed against
PSMA, which is expressed in prominent levels in mCRPC and has shown promising signs
as a tumor-associated antigen (TAA) for immunotherapy [11–16]. The study is unique in
that it is the first clinical trial involving the use of CAR-T cells optimally engineered with a
dominant negative TGFβR (TGFβRDN) in an attempt to neutralize the components of the
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TME in mCRPC patients. It has been reported that TGFβRDN supports in vivo prolifer-
ation and memory differentiation, decreases exhaustion, and promotes the induction of
tumor eradication [17,18].

2. Background

CAR-T cell therapy involves the formation of autologous, genetically engineered T
cells that attack specific tumor-associated antigens (TAAs) [7]. CAR-T cells are generated
via leukapheresis of the patient’s blood, from which T cells are isolated and then transfected
using a viral or non-viral vector with the genetically engineered CAR protein. After
transfection, T cells are subjected to molecular expansion and ex vivo purification. Finally,
the CAR protein-expressing T cells (known as CAR-T cells) are then readministered to the
patient. The structure of a CAR-T cell consists of three main segments and includes an
extracellular domain, a transmembrane domain, and an intracellular zone. The extracellular
domain consists of a single-chain fragment variable (scFV) that binds to a TAA. The
transmembrane domain, which links the scFV and the T cell, is made up of proteins
(such as FcεRI, CD3, CD8, and CD28) that are attached to an intracellular domain. The
intracellular zone harbors the immune receptor tyrosine-based activation motif (ITAM),
which plays a significant role in signal transduction for T cell activation. In initial in vivo
tests, CAR-T cell structure displayed poor T cell activation and persistence, which led to
the addition of several molecules to the intracellular domains upon further development.
The latest fourth-generation CAR-T cells, called “TRUCKs” (T cells redirected for universal
cytokine mediated killing), contain many motifs within the intracellular cassette which
help combat the immunosuppressive tumor microenvironment, resulting in enhanced
therapeutic effectiveness as well as preventing excessive toxicity [7–10].

The authors conducted a phase I clinical trial that was designed to study the efficacy,
safety, and dosage of PSMA-TGFβRDN autologous CAR-T cells administered to patients
with and without lymphodepletion [9]. The study was executed through a 3 + 3 dose
escalation module. Of the eighteen patients enrolled in the trial, five failed initial screenings.
The remaining thirteen patients were then divided into three cohorts. On day 0, cohort 1
received a single dose of 1–3 × 107/m2 cells without lymphodepleting chemotherapy (LD),
and cohort 2 subjects received a single dose of 1–3 × 108/m2 cells without LD. All cohort 3
patients underwent LD with cyclophosphamide and fludarabine and in addition, received
infusion of either 1–3 × 107/m2 or 1–3 × 108/m2 cells. The median age of participants
upon entry was 70 years (interquartile range (IQR), 57–72 years), and the median serum
PSA level was 36.6 ng/mL. Eight patients (61.5%) presented with stage 4 disease at initial
diagnosis, thirteen (100%) had previously received androgen receptor signaling inhibitor
therapy, and six (46.2%) had previously received docetaxel chemotherapy. The median
number of previous therapies for CRPC was two, with a range of one to eight previous
treatment lines. These patients were then followed up in the short term with computed
tomography of the chest/abdomen/pelvis, bone scans, and PSA levels every 3 months
for a period of 2 years. Then, long-term follow-up was maintained for up to 15 years. In
cohort 1, no treatment-related grade ≥3 adverse effects (AEs) or cytokine release syndrome
(CRS) were observed. In cohort 2, two subjects developed grade 3 CRS, with one of them
also manifesting immune effector cell neurotoxicity syndrome. However, these AEs fully
resolved within twenty-four hours following tocilizumab and corticosteroid therapy. In
cohort 3, where all subjects were lymphodepleted, one subject who received the higher
dose of the infusion therapy died. Subsequently, additional three subjects were treated
under an amended protocol at a modified, deescalated dose of 1–3 × 107/m2, with no
grade ≥3 AEs observed. A 30% decline in PSA levels, which was used as a marker of
anti-tumor response, was observed in 30% of infused subjects with a higher frequency of
PSA decline in dose-level cohorts with LD. In total, at the 3-month imaging follow-up,
38.5% of the subjects were in the “stable disease” category of the Prostate Cancer Working
Group’s criteria for optimal radiographic response assessment. Median overall survival
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was 477 days (15.9 months), and progression-free survival was 132 days (4.4 months) in the
13 subjects.

3. Discussion

The study showed that infused CAR-T cells were tolerated and generally safe at doses
below the threshold of the dose-limiting toxicity level of 1–3 × 108/m2. On analysis of
the post-infusion kinetics of peripheral CAR-T PSMA-TGFβRDN cell expansion, it was
observed that there was an initial expansion of the peripheral armored CAR-T cell line,
which peaked within the first 14 days post infusion, followed by a subsequent decline in
cell levels over the following days. It was also observed that there was a direct correlation
between CAR-T PSMA-TGFβRDN cell expansion and higher administered doses. LD
was also noted to be a factor in achieving higher levels of CART-PSMA-TGFβRDN cell
expansion. These findings are indicative of the successful use of TGFβRDN as a functional
“armor” in the CAR construct to attenuate a common immunosuppressive barrier in the
TME of mCRPC with the goal of potentiating improved proliferation, effector cytokine
elaboration, and CAR-T cell persistence.

A major strength of CAR-T cell therapy is that specific tumor antigens can direct an
immunological response without antigen-presenting cells (APCs) or the major histocom-
patibility complex system (MHC) [19]. Since the MHC system is not required for antigen
presentation and processing, CAR-T cells are insensitive to tumor escape mechanisms com-
monly facilitated by the MHC. These mechanisms recognized in prostate cancer include the
downregulation of MHC Class I expression or the manipulation of the TME so that there is
fewer tumor–MHC Class I epitope interactions [20]. In addition, CARs can target antigens
such as glycolipids, glycosylated proteins, and conformational epitopes that are not readily
recognized by T cell receptors. Therefore, the administration of CAR-T cells to patients
both bypasses immunological tolerance and enhances tumor antigen targeting [21].

There are few limitations in the study, including its small sample size and the inclusion
of subjects with extensive prior treatment histories. Although the study demonstrated the
feasibility and safety of PSMA-redirected TGF-β-resistant CAR-T cells in the treatment of
mCRPC as well as the importance of LD in the enhancement of CAR-T cell proliferation
and function, there still exist some confines, including (i) off-target effects such as cytokine
release syndrome, which has the potential for causing fatal outcomes, (ii) antigen “escape”
due to higher instances of antigenic heterogeneity in solid tumors compared to hematologi-
cal malignancies, (iii) off-tumor/on-target effects due to the presence of TAA in normal
tissues, (iv) poor trafficking/tumor infiltration of CAR-T cells, and (v) insufficiency of T
cell recruitment to the tumor site due to immunosuppressive tumor microenvironment.

4. Conclusions and Future Prospects

Prostate cancer patients have not seen benefits from the use of immunotherapy such as
checkpoint inhibitors or sipuleucel-T where no decrease in PSA or radiographic responses
are recorded. While the results of Narayan et al. [9] are encouraging, there is need for
additional studies in order to determine the most efficacious treatment combinations,
reduce side effects, and develop an individualized therapeutic regimen for this deadly
form of prostate cancer.

Author Contributions: L.R.T., S.V. and S.G. conceived and designed this study; L.R.T. wrote the
original draft of the manuscript; S.G. revised and edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Department of Defense Grants grant number W81XWH-19-1-
0720 to S.G.

Conflicts of Interest: The authors declare no conflicts of interest.



Cancers 2024, 16, 1053 4 of 4

References
1. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [CrossRef] [PubMed]
2. Damodaran, S.; Kyriakopoulos, C.E.; Jarrard, D.F. Newly Diagnosed Metastatic Prostate Cancer: Has the Paradigm Changed?

Urol. Clin. N. Am. 2017, 44, 611–621. [CrossRef] [PubMed]
3. Zhang, J.; Cunningham, J.J.; Brown, J.S.; Gatenby, R.A. Integrating evolutionary dynamics into treatment of metastatic castrate-

resistant prostate cancer. Nat. Commun. 2017, 8, 1816. [CrossRef] [PubMed]
4. Powers, E.; Karachaliou, G.S.; Kao, C.; Harrison, M.R.; Hoimes, C.J.; George, D.J.; Armstrong, A.J.; Zhang, T. Novel therapies are

changing treatment paradigms in metastatic prostate cancer. J. Hematol. Oncol. 2020, 13, 144. [CrossRef] [PubMed]
5. Boudadi, K.; Antonarakis, E.S. Resistance to Novel Antiandrogen Therapies in Metastatic Castration-Resistant Prostate Cancer.

Clin. Med. Insights Oncol. 2016, 10 (Suppl. S1), 1–9. [CrossRef] [PubMed]
6. Perera, M.P.J.; Thomas, P.B.; Risbridger, G.P.; Taylor, R.; Azad, A.; Hofman, M.S.; Williams, E.D.; Vela, I. Chimeric Antigen

Receptor T-Cell Therapy in Metastatic Castrate-Resistant Prostate Cancer. Cancers 2022, 14, 503. [CrossRef] [PubMed]
7. Schuster, S.J.; Svoboda, J.; Chong, E.A.; Nasta, S.D.; Mato, A.R.; Anak, Ö.; Brogdon, J.L.; Pruteanu-Malinici, I.; Bhoj, V.; Landsburg,

D.; et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N. Engl. J. Med. 2017, D377, 2545–2554. [CrossRef]
8. Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P.; Verneris, M.R.; Stefanski, H.E.; Myers, G.D.;

et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 439–448.
[CrossRef]

9. Narayan, V.; Barber-Rotenberg, J.S.; Jung, I.Y.; Lacey, S.F.; Rech, A.J.; Davis, M.M.; Hwang, W.T.; Lal, P.; Carpenter, E.L.; Maude,
S.L.; et al. PSMA-targeting TGFβ-insensitive armored CAR T cells in metastatic castration-resistant prostate cancer: A phase 1
trial. Nat. Med. 2022, 28, 724–734. [CrossRef]

10. Park, J.H.; Rivière, I.; Gonen, M.; Wang, X.; Sénéchal, B.; Curran, K.J.; Sauter, C.; Wang, Y.; Santomasso, B.; Mead, E.; et al.
Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 449–459. [CrossRef]

11. Wright, G.L., Jr.; Grob, B.M.; Haley, C.; Grossman, K.; Newhall, K.; Petrylak, D.; Troyer, J.; Konchuba, A.; Schellhammer, P.F.;
Moriarty, R. Upregulation of prostate-specific membrane antigen after androgen-deprivation therapy. Urology 1996, 48, 326–334.
[CrossRef] [PubMed]

12. Perner, S.; Hofer, M.D.; Kim, R.; Shah, R.B.; Li, H.; Möller, P.; Hautmann, R.E.; Gschwend, J.E.; Kuefer, R.; Rubin, M.A.
Prostate-specific membrane antigen expression as a predictor of prostate cancer progression. Hum. Pathol. 2007, 38, 696–701.
[CrossRef]

13. Westdorp, H.; Sköld, A.E.; Snijer, B.A.; Franik, S.; Mulder, S.F.; Major, P.P.; Foley, R.; Gerritsen, W.R.; de Vries, I.J. Immunotherapy
for prostate cancer: Lessons from responses to tumor-associated antigens. Front. Immunol. 2014, 5, 191. [CrossRef] [PubMed]

14. Wolf, P.; Alt, K.; Wetterauer, D.; Bühler, P.; Gierschner, D.; Katzenwadel, A.; Wetterauer, U.; Elsässer-Beile, U. Preclinical evaluation
of a recombinant anti-prostate specific membrane antigen single-chain immunotoxin against prostate cancer. J. Immunother. 2010,
33, 262–271. [CrossRef] [PubMed]

15. Silver, D.A.; Pellicer, I.; Fair, W.R.; Heston, W.D.; Cordon-Cardo, C. Prostate-specific membrane antigen expression in normal and
malignant human tissues. Clin. Cancer Res. 1997, 3, 81–85. [PubMed]

16. Mhawech-Fauceglia, P.; Zhang, S.; Terracciano, L.; Sauter, G.; Chadhuri, A.; Herrmann, F.R.; Penetrante, R. Prostate-specific
membrane antigen (PSMA) protein expression in normal and neoplastic tissues and its sensitivity and specificity in prostate
adenocarcinoma: An immunohistochemical study using mutiple tumour tissue microarray technique. Histopathology 2007,
50, 472–483. [CrossRef] [PubMed]

17. Kloss, C.C.; Lee, J.; Zhang, A.; Chen, F.; Melenhorst, J.J.; Lacey, S.F.; Maus, M.V.; Fraietta, J.A.; Zhao, Y.; June, C.H. Dominant-
Negative TGF-β Receptor Enhances PSMA-Targeted Human CAR T Cell Proliferation And Augments Prostate Cancer Eradication.
Mol. Ther. 2018, 26, 1855–1866. [CrossRef]

18. Tang, N.; Cheng, C.; Zhang, X.; Qiao, M.; Li, N.; Mu, W.; Wei, X.F.; Han, W.; Wang, H. TGF-β inhibition via CRISPR promotes the
long-term efficacy of CAR T cells against solid tumors. JCI Insight 2020, 5, e133977. [CrossRef]

19. Labanieh, L.; Majzner, R.G.; Mackall, C.L. Programming CAR-T cells to kill cancer. Nat. Biomed. Eng. 2018, 2, 377–391. [CrossRef]
20. Vitkin, N.; Nersesian, S.; Siemens, D.R.; Koti, M. The Tumor Immune Contexture of Prostate Cancer. Front. Immunol. 2019, 10, 603.

[CrossRef]
21. Feins, S.; Kong, W.; Williams, E.F.; Milone, M.C.; Fraietta, J.A. An introduction to chimeric antigen receptor (CAR) T-cell

immunotherapy for human cancer. Am. J. Hematol. 2019, 94, S3–S9. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3322/caac.21763
https://www.ncbi.nlm.nih.gov/pubmed/36633525
https://doi.org/10.1016/j.ucl.2017.07.008
https://www.ncbi.nlm.nih.gov/pubmed/29107277
https://doi.org/10.1038/s41467-017-01968-5
https://www.ncbi.nlm.nih.gov/pubmed/29180633
https://doi.org/10.1186/s13045-020-00978-z
https://www.ncbi.nlm.nih.gov/pubmed/33115529
https://doi.org/10.4137/CMO.Ss34534
https://www.ncbi.nlm.nih.gov/pubmed/27013902
https://doi.org/10.3390/cancers14030503
https://www.ncbi.nlm.nih.gov/pubmed/35158771
https://doi.org/10.1056/NEJMoa1708566
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1038/s41591-022-01726-1
https://doi.org/10.1056/NEJMoa1709919
https://doi.org/10.1016/S0090-4295(96)00184-7
https://www.ncbi.nlm.nih.gov/pubmed/8753752
https://doi.org/10.1016/j.humpath.2006.11.012
https://doi.org/10.3389/fimmu.2014.00191
https://www.ncbi.nlm.nih.gov/pubmed/24834066
https://doi.org/10.1097/CJI.0b013e3181c5495c
https://www.ncbi.nlm.nih.gov/pubmed/20445346
https://www.ncbi.nlm.nih.gov/pubmed/9815541
https://doi.org/10.1111/j.1365-2559.2007.02635.x
https://www.ncbi.nlm.nih.gov/pubmed/17448023
https://doi.org/10.1016/j.ymthe.2018.05.003
https://doi.org/10.1172/jci.insight.133977
https://doi.org/10.1038/s41551-018-0235-9
https://doi.org/10.3389/fimmu.2019.00603
https://doi.org/10.1002/ajh.25418

	Introduction 
	Background 
	Discussion 
	Conclusions and Future Prospects 
	References

