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Abstract

Background: Checkpoint inhibitors and currently approved cellular products for metastatic
castration-resistant prostate cancer have not resulted in the revolutionary changes in outcomes
compared to other solid tumors. Much of this lack of progress is attributed to the unique tumor
microenvironment of prostate cancer that is often immunologically cold and immunosuppressive.
These unique conditions emphasize the need for novel therapeutic options. In this review, we will
discuss progress made in design of T- and NK cell immune engagers in addition to chimeric
antigen receptor products specifically designed for prostate cancer that are currently under
investigation in clinical trials.

Methods: We searched peer-reviewed literature on the PubMed and the ClinicalTrials.gov
databases for active clinical trials using the terms “bispecific T-cell engager,” “bispecific killer
engager,” “trispecific killer engager,” “chimeric antigen receptor,” “metastatic castration-resistant
prostate cancer,” and “neuroendocrine prostate cancer.”

Results: Ten bispecific T-cell engager studies and nine chimeric antigen receptor-based products
were found. Published data was compiled and presented based on therapeutic class.

Conclusions: Multiple immune engagers and cell therapies are in the development pipeline
and demonstrate promise to address barriers to better outcomes for metastatic castration-resistant
prostate cancer patients.

Introduction:

Cell-based therapies for prostate cancer have been under investigation and in use for a
number of decades. Sipuleucel T, an autologous cellular product, was granted regulatory
approval in 2010 after a placebo-controlled phase 111 study demonstrated a reduction in
death in favor of its use(1). Despite its approval, and frequent use in mCRPC, questions
remain about its mechanism of action(2). Further, remissions are rare and the main clinical
effect of Sipuleucel T is improvement in overall survival(1). Unlike future cell therapies,
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prior development of agents like Sipulecuel T(2), Prostvac(3), and GVAX(4) focused on
using the cellular product to present antigen, and not the direct application or stimulation of
effector T or NK cells(5). A new generation of cell therapeutic strategies, in which immune
effector cells are directly engaged, is demonstrating promise across a range of malignant
diseases. This review will evaluate such strategies and their potential for integration into the
prostate cancer treatment landscape.

While the therapeutic revolution that accompanied immune checkpoint inhibitor (ICI)
therapy has vastly affected outcomes and survival of patients diagnosed with metastatic solid
tumors such as melanoma(6), non-small cell lung cancer(7), and many other malignancies(8,
9), a similar effect has been observed only in rare situations in prostate cancer(10).

Prostate cancer tends to be immunologically “cold,” defined as a lack of pro-inflammatory
cytokine production and T-cell infiltration (11) (12). “Cold” prostate tumors tend to respond
poorly to single agent PD-L1 or CTLA-4 axis inhibition with some exceptions due to the
lack of pro-inflammatory features(13). Rare prostate tumors considered “hot” typically are
associated with microsatellite instability (10), increased neoantigens which are recognized
by the immune system as foreign (14), and are more likely to respond to checkpoint
inhibition (15)

PD-L1 expression has been proposed as a tumor-based predictive biomarker that is
associated with response to immunotherapy in many solid tumors (15). Approximately 35%
of prostate cancers express PD-L1 and higher expression is associated with higher Gleason
score and androgen receptor positivity (16). There is additional evidence for higher PD-

L1 expression in CRPC (10%) and neuroendocrine subtype (41%) compared to androgen
sensitive (5%) (17).

The Immunological Microenvironment and Prognosis in Prostate Cancer:

Compared more responsive tumor types, regulatory T-cells (Treg)- the presence of which
i to result in suppression of T-effector cells - are the predominant infiltrating lymphocyte
and peripheral blood lymphocyte subtype in prostate cancer patients(18, 19)- a finding
reproducible in murine prostate dysplasia models(20), supporting a generally T-cell
suppressed microenvironment.

Other immune subsets may affect outcome in prostate cancer more than Tregs. In one
study, the presence or absence of Tregs in patient biopsy tissue was not associated

with distant metastasis-free survival (DMFS), yet an improved DMFS was observed in
patients with increased ratios of activated to resting NK cells, hazard ratio (HR) of 0.72
(95% CI 0.56-0.93) (P=0.01), mast cells HR (0.67 (0.49-0.9) (P=0.009), and dendritic
cells HR 0.66 (0.51-0.86) (P==0.002)(21). This study again noted similar patterns of
worse distant metastasis free survival (DMFS) in patients with lower normalized ratios

of classically-activated pro-inflammatory macrophage type 1 (M1) to alternatively-activated
anti-inflammatory macrophage type 2 (M2) HR 1.67 (1.22-2.3) (P=0.002)(21). Higher
levels of M2 macrophages, which are immunosuppressive, express CD163+, and produce
anti-inflammatory transforming growth factor beta (TGF-beta) in the microenvironment
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were associated with a trend to higher metastatic rate at diagnosis HR 1.98 (1.17-3.33,
P=0.11) and a higher Gleason score at diagnosis(22). M1 tumor-infiltrating macrophages
are associated with increased production of nitric oxide synthase 2 (NOS2), associated with
increased respiratory burst and subsequent inflammatory microenvironment characteristics.
Additionally, there was a lower M1/M2 ratio in prostate cancer compared to colorectal
cancer, demonstrating the unique differences and challenges in dealing with the tumor
microenvironment of prostate cancer compared to malignancies that typically respond to
ICI therapy(16). Such observations suggest that cellular immunity in the context of prostate
cancer may be more dependent on non-T cell components than in other solid tumors.

While certain molecular subgroups of prostate cancer, such as microsatellite instability

high (MSI-high), CDK12 biallelic inactivation, and BRCA1/2 and ATM mutated tumors
demonstrate promising results using single agent ICI, these overall comprise a relatively
small subset of patients with MCRPC(10). With these results in mind, the focus has
subsequently shifted to different protocols utilizing sequencing of anti-androgen therapy

or PARP inhibitors with 1CIs(23). These studies have been subject to several recent, in-depth
reviews and we will refer the reader to these excellent manuscripts for further review(24,
25).

Prostate cancers do express specific surface markers with relatively low physiologic
expression in other normal tissues. Pursuit of immune therapies targeting these antigens
specifically expressed on prostate malignancies has accelerated in recent years, particularly
with focuses on targeting PSMA(26), PSA(27), EpCAM(28), STEAP1(29), and DLL-3 in
the current drug-development pipeline. Products range from monoclonal antibodies targeting
these surface markers to immune engager molecules such as bispecific- T (BiTE) and
natural killer cell engagers (BiKE) and chimeric antigen receptor (CAR) T and NK cells.
Monoclonal antibodies promoting passive immunotherapy for prostate malignancies or
specific toxin/radiotherapy delivery have been extensively reviewed recently(30).

Bi- Specific T-cell Engagers (BIiTE):

Several cellular therapies are currently in use against hematologic malignancies. The first
of these, blinatumomab (Blincyto), an anti-CD3/anti-CD-19 BIiTE (example in Figure 1A),
received initial approval in December 2014 for relapsed/refractory acute lymphoblastic
leukemia (ALL)(31) in adults and children. Catumaxomab (Revomab), the first BiTE
approved for solid tumors, targeted EpCAM and CD3 and was approved in 2010 by the
European Medicines Agency for EpCAM positive malignancies and received orphan drug
approval from the FDA for EpCAM postive ovarian cancer in 2006 and gastric cancer in
2009(32, 33), but an application with the FDA for further approval was never submitted(34).
Catumaxomab market authorization was voluntarily withdrawn from US and EU markets in
2013 and 2017(35), respectively at the request of the manufacturer, Neovii Biotech GmbH,
for reasons related to the company’s insolvency(32, 36).

At the time of data compilation for this manuscript, 25 ongoing clinical trials studying
BIiTE technology for treatment of solid (10 studies, 4 specifically for prostate cancer) and
hematologic malignancies were listed on ClinicalTrials.gov. Trials not discussed in the body
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of this manuscript are listed in Table 1. While effective for hematologic malignancies,

there are significant drawbacks to BiTEs, particularly related to cytokine release syndrome
(CRS) and neurologic adverse events mediated by particularly, but not exclusively by, 1L-6
production, often leading to dose-limiting toxicities, drug discontinuation, or in rare cases
even death(37, 38). Additionally, given the small size of the BiTE molecules and active
filtration via the glomerulus, a continuous infusion over the course of weeks is required(39),
making administration less convenient compared to other prospective therapies.

AMG-160 (Amgen) is an anti-PSMA BIiTE under development by Amgen for use with and
without concurrent PD-1 targeting antibodies. It is a fully-humanized, half-life extended
BIiTE consisting of two scFv fragments fused to an Fc domain (Figure 1B). Pre-clinical
studies by Bailis et al and Tran et al demonstrated T-cell activation in non-human

primate and human samples and an extended half-life of approximately 1 week (40, 41).
Subsequent reports demonstrated AMG-160 paired with pembrolizumab targeted C4-2B
cells engineered to overexpress PD-L1(42, 43). AMG-160 induced upregulation of PD-L1
on T-cells and co-treatment with pembrolizumab increased T-cell killing of targets 2-5
fold compared to AMG-160 alone(43). Murine tumor explant models induced autologous
T-cell cytokine production and reduction in tumor size. Importantly, 68-Ga-PSMA-11 did
not interfere with AMG-160 binding or activity in vitro and in vivo(42). This combination
therapeutic strategy has subsequently progressed to a Phase 1 trial as reported at the annual
meeting of the American Society of Clinical Oncology in 2020(41).

Updates presented at the annual meeting of the European Society for Medical Oncology
(ESMO) in 2020 reported results from 43 patients enrolled in the Phase 1 study. In this
cohort, 68.6% of patients experienced any level of PSA decline and 34.3% with greater
than 50% reduction. Six patients were maintained on therapy for 6 or more months with
no reports of grade 4 or 5 CRS or treatment discontinuations, although maximum tolerated
dose had not been achieved at the time of publication. Twenty-six (60.5%) and 11 (25.6%)
patients developed grade 2 or 3 CRS, respectively, at worst (44).

MT-110/AMG-110 (Solitomab) is an anti-EpCAM BITE that was demonstrated to redirect
cytotoxic T-cells to pancreatic cancer cells also expressing EpCAM in pre-clinical
studies(45) is of particular interest due to EpCAM expression on solid tumor stem cells.
Kebenko et al published preliminary results of a Phase 1 dose-escalation study enrolling
refractory solid tumors known to express EpCAM(46). Of the 65 patients enrolled, three
(5%) were men with mCRPC. Fifty-four of 65 patients were able to be assessed for response
using RECIST criteria, with 17 patients showing stable disease, 1 unconfirmed partial
response, and 28 progressive disease. Twenty percent of patients had Grade 3 or higher
adverse events (AE), particularly diarrhea, LFT elevations, or elevated lipase. Significant
AEs were limited to diarrhea, abdominal pain, and one diarrhea-related fatal event; however,
there are no additional follow-up publications. This program was ultimately discontinued by
the manufacturer (47).

AMG-212 (formerly BAY2010112) pasotuxizumab is another anti-PSMA BiTE under
development and was the first BiTE demonstrated to be effective targeting solid tumors(48).
Hummel et al presented data at ASCO 2019 from a Phase 1 dose-escalation and safety study
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(NCTO01723475) on 16 patients, a dose-dependent decline in PSA compared to baseline
levels at the highest tested dose (80ug/day)(49). One patient showed a 54.9% reduction in
PSA at the highest dose and one patient at the 40ug dose responded for 14 months and

one patient at 80ug responded for 19.4 months. Recruitment for this study was stopped
before the MTD was reached to allow for recruitment to a new study. The patient with

80ug and a long-term response noted >90% reduction in PSA and alkaline phosphatase
with resolution of soft-tissue metastases and decreased bone metastases. No grade 5 adverse
events (AE) were reported, but all patients had at least one AE, including fever (94%),
chills (69%) and fatigue (50%). Thirteen patients developed grade 3 AE or higher, 44% of
each decreased lymphocytes and infections. Patients did not develop anti-drug antibodies.
Notably, this was the first published study demonstrating effectiveness of BiTE therapy for
solid tumors. Recruitment for this study was stopped before the MTD was reached to allow
for recruitment to a new study and this was ultimately terminated in favor of AMG-160(50).

AMG-509, a STEAPL targeting BiTE, consisting of two humanized anti-STEAP1 Fab
domains and an anti-CD3 scFv. Data presented at AACR 2020 by Nolan-Stevaux showed
primary prostate cancers expressed STEAP1 in 80%, 83%, and 77% of primary, metastatic,
or bony metastases, respectively(51). AMG-509 was 50-fold more effective in lysis of
STEAP1-expressing prostate cancer cells in vitro than a companion molecule composed of a
single anti-STEAP1 domain and demonstrated activity in prostate cancer xenograft models.
Addition of the second Fab region also extended serum-half-life compared to prototypical
BIiTE molecules. A Phase-1 trial (NCT04221542) is currently recruiting for this study.

AMG-577 a second half-life extended BIiTE targeting DLL-3 under investigation for prostate
cancer with neuroendocrine transformation (NET) (NCT04702737). DLL-3 is an inhibitory
ligand in the notch signaling pathway commonly upregulated on NET prostate cancer and
small-cell lung cancers, but minimally expressed in normal prostate tissue and non-NET
prostate cancers(52). DLL-3 is upregulated despite the associated losses of PSA, STEAP1,
and PSMA(53), offering an option for therapy in the tumors undergoing lineage plasticity
and loss tumor antigen expression for more common antigens utilized for targeting mCRPC.
While there is no data published for prostate cancers with NET, patient-derived xenograft
small-cell lung cancer samples treated with AMG-577 demonstrated tumor regression and
led to increased tumor infiltration by CD4+ and CD8+ T-cells(47). AMG-577 was well-
tolerated by non-human primates with a half-life of approximately 9.8 days(47). A second
DLL-3 targetging BiTE, Bl 764532, is under development by Boehringer Inhgelheim and
consists of an anti-CD3 scFv and an anti-DLL3 scFV linked by an engineered Fc region.
This also demonstrated target specificity, T-cell redirection and a half-life of 10 days(54). A
Phase 1 study (NCT04429087) is currently enrolling patients with neuroendocrine tumors
including prostate to evaluate the maximum-tolerated dose.

Bi- and Tri- and Tetra-Specific Killer Engagers (BiKE/TriKE/TetraKE):

Bispecific Killer engagers (BiKE) work in a similar fashion to BiTEs with the key difference
being an anti-CD16 rather than anti-CD3 component (Figures 1C). CD16 is the strongest
known inducer of NK cell activity and ligation of CD16 alone is sufficient to induce
proliferation and activation of NK cells against a target(55). Ideally, BiKEs offer a lower
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risk of toxicity compared to BiTEs. Pre-clinical evidence by(56) demonstrated that BiKEs
increased Killing of a broad range of carcinoma cells, including PC3 prostate carcinoma
cell lines. The choice of tumor targets for BiKEs in prostate cancer remains undefined,
however targeting CD133 on prostate cancer cells with a CD16/CD133 targeting BiKE is
under evaluation (57).

Tri-specific killer engagers (TriKE) may offer even further enhancement of NK approaches
to solid tumors. In addition to the NK-cell engaging CD16 and target cell engaging moieties,
an IL-15 linker has been added to promote NK cell proliferation and activation once
engaged by the TriKE (Figure 1D). An EpCAM TriKE targeting prostate cancer cell lines
published by Schmohl et al in 2016 led to increased antibody dependent cell-mediated
cytotoxicity (ADCC), proliferation and activation of NK cells(58).

Phase 1/2 clinical development of the TriKE approach, sponsored by GT Biopharma,

is currently underway in patients with hematologic malignancies (NCT03214666). This
Trike, GTB-3350, a CD16/IL-15/CD33, engages with CD33 on malignant cells in acute
myelogenous leukemia (AML) and myelodysplastic syndrome (MDS) TriKE targeting high-
risk hematologic malignancies (C). A similar technology, DF1001, developed by Dragonfly
and known as a TriNKET (Tri-specific NK Engager Therapy), is currently enrolling
patients with HER2+ malignancies (NCT04143711) although this structure has not been
published(59). Cheng et al have also published pre-clinical data utilizing a TriKE targeting
CD19(60). Taken together, these studies demonstrate the viability of NK cell engagers for
clinical testing. Further approaches with TriKEs offer to retain the CD16/1L-15 component
while utilizing targets that are specific for prostate cancer.

Due to observations of tumor antigen escape under the selective pressure of a single
immune therapy as described for rituxumab targeted lymphomas (61), there is concern that
a similar resistance will rapidly arise in prostate cancers treated with single antigen targeting
therapies as well via lineage plasticity or NET. To address this from the perspective of
prostate-specific immune engagers, Schmohl et al developed a CD16/IL-15/EpCAM/CD133
TetraKE to target cancer stem cells with two prostate cancer-specific domains (Figure 1E)
(62). This TetraKE induced increased NK cell degranulation by CD107a release assay when
co-incubated with PC3 prostate cancer cell lines compared to a BiKE targeting EpCAM
alone. No prostate-cancer specific dual-antigen targeting CARs currently under clinical
investigation; however, such approaches will likely be critical developments as immune
therapies targeting solid tumors gain clinical approval.

Chimeric antigen receptor T-cells (CAR-T):

The CAR construct has evolved over the past 30 years from the initial development

of a chimeric receptor expressing T-cell in 1989 by (63). CAR-T typically consist of

three key components. First, an extracellular antigen-recognition domainthat recognize
cell surface-expressed tumor associated antigens. A transmembrane domain (typically
derived from CD3 or CD28) anchors the CAR to the cell membrane and facilitates

signal transmission to the signal transduction domain(64). The signal transduction domain
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containing immune-receptor tyrosine-based activation motifs (ITAM) that are the final
component in transmitting signals to the T-cell and promoting target cell lysis (65).

To receive CAR-T cell therapy, the patient undergoes leukapheresis to collect peripheral
blood mononuclear cells (PBMC). T-cells are then selected from the bulk PBMCs, activated,
and subsequently transduced with retroviral constructs expressing the CAR construct of
interest. Transduced cells are then expanded to generate a therapeutic dose of CAR-T cells
and then frozen prior to transport. Finally, approximately 23 days (range 21-37) after initial
apheresis, patients are treated with lymphodepleting chemotherapy and then the thawed
CAR-T product is reinfused into the patient (66, 67).

Chimeric antigen receptor T-cells (CAR-T) were first approved by the FDA for use
against refractory DLBCL in adults and ALL in pediatric/young adult patients in 2017.
Tisagenlecleucel was approved in August (68) and axicabtagene ciloluecel was approved
in October of the same year(69). These products were indicated in patients with relapsed/
refractory disease to at least two lines of therapy and were subsequently approved for
adult patients with relapsed refractory diffuse large B-cell lymphoma. Since their initial
FDA approval, CAR-T technology has rapidly developed in order to improve response to
target antigens, persistence and proliferation. Despite the rapid development and approval
of multiple CAR-T therapies for hematologic malignancies, there is yet to be an approved
solid-tumor targeting CAR-T product.

While most of the elements so far discussed have remained relatively stable between CAR-
T generations, the intracellular signaling domains have continuously evolved with each
progressive generation. First generation CAR-T constructs consist of CD3-zeta as the lone
intracellular activating domain and were initially described by Eshhar et al in 1993 (Figure
2A) (70). Second generation CAR-T constructs consist of two intracellular activating
domains (Figure 2B), while third generation contain three intracellular activating domains
with CD28 and 4-1BB the most-commonly used (Figure 2C). Fourth generation CAR-T
contain additional modifications to the signaling domain to optimize response, survival, and
proliferation of cell product and were designed to overcome additional deficiencies in earlier
CAR-T constructs. Fourth generation CAR-T cells typically also contain 3 intracellular
activating domains as in third generation products. These modifications address the need for
more fine-tuned activation parameters or add suicide switches such as herpes simplex virus
thymidine kinase, leading to CAR-T cell death in response to exogenously administered
gancyclovir. Such mechanisms allow for termination of the CAR-T product in the case of
cytokine release syndrome (71).

Nine CAR-T trials targeting prostate cancer are currently listed on clinicaltrials.gov (Table
1); and limited result data are available The first noted trial was published by Slovin et al at
ASCO 2013 using a 2nd generation CAR targeting PSMA(72). This construct also conferred
ganciclovir sensitivity as a safety mechanism allowing for rapid elimination of these CAR-T
cells if necessary. CAR-T transduced with this construct were found to persist in recipients
for two weeks based on cytokine analysis of peripheral blood samples. Of the four patients
receiving this product, two had progressive disease, one had stable disease for more than 6
months and one had stable disease for more than 16 months(73)
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Additional advances in CAR-T cell development have included a trial of a PSMA-targeting
CAR transduced into transforming growth factor beta (TGF-beta) dominant-negative
receptor. In vivo modelling demonstrated increased proliferation, increased cytokine
secretion, reduced T-cell exhaustion and increased persistence of CAR-T cells (74). A
first-in-human Phase 1 trial results were initially published at ASCO 2020 by Narayan et al.
There was a note of increased CRS that was treated with tocilizumab. In the Phase 1 portion
of the study (NCT03089203), there was no note of dose-limiting toxicity in the first two
cohorts receiving 1-3x10"7 or 1-3x10"8 cells per meter squared.

Two CAR-T cells with inducible “ON” safety switches are currently under study.
NCT04249947 is a Phase | study of PSMA 101-001 using rimiducid as a safety switch
activator to enhance proliferation and activation while minimizing toxicity. The CAR-T
receptor in such systems is composed of a heterodimer with one component containing the
antigen receptor domain and the second the signaling domain. Heterodimerization of the two
domains to allow for a functional CAR signal only occurs in the presence of both antigen
and rimiducid (Figure 2D). Such “ON” switches allow for more targeted activation of the
CAR-T product days to weeks after the initial product infusion and would terminate activity
without CAR-T death if rimiducid dosing was held (75).

A second rimiducid induction strategy via an MyD88/CD40 co-stimulatory domain was
published by Becerra et al at ASCO 2019 using BPX-601 from Bellicum Pharmaceuticals.
Patients with advanced pancreatic, stomach, or prostate cancers were eligible for enrollment
using this PSCA-targeting CAR-T construct(76). This trial, NCT02744287, demonstrated
engraftment by Day+4 and reported no dose-limiting toxicities, neurotoxicity or CRS.
Interestingly, patients in this Phase 1 trial did not undergo lymphodepleting chemotherapy
prior to infusion of the CAR-T product, but still had expansion, cytokine release and
persistence. Four patients had stable disease at 8 weeks or more, two had minor responses
and two patients had progressive disease.

The remaining products are listed in Table 1 given the limited data available.

Challenges and Limitations of CAR-T for Prostate Cancer:

CAR-T cells, despite demonstrating potent anti-tumor effects in otherwise-refractory
leukemias and lymphomas, may present safety challenges in a subset of patients with
prostate cancer that are be older and have multiple comorbidities. Cytokine-release
syndrome (CRS) is a hyperinflammatory state notable for excess production of IL-2Ralpha,
IL-6, interferon gamma, and GM-CSF due to activation and proliferation of CAR-T cells

to the targeted antigen. While due to the desired effects of the infused CAR-T cell, without
treatment, CRS can rapidly be fatal and often requires ICU level care due to encephalopathy,
hypotension, tachycardia, and hypoxia(77). In the initial studies of Axicabtagene Ciloleucel
for diffuse large B-cell lymphoma, 93% of patients experienced some level of CRS within 2
weeks of infusion (78). 64% of patients on this trial developed neurological events such as
encephalopathy, confusion, tremor, aphasia, or somnolence and 28% developed Grade 3 or
higher neurological events.
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Off-target effects in solid tumor targets have led to deaths in Phase 1 trials due to tissue
cross-reactivity. A solid tumor-specific CAR targeting erythroblasosis oncogene 2 (ERBB2)
led to development of CRS and death in one patient (79). This patient required intubation
within an hour of CAR-T infusion due to rapid development of pulmonary edema due to
proposed cross-reactivity with normal lung tissue. Death and organ dysfunction secondary
to on-target effects of CAR-T therapy has been described by several other groups including
liver and biliary tract injury (80)and neurologic damage (81).

Taken together, the emerging toxicity data on CAR-T suggest that its development must
proceed with greater than usual attention to patient selection, pre-therapy evaluations

and limited use in patients with comorbidities. In its early development stages, clinical
development of CART therapies in prostate cancer will, as a result, focus on fitter, younger
patients who have experienced disease progression on standard AR targeted therapies and
taxane-based chemotherapy.

Antigen down-regulation and subsequent resistance to single antigen CAR-T cells is also
documented in hematologic malignancies (82). Prostate cancer, whether via NET or lineage
plasticity, would likely exhibit similar escape mechanisms and target downregulation. This
limitation is being addressed in pre-clinical studies of CAR-T cells targeting two multiple
myeloma-specific antigens to prevent antigen escape(83).

In addition to concerns of on-target activation and tissue damage, CAR-T cells require an
average of 3 weeks to manufacture and there is risk that at the end of this time period,
although low, there will be failure to generate a product CAR-T for clinical use. Although it
is less likely to be a concern in the setting of prostate cancer, the time frame to manufacture
CAR-T products is a key consideration given the refractory and often aggressive nature

of disease for patients to be eligible for CAR-T therapy to start. Additionally, patients are
often rendered leuko- and lymphopenic by chemotherapy regimens used just prior to the
collection period. This requires patients to be off chemotherapy for at least two weeks prior
to collection to minimize the risk of failed collection (78), but extends the time period for
which patients must await delivery of the final CAR-T product.

Chimeric Antigen Receptor Natural killer (CAR-NK) Cells

In response to concerns regarding the potential toxicity of CAR-T therapies, significant
interest in developing a clinical-grade CAR-NK cell product has arisen due to the inherent
characteristics of these cells. Unlike T-cells, NK cells do not induce graft-versus host
disease in the allogeneic, haploidentical setting (84). NK cells retain their innate ability

to recognize target cells that have downregulated the CAR-specific antigen by using

MHC-I downregulation as an additional method to recognize malignant or otherwise
physiologically stressed cells by the “missing self” mechanism (85). There is additional
hope for development of an “off-the shelf” CAR-NK product that is hot HLA-specific to the
recipient, allowing for universal patient use rather than requiring individualized manufacture
Additional benefits of “off-the-shelf” products include the ability to be stored and thawed for
use on demand, and reduced cost (86).
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The difficulty of expanding and virally transducing NK cells in vitro are also significant
limitations leading to use of NK cell lines or induced-pleuripotent derived NK cell lines
instead of peripheral blood or cord blood-derived NK cells (87-89)

There is one CAR-NK product with a registered clinical trial (NCT03692663). PSMA CAR
NKZGZYZL is being developed by Allife Medical Science and Technology Company using
the NK-92 cell line rather than autologous NK cells. This study is not yet recruiting and no
additional information is available.

No current CAR-NK product is approved; however, there are multiple products undergoing
clinical trials for a variety of malignancies both hematologic and solid tumor(90). Despite
being in early stage development, CAR-NK approaches promise to be a source of cellular
therapy product that may suit prostate cancer patients well due to the potential for lower
toxicity and an opportunity to engage with appropriate targets in the disease.

Conclusions:

The lack of neoantigens, relatively immunologically cold tumor microenvironment, in
addition to tumor heterogeneity, have led to unique challenges in the development of
immune based therapies for prostate cancer thus far. These challenges also provide
opportunities to develop improved cellular therapy products that will be broadly applicable
to other solid tumors once optimized. Numerous methodologies are being pursued to address
limitations, including T- and NK-cell engagers, multiple CAR-T and a single CAR-NK
product. The challenges of treating solid tumors with immune and cellular therapies may
also be overcome by utilization of combination therapies with monoclonal antibodies and
chimeric antigen-expressing effector cells, taking advantage of unique advantages of each
treatment. Innovative modes of delivery, cellular products, and novel target development
promises to bring cellular therapies to men with prostate cancer.
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Figure 1:
Structure of T- and NK cell immune engagers. A. Bi-specific T-cell engager consisting

of an anti-CD3 ScFv to engage effector T-cells and anti-tumor antigen ScFv component
bound by a flexible linker region. B. Extended half-life BIiTE consisting of anti-CD3 ScFv
to engage effector T-cells, anti-tumor antigen ScFv component and an Fc region bound by
a flexible linker region. C. Bi-specific killer engager consisting of an anti-CD16 ScFv to
engage effector NK cells and anti-tumor antigen ScFv bound by a flexible linker region.

D. Tri-specific killer engager consisting of an anti-CD16 ScFv to engage effector NK cells,
an IL-15 molecule to stimulate and activate NK cells via IL-15 receptor, and an anti-tumor
ScFv. All components are joined by flexible linker regions to yield a single molecule. E.
Tetra-specific killer engager consisting of an anti-CD16 ScFv to engage effector NK cells,
an IL-15 molecule to stimulate and activate NK cells via IL-15 receptor, and two anti-tumor
ScFv components. All components are joined by flexible linker regions to result a single
molecule.
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C: Third Generation CAR
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Structure of chimeric antigen receptors. A. First generation consisting of an extracellular
antigen recognition domain and a single CD3 zeta region for intracellular signaling. B.
Second generation composed of a conserved extracellular antigen recognition domain, a
single costimulatory domain, and a single CD3 zeta signaling domain. C. Third generation
consisting of an extracellular antigen recognition domain, two costimulatory domains, and
a single CD3 zeta signaling domain. D. Example of a fourth generation, consisting of a
third-generation chimeric antigen receptor divided into two separate components (antigen
recognition and costimulatory/signaling domains) and a rimiducid safety switch. In the left
figure, despite the presence of target antigen, there is no signaling or effector cell activation
under conditions without rimiducid due to lack of dimerization of the antigen recognition
subunit and intracellular signaling subunit. In the right portion of the figure, administration
of rimiducid to the patient in the presence of target tumor antigen allows for dimerization of
the two subunits of the chimeric antigen receptor and results in intracellular signaling and

effector cell activation.
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