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ABSTRACT
◥

Radiotherapy (RT) is a key treatment for prostate cancer. How-

ever, RT resistance can contribute to treatment failure. Prostate

cancer stem cells (PCSCs) are radioresistant.We recently found that

fractionated irradiation (FIR) upregulates expression of the

immune checkpoint B7-H3 (CD276) on PCSCs and bulk cells in

each prostate cancer cell line tested. These findings prompted us to

investigate whether B7-H3 targeting chimeric antigen receptor

(CAR) T cells, which may abrogate function of an immune check-

point and mediate lysis of targeted cells, can target RT-resistant

PCSCs in vitro and in vivo. B7-H3 expression is naturally higher on

PCSCs than bulk prostate cancer cells and cytotoxicity of B7-H3

CAR T cells to PCSCs is more potent than to bulk prostate cancer

cells. Furthermore, FIR significantly upregulates B7-H3 expression

on PCSCs and bulk prostate cancer cells. The duration of FIR or

single-dose irradiation-induced further upregulation of B7-H3 on

bulk prostate cancer cells and PCSCs lasts for up to 3 days. B7-H3

CAR T-cell cytotoxicity against FIR-resistant PCSCs at a low

effector to target ratio of 1:1 was assessed by flow cytometry and

sphere formation assays. Further upregulation of B7-H3 expression

by FIR made PCSCs even more sensitive to B7-H3 CAR T-cell–

mediated killing. Consequently, the FIR and B7-H3 CAR T-cell

therapy combination is much more effective than FIR or CAR T

cells alone in growth inhibition of hormone-insensitive prostate

cancer xenografts in immunodeficient mice. Our work provides a

sound basis for further development of this unique combinatorial

model of RT and B7-H3 CAR T-cell therapy for prostate cancer.

Significance: We demonstrate that FIR significantly upregu-

lates B7-H3 expression by RT-resistant PCSCs and bulk cells;

cytotoxicity of B7-H3 CAR T cells to FIR-treated PCSCs is

potent and results in significantly improved antitumor efficacy

in mice.

Introduction
Prostate cancer is the most common noncutaneous cancer among

American men with an estimated 191,930 new cases in 2020 and the

third highest cause of cancer deaths in the United States, with an

estimated 33,330 deaths (1). Organ-confined prostate cancer is typ-

ically treated with surgery and/or radiotherapy (RT), the latter given as

brachytherapy or external beamRT (2). Specifically, RT alone or RT in

combination with androgen deprivation therapy is commonly recom-

mended to treat patients after prostatectomy with high-risk features

such as extracapsular extensions, positive surgical margins, or persis-

tent/rising prostate-specific antigen levels, as well as newly diagnosed

patients with low-volume metastatic disease (3). However, RT is

associatedwith a biochemical recurrence rate of 20% to 30% in patients

with organ-confined prostate cancer and is unlikely to be curative for

patients with locally advanced disease or multiple high-risk features

post-prostatectomy (4, 5). Resistance to RT contributes to prostate

cancer recurrence and mortality (6) and subclinical micrometastases

present at diagnosis contribute to early biochemical failure and distant

metastasis (7). This clinical challenge underscores the urgency to

develop therapies more effective than those currently available for

patients with prostate cancer.

Considerable evidence indicates that cancer treatment resistance

and recurrence is due to cancer stem cells (CSCs), a small subpop-

ulation of tumor cells present in the bulk tumor and/or metastases,

which have “stem cell–like” properties, including chemo- and radio-

resistance (8, 9). These CSCs have been identified and isolated from a

wide range of human tumors, including prostate cancer (8–12). Like

other human CSCs studied, human prostate CSCs (PCSCs) have been

shown in animal tumor model systems to have high tumorigenicity in

immunodeficient mice and metastatic potential (10).

Cancer immunotherapy has been successfully applied clinically to a

number of cancer types, including prostate cancer. The dendritic cell

vaccine therapy sipuleucel-T has been approved since 2010 for treat-

ment of patients with metastatic castration-resistant prostate can-

cer (13), and ongoing clinical trials are evaluating additional immu-

notherapies, such as immune checkpoint inhibitors and adoptive cell

therapies (14). Indeed, all elements of the host’s immune system are

now being clinically employed in various forms of passive and active

immunotherapeutic protocols. One of themost innovative approaches

combines antibody fragments with T-cell–based immunology to target

cancer cells, namely, the development of genetically engineered chi-

meric antigen receptor (CAR) T cells (15). By combining the tumor
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antigen (TA) epitope recognition of an antibody fragment with the

properties of a T-cell receptor, the CAR T cell has the potential to

recognize tumor-associated/specificmolecules presented on the tumor

cell surface and induce the cytolytic activity of a T cell tomediate tumor

cell lysis.

To date, however, CAR T-cell therapy has demonstrated enhanced

antitumor activity against blood cancers compared with solid

tumors (16). Although anti-CD19 and anti-CD22 CAR T-cell therapy

for leukemia have been successful overall, treatment failures due to low

levels of antigen expression as well as immunoselection of epitope loss

variants are common (17, 18). In addition, the challenges for successful

application of CAR T-cell therapy for solid tumors include the

increased heterogeneity of solid tumors relative to leukemias, identi-

fying suitable high-density antigenic targets, and migration of anti-

tumor T cells, especially adoptively transferred immune effector cells,

into the hostile tumor microenvironment, which can reduce their

persistence and functionality.

Currently, three tumor-associated antigens have been targeted in

clinical trials of CART-cell therapy for patients withmetastatic prostate

cancer. Ingeneral, patients in these trials havenot respondedbeneficially

to any significant degree to CAR T-cell therapy against the prostate-

specific membrane antigen (PSMA) and prostate stem cell antigen

(PSCA) (19). Clinical trials targeting the third TA, the epithelial cell

adhesion molecule (EPCaM), with CAR T cells are currently being

conducted and evaluated for several cancers, including prostate can-

cer (19).However, as noted above, one challenge inmakingaCART-cell

therapy effective for prostate cancer is the choice of the targeted TA. For

instance, PSCA is not expressed on all prostate cancer (20) and PSMA is

expressed in brain tissue, which raises the possibility of serious therapy

complications (21). Further understanding and selection of cancer

TAs has significant potential to strengthen the effectiveness of CAR

T-cell–based prostate cancer therapy.

In recent years, the development of various classes of agents having

the ability to enhance T-cell–based antitumor immune responses by

blocking immune checkpoints has greatly contributed to the increased

clinical application of tumor immunotherapy (22). Tumor cells

express immune checkpoints, which interact with cytotoxic T lym-

phocytes (CTLs) and block the ability of these effectors to mediate

cytolysis of the targeted tumor cells. B7-H3 is an immune inhibitory

molecule expressed at elevated levels in a large number of cancer types,

including pancreatic ductal adenocarcinoma (PDAC), ovarian cancer,

lung cancer, clear cell renal carcinoma and prostate cancer (15, 23). In

prostate cancer, elevated expression level of B7-H3 is associated with

high Gleason score, advanced stage, metastases, and poor patient

prognosis (23, 24). Clinical targeting of B7-H3 with the mAb eno-

blituzumab has resulted in tumor regression in patients with treat-

ment-refractory prostate cancer (25). Recent studies have found strong

evidence that B7-H3 regulates T-cell–mediated immune response and

inhibition of B7-H3 results in T-cell proliferation (26, 27). Moreover,

blocking activated T cells with a bispecific anti-CD3 x anti-B7-H3

antibody enhanced T-cell cytotoxicity and increased cytokine pro-

duction of IFNg , TNFa, and IL2 (28). Crucially, B7-H3 expression is

minimal in healthy tissue (26).

This study focuses on the development of a CAR T-cell therapy

targeting the immune checkpoint B7-H3, which is expressed onPCSCs

and bulk prostate cancer cells. The B7-H3 CAR T cells used in this

study are expected to be bifunctional; they can abrogate function of the

B7-H3 immune checkpoint and mediate lysis of targeted tumor cells.

The anti-B7-H3 CAR construct was derived from the single-chain

variable fragment (scFv) of the B7-H3-specific 376.96 mAb (15) and

already has demonstrated significant and persistent cytolytic activity

against PDAC, ovarian cancer, and neuroblastoma in previous

studies (15).

Combinatorial approaches have led to multiple recent successes in

the treatment of advanced prostate cancer and other cancers (29–31).

The aim of this study was to evaluate the efficacy of B7-H3 CAR T-cell

therapy against RT-resistant prostate cancer. The CAR T cells were

used as amonotherapy or in combination with FIR against two human

prostate cancer cell lines, DU145 and PC3, in in vitro- and in vivo-

based preclinical experiments with particular emphasis on evaluating

the targeting of FIR-resistant PCSCs, which are responsible for tumor

formation, progression andmetastasis and thusmay be responsible for

treatment failure and mortality (10–12).

Materials and Methods
Cell lines and cell culture

The human prostate cancer cell lines DU145 and PC3, and the

human Burkitt’s lymphoma cell line Raji were purchased from the

ATCC. The human breast cancer cell line SUM159 was obtained from

Asterand Bioscience Inc., and the SUM159 B7-H3 knockout (KO) cell

line was generated by CRISPR-Cas9 Knockout Kit (Catalog No. sc-

402032; Santa Cruz Biotechnology) in our laboratory. All the cell lines

were cultured in RPMI1640 medium (Corning Incorporated) supple-

mented with 2 mmol/L L-glutamine (Corning) and 10% FBS (Gemini

Bio-Products LLC) at 37�C in a 5% CO2 humidified atmosphere.

Animals

Eight-week-old, male NSG mice were obtained from the Massa-

chusetts General Hospital COX7 animal facility. The Institutional

Animal Care and Use Committee has approved all the animal studies.

FIR or single-dose irradiation

In vitro, cells plated in 6-well plates (Corning) at a density of 5� 105

cells/well in 2-mL RPMI1640 medium containing 10% FBS were

irradiated with a single dose of irradiation (IR) [0, 2, 6, 10, 16, or

20 Gray (Gy)] or FIR (2 Gy/daily for 3 or 5 days). In vivo, FIR at

4 Gy/daily was delivered locally at the indicated fractions to each

mouse tumor area while the remaining body was covered by a lead

shield. The X-RAD320 Biological Irradiator (Precision X-ray Inc.) was

used for all in vitro and in vivo experiments.

Identification of ALDHþCD44þ PCSCs

Tumor cells were stained using the ALDEFLUOR (Stem Cell

Technologies) and anti-human CD44 (clone No. G44-26; Miltenyi

Biotec Inc.). The ALDHþCD44þ PCSCs were detected by flow cyto-

metry using a BD Accuri C6 flow cytometer (BD Biosciences)

and sorted using a FACS Aria II Cell Sorter Flow Cytometer (BD

Biosciences) (32).

Generation of B7-H3 CAR T cells

Peripheral blood mononuclear cells (PBMCs) were isolated from

normal human donor blood (Research Blood Components) with

Lymphoprep (Stem Cell Technologies). On day 0, the PBMCs (1 �

106/well) were activated in a nontreated 24-well cell culture plate

(#351147; Corning) precoated with 1 mg/mL CD3 (clone OKT3;

Miltenyi Biotec) and 3 mg/mL CD28 antibodies (clone CD28.2; BD

Biosciences) in the complete medium [45% RPMI1640 and 45%

Click’s medium (Irvine Scientific), 10% FBS, 1% Penicillin, and 1%

Streptomycin (Corning)]. On day 1, activated T cells were expanded by

addition of IL7 (10 ng/mL, PeproTech) and IL15 (5 ng/mL, PeproTech;

CAR T medium). On day 2, the activated and expanded T cells were
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transferred to wells of 24-well plates that had been previously coated

with RetroNectin (Takara Bio Inc.) and contained retroviral particles

of the B7-H3 CAR construct (15). On day 4, to allow for their

continued expansion, the transduced cells were collected and trans-

ferred to tissue culture-treated 24-well plates (Catalog No. 353047;

Corning) with each well containing 0.5 mL of the activated T-cell

suspension (5 � 105 cells/well) and 1.5 mL of fresh CAR T medium.

On day 6, an aliquot of transduced cells was analyzed for transduction

efficiency and 50% CAR T spent medium was replaced with fresh

medium, that is, 50:50 (v/v) oldmedium: newmedium.On day 8, CAR

T cells were counted and reseeded at 1� 106/well in 2mL of fresh CAR

T medium to further expand cells. On day 10, 50% spent medium was

replacedwith the freshmediumas done onday 6.Onday 13 to 14, CAR

T cells and nontransduced T (NT) cells grown at similar conditions

were collected, aliquoted, and frozen for storage in a liquid nitrogen

freezer for in vitro and in vivo experiments.

Flow cytometry analysis

PC3, DU145, Raji, and SUM159 B7-H3 KO cells (107 cells) were

stained with the human B7-H3 specific mouse mAb 376.96 (1 mg/mL)

for 30 minutes at 4�C and washed twice with 0.5% BSA/PBS using

mousemAbF3C25 as isotype control (33). Cells were then stainedwith

R-Phycoerythrin AffiniPure F(ab’)2 Fragment Goat Anti-Mouse

IgG (HþL; Jackson ImmunoResearch Inc.; 1:100) as the secondary

antibody for 30 minutes at 4�C and washed twice with 0.5% BSA/

PBS. Cell surface expression of the scFv of mAb 376.96 on CAR T

cells was determined by incubating the cells with 10% human AB

serum/PBS (Catalog No. HP1022HI; Valley Biomedical Products

and Services Inc.) for 15 minutes, followed by two washes with 0.5%

BSA/PBS and staining with recombinant human B7-H3 Fc Chimera

Protein, CF (R&D Systems) and then R-Phycoerythrin AffiniPure F

(ab’)2 Fragment Goat Anti-Human IgG, Fcg fragment specific

antibodies (Jackson ImmunoResearch), and APC-Cy7 Mouse

Anti-Human CD3 mAb (Clone SK7; BD Biosciences). The pheno-

type of CAR T-cell surface antigens was determined by staining the

cells with PE/Cyanine7 anti-human CD3 (clone UCHT1), FITC

anti-human CD4 (clone A161A1), APC/Cyanine7 anti-human CD8

(clone SK1), APC anti-human CD45RA (clone HI100), and PE anti-

human CD62L (clone DREG-56) antibodies. All these reagents were

purchased from BioLegend Inc., and the cells were analyzed by flow

Figure 1.

PCSCs are FIR-resistant. Prostate cancer cells were irradiated at doses and times as indicated, and after 24 hours analyzed for ALDHþCD44þ cells by flow cytometry.

Data are shown for DU145 (A, top) and PC3 (A, bottom) cell lines. ALDHþCD44þ PCSCs (%) are presented in the upper right quadrant. DEAB, an inhibitor of ALDH1/3

isoforms, was used to establish the baseline fluorescence as the gating reference standard of ALDH� population. Mean� SD of ALDHþCD44þ cells (%) are shown for

cell lines DU145 (B) and PC3 (C). Cells plated in 6-well cell culture plates (Corning) at a density of 5� 105 cells/well in 2-mL RPMI1640 medium containing 10% FBS

were treatedwith FIR (2 Gy/day x 5 days). Cells were trypan blue stained to exclude dead cells and living cells were tested for their ability to form spheres. After 7 to

10 days, small spheres were detected by microscopy. At day 18, spheres/well were counted. Representative photographs of DU145 and PC3 cells lines are shown

(100�; D) as well as mean � SD of spheres/well for DU145 (E) and PC3 (F). The experiments were repeated three times (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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cytometry using the LSR II cytometer (BD Biosciences) and FlowJo

software.

Clonogenic assay

DU145 and PC3 prostate cancer cells were seeded into 6-well plates

at a density of 5� 105 cells/well and cultured in the regular cell culture

medium overnight at 37�C in a 5% CO2 humidified atmosphere. Cells

were irradiated with 2 Gy/day for either 3 or 5 days and incubated for

10 to 14 days under previously described conditions. Colonies com-

posed of 50 cells or more were counted as described previously (8).

Apoptosis assay

Apoptotic cells were detected using FITC Annexin V Apoptosis

Detection Kit with 7-AAD (BioLegend). FIR-treated cells were col-

lected, washed, resuspended at a cell density of 106 cells/500 mL of 1X

binding buffer, and stained with 5 mL of Annexin V-FITC and 5 mL of

7AAD at RT for 15 minutes in the dark. A minimum of 10,000 cells

within the properly gated region was analyzed for apoptosis by flow

cytometry (32).

Sphere formation assay

Nonnecrotic tumor tissue specimens harvested from xenograft-

bearing NSG mice were collected at the time of sacrifice and a single

cell suspension was obtained as described previously (9). Cultured

tumor cells treated with FIR or co-cultured with CAR T cells,

or single cell suspensions of xenograft tumors were seeded

(300 cells/well) in triplicate wells in 24-well ultra-low attachment

plates (Corning) in sphere formation medium as described

previously (9).

In vitro cell cytotoxicity assays

Target cells (5,000 cells/well) were plated in 96-well plates

(Catalog No. 353072; Corning) in 100 mL of complete growth

medium and grown overnight. B7-H3 CAR T cells were added to

the wells the next day at the indicated effector to target (E:T) ratios

and cultured for 48 hours at 37�C in a 5% CO2 humidified

atmosphere. T cells were removed by washing with PBS. The

targeted tumor cells were quantified by a viable cell MTT assay,

as described previously (34) or co-cultured cells were simultaneous-

ly stained for residual tumor cells by B7-H3 specific mouse mAb

376.96 and R-Phycoerythrin AffiniPure F(ab’)2 Fragment Goat

Anti-Mouse IgG (HþL) and CAR T cells by APC-Cy7 Mouse

Anti-Human CD3 and analyzed by a flow cytometer.

In vivo prostate xenograft models

DU145 cells (2 � 106 cells/mouse) or PC3 cells [5 � 106 cells in

50 mL RPMI1640 serum-free medium mixed with 50-mL Matrigel

(Corning)/mouse] were implanted subcutaneously using a 22-gauge

needle (BD Biosciences) in the right thighs of NSG mice. Body weight

and tumor volume were measured every 3 days. Treatments were

initiated when the tumors had an approximate diameter of 50 mm3.

Mice were divided into groups using a stratified randomization

strategy (n ¼ 5 mice/group), such that the difference of mean tumor

volumes was not statistically significant between each group. FIR

(4 Gy/day) was delivered to the local tumor area at indicated times.

A single treatmentwith B7-H3CART cells orNT cells (106 cells/mouse)

was given through tail–vein injection at different specified times. Mice

were left untreated as controls. Tumor volumesweremeasured bydigital

caliper and calculated by the formula: volume¼ 1/2� length� width2.

Figure 2.

Prostate cancer cells are resistant to FIR-

induced apoptosis. Prostate cancer cells were

irradiated at doses and times as indicated, and

24 hours later were assessed for apoptosis

using Annexin V/7-AAD staining. Data for

DU145 (A, top) and PC3 (A, bottom) cell lines

are shown. Annexin Vþ apoptotic cells (%) are

presented in the right quadrants. Mean � SD

of apoptotic cells (including 7AADþ late apo-

ptotic or necrotic cells, %) are shown for DU145

(B) and PC3 (C) cell lines. The irradiated cells

were trypan blue stained to exclude dead cells,

and living cells were tested for their ability to

form colonies. At day 12, colonies/well were

counted. The colonies in untreated wells were

too numerous and set as 100%. Representative

pictures of DU145 (D) and PC3 (E) and

mean � SD of colonies (%) for DU145 (F) and

PC3 (G) are shown. The experiments were

repeated three times (� , P < 0.05; �� , P < 0.01;
���, P < 0.001).
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The dose of FIR was chosen because it is between clinical moderate

hypofractionation (2.4–3.4 Gy/fraction) and ultrahypofractionation

(≥5 Gy/fraction) (35).

Immunofluorescence staining of frozen prostate cancer

xenograft tissue sections

Optimal cutting temperature compound (OCT)-embedded fro-

zen xenograft tissue blocks were sectioned by a microtome-cryostat

into 4- to 5-mm-thick tissue slides. These tissue slides were stained

by primary mAb 376.96 (0.1 mg/mL) and detected with the

Goat Anti-Mouse IgG (HþL) Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor Plus 594 (diluted at 1:500; Catalog No.

A32742; Thermo Fisher Scientific). Cell nuclei were counterstained

with DAPI.

Statistical methods

A two-tailed Student t test or a one-way ANOVA with Tukey HSD

post hoc tests were performed to interpret the differences between

experimental and control groups. All in vitro experiments were

conducted three times. Differences in B7-H3 CAR T-cell–mediated

cytotoxicity on different cell populations (including all three E:T

ratios) were detected using a chi-square test in a two-way ANOVA.

Differences between tumor volumes were analyzed by chi-square test

in an ANOVA with repeated measurements. The above models were

fitted using SAS version 9.4 (SAS Institute, Inc.).

Results
PCSCs are resistant to FIR

It has been known that PCSCs are resistant to irradiation (IR)

(36, 37). Moreover, IR induces PCSCs (38). In agreement with the

literature, it was determined that PCSCs, defined as ALDHþCD44þ

cells (39), were enriched from0.35� 0.18% to 15.67� 3.51% (P< 0.01)

and from 0.43� 0.12% to 11.2� 2.95% (P < 0.01) in DU145 and PC3

cell lines, respectively, in response to a clinically relevant FIR setting

(2 Gy/day � 5 days). In both cell lines, the enrichment of PCSCs was

proportional to the total FIR dose (Fig. 1A–C). In addition, sphere

formation, a common in vitro functional marker for identifying CSCs,

confirmed the results of the flow cytometry analysis and showed the

FIR-resistance of PCSCs. FIR treatment (2 Gy/day x 5 days) increased

sphere formation 2.5-fold (P < 0.05) and 3.3-fold (P < 0.05) in DU145

and PC3 cells, respectively, comparedwith untreated cells (Fig. 1D–F).

Relative to untreated cells, FIR induced significantly more apoptotic

cells in the bulk cell populations of DU145 (29.87 � 3.35% vs. 2.37 �

0.55%) (P < 0.001) and PC3 (19.8� 2.4% vs. 2.73� 0.68%; P < 0.001)

cell lines, respectively. Induction of apoptosis was dose-dependent.

FIR of 2 Gy/day� 3 days induced lower levels of apoptosis than FIR of

2Gy/day� 5 days inDU145 (17.7� 1.66% vs. 29.87� 3.35%;P< 0.01)

and PC3 (12.3 � 1.51% vs. 19.8 � 2.4%; P < 0.05) cells (Fig. 2A–C).

Similarly, FIR significantly reduced, but did not eradicate cells in a

clonogenic assay, which tested at the single cell level its long-term

effects on colony formation of DU145 and PC3 cells (Fig. 2D–G).

Figure 3.

PCSCs express higher levels of B7-H3 antigen than bulk prostate cancer cells. Sorted ALDHþCD44þ PCSCs and unsorted bulk cells were stained with B7-H3-specific

mAb 376.96 for detection of B7-H3 expression. Flow cytometry histograms of B7-H3þ PCSCs and bulk cells are shown for DU145 (A) and PC3 (B) cell lines, as well as

mean� SD of B7-H3MFI for DU145 (C) and PC3 (D) cell lines. Amouse IgG2amAb F3C25was used as the isotype control. The B7-H3� SUM159 B7-H3 KO (E) and Raji

(F) cell lines were used as negative controls. The experiments were repeated three times (��� , P < 0.001).
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PCSCs express higher levels of B7-H3 antigen thanbulk prostate

cancer cells

In general, CAR T-cell therapy is antigen-specific, and its efficacy is

dependent on the level of expression of the targeted antigen on the

tumor cell (17). Recently, we developed an effective therapeutic

strategy for PDAC using CAR T cells that target B7-H3 (15). As the

first step in applying this strategy to prostate cancer, the level of B7-H3

expression on PCSCs in the prostate cancer cell lines was studied.

Although 100% of PCSCs and bulk tumor populations expressed

B7-H3, its expression on PCSCs was found to be significantly higher

in both cell lines, as measured by mean fluorescence intensity [MFI;

2.4-fold higher in DU145 cells (P < 0.001) and 2.2-fold higher in PC3

cells (P < 0.001); Fig. 3A–D]. The flow data are specific, as SUM159

B7-H3 KO cells, and Raji cells, which do not express endogenous

B7-H3 served as controls and stained negative (Fig. 3E and F).

FIR enhances B7-H3 expression on PCSCs and bulk prostate

cancer cells

For a rational basis in designing a combinational approach using

FIR and B7-H3 CAR T cells to treat prostate cancer, the impact of FIR

on B7-H3 expression by PCSCs and bulk prostate cancer cell popula-

tions in DU145 and PC3 cells was investigated by flow analysis with

B7-H3-specific mAb 376.96 (Supplementary Fig. S1A and B). In both

prostate cancer cell lines tested, FIR (both doses) significantly

increased B7-H3 expression levels on PCSCs and bulk prostate cancer

cell populations compared with untreated cells, as determined by MFI

(P < 0.05). The total FIR dose, however, did not seem to make a

significant difference on B7-H3 expression by either cell population.

Moreover, regardless of treatment, PCSCs expressed significantly

more B7-H3 than bulk cells (P < 0.001; Fig. 4A and B). In addition,

a single dose of IR increased B7-H3 expression on both PCSCs and

bulk cells in a dose-dependentmanner up to 10Gy,with significant B7-

H3 upregulation observed at 6 Gy (P < 0.05), 10 Gy (P < 0.01), 16 Gy

(P < 0.01), and 20 Gy (P < 0.01). However, a single dose of >10 Gy IR

(16 or 20 Gy) did not further increase B7-H3 expression on either bulk

cells (Fig. 4C, D) or PCSCs (Fig. 4E and F; Supplementary Fig. S2A

and S2B). 10 Gy single dose IR-induced B7-H3 upregulation on bulk

cells was also time-dependent, with B7-H3 expression greater on day 3

versus day 1 post-IR (P < 0.05) in DU145 cells and a trend toward this

in PC3 cells. However, B7-H3 expression started to drop by day 5 post-

IR and by day 7, the levels of B7-H3 were not significantly different

from untreated cells (P > 0.05; Fig. 4G, H). In contrast, 10 Gy single

dose IR-induced B7-H3 upregulation on PCSCs lasted fromdays 1 to 5

post-IR without much change. By day 7 post-IR, the levels of B7-H3

were not significantly different from untreated cells (P > 0.05; Fig. 4I

and J; Supplementary Fig. S2C and S2D).

Generation and phenotype of B7-H3 CAR T cells

To generate B7-H3 CAR T cells for use in therapy of cancer, the

mAb 376.96 scFv used to determine B7-H3 expression by prostate

cancer was selected as the CAR of the retroviral construct. It was linked

with a CD8a hinge and transmembrane domain, followed by a

CD28 costimulatory domain coupled to a CD3z intracellular signaling

domain (Fig. 5A) (15). PBMCs isolated from three healthy donors

were cultured in the presence or absence of retroviral construct super-

natants and used to generate B7-H3 CAR T cells and NT cells,

respectively. Both populations expanded equally over time (Fig. 5B).

After 8 daysof culture, 64� 4.36%of the transducedCARTcells derived

fromPBMCs obtained from the three donors were positive, whereasNT

cells were negative for surface expression of the B7-H3-specific scFv

376.96 by flow cytometry (Fig. 5C). After 11 days of culture, the number

of B7-H3 CAR T cells and NT cells both increased more than 10-fold

Figure 4.

FIR or IR upregulates B7-H3 expression on PCSCs and bulk prostate cancer cells. Sorted ALDHþCD44þ PCSCs and unsorted bulk tumor cells were treated with FIR at

doses and times indicated and 24 hours later, the irradiated and nonirradiated (untreated) cells were stained for B7-H3 cell surface expression with B7-H3-specific

mAb 376.96. Flow cytometry analysis of B7-H3þ bulk tumor cells and PCSCs under each indicated treatment condition were performed. Histograms of flow analysis

are shown in Supplementary Fig. S1 and mean � SD of B7-H3 MFI are shown for DU145 (A) and PC3 cells (B). A single variable dose of IR (0–20 Gy) was given to

prostate cancer bulk cells or PCSCs and 24 hours later, B7-H3 expression was detected by flow cytometry analysis. Histograms of flow analysis are shown in

Supplementary Fig. S2 andmean� SDof B7-H3MFI for DU145 bulk cells (C) andPCSCs (E) andPC3bulk cells (D) andPCSCs (F) are shown. A single dose of IR (10Gy)

was given to prostate cancer bulk cells or PCSCs, B7-H3 expression was detected at the indicated time points. The histograms of flow analysis are shown in

Supplementary Fig. S2 and mean� SD of B7-H3 MFI for DU145 bulk cells (G) and PCSCs (I) and PC3 bulk cells (H) and PCSCs (J) are shown. The experiments were

repeated three times (� , P < 0.05; ��, P < 0.01; ���, P < 0.001).
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(Fig. 5B), but NT cells continued to show nondetectable levels of 376.96

scFv expression. The B7-H3 CAR T cells and NT cells showed a similar

percentage of CD4þ (35.42� 2.08% vs. 37.73� 0.74%; P¼ 0.1342) and

CD8þ T cells (62.67� 1.21% vs. 58.26� 0.35%; P = 0.2495); as well as a

similar percentage of memory CD45RAþCD62Lþ T cells (61.33 �

3.51% vs. 57.67 � 5.13%; P ¼ 0.3648; Fig. 5D–G).

PCSCs are more sensitive to B7-H3 CAR T cells than bulk

prostate cancer cells in vitro

To assess whether the B7-H3 CAR T cells were able to mediate

cytolysis of PCSCs, sorted ALDHþCD44þ PCSCs cells and bulk

prostate cancer cells were co-cultured with B7-H3 CAR T cells at

different E:T ratios for 48 hours. Asmeasured byMTT assays, cytolysis

of both cell populations by B7-H3 CAR T cells in each cell line tested

was dose- and antigen expression level-dependent. At E:T ratio of 5:1,

>95%of PCSCs and bulk prostate cancer cells were killed, whereas at E:

T ratio of 1:1, 63.41 � 3.32% PCSCs and 30.82 � 4.67% bulk cells of

the DU145 cell line (P < 0.001), as well as 66.90 � 0.19% PCSCs and

30.22 � 3.40% bulk cells of the PC3 cell line (P < 0.001) were

eliminated. In contrast, at E:T ratio of 1:5, there was almost no killing

of either target cell population. Importantly, analysis of the two whole

curves (all three E:T: ratios) confirmed that B7-H3 CAR T cell-

mediated cytotoxicity is greater on PCSCs than on bulk cells in cell

lines DU145 (P < 0.001) and PC3 (P < 0.001; Fig. 6A and B). The

cytolysis was antigen-specific, as use ofNT effectors or SUM159B7-H3

KO cells as targets resulted in no measurable cytotoxicity (Fig. 6C). In

addition, cytotoxicity of B7-H3 CAR T cells against sorted PCSCs

irradiated at 2 Gy/day x 5 days was tested by flow analysis. At E:T

ratio of 1:1, PCSCs were almost nondetectable (Fig. 6D). This

observation was confirmed by the results of the sphere formation

assay. Co-culturing FIR-treated PCSCs with B7-H3 CAR T cells

(E:T ratio of 1:1) reduced the sphere forming ability 16- and

20-fold for DU145 (P < 0.001) and PC3 (P < 0.001) cell lines,

respectively, compared with FIR-treated PCSCs co-cultured with

NT cells (Fig. 6E and F).

Targeting FIR-resistant PCSCs with B7-H3 CAR T cells is more

effective thaneither FIRorCARTcells alone in inhibitinggrowth

of hormone-insensitive prostate cancer xenografts in

immunodeficient mice

The demonstrated ability of B7-H3 CAR T cells to eliminate FIR-

resistant PCSCs and bulk prostate cancer cells in vitro (Fig. 6) provided

a strong rationale to test if this strategy would be effective in a

preclinical prostate cancer xenograft tumor model system using

immunodeficient mice bearing DU145 cell line–derived xenografts.

The DU145 cell line was derived from a brain metastatic prostate

tumor and is hormone insensitive (40), representative of a highly

clinically relevant type of prostate cancer (castration-resistant prostate

cancer) that is associated with very poor clinical outcomes. FIR was

administered over a 5-day period (days 11–15) post-tumor cell

inoculation (day 0). B7-H3 CAR T cells were administered on day

15 (Fig. 7A), with tumor volumes being monitored biweekly up until

Figure 5.

Generation and phenotype of B7-H3

CART cells. Illustration of the B7-H3CAR

construct consisting of anti-human B7-

H3 scFv 376.96, CD28 costimulatory

domain, and CD3z signaling domain

(A). The time course for the expansion

of transduced CAR T and NT cells (B), as

well as the percentages of B7-H3 CAR

T cells out of the total CD3þ cells on

day 8 in transduced T cells expanded

from three individual donors are shown

(C). Flow cytometry analysis of B7-H3

CAR T cells and NT cells for CD4þ and

CD8þ T cells (D) and mean � SD (%)

of CD4þ and CD8þ CAR T cells are

shown (E), in addition, flow cytometry

analysis for CD45RAþCD62Lþ memo-

ry-CAR T cells (F) and mean � SD (%)

CD45RAþCD62Lþ CAR T cells (G) are

shown. n.s., not significant.
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day 60. The antitumor efficacy (as monitored by tumor volume) of the

combination of B7-H3 CAR T cells with FIR was significantly greater

than either FIR (P < 0.001) or B7-H3 CAR T cells alone (P < 0.001;

Fig. 7B and H). No treatment-associated toxicity was detected as

measured by mouse general health conditions and body weight

(Fig. 7C). As anticipated, the greater antitumor efficacy of B7-H3

CAR T cells and FIR was associated with a decreased percentage of

PCSCs in tumors (0.045� 0.021%), identified as ALDHþCD44þ cells,

compared with untreated tumors (0.76� 0.12%, P < 0.05) and tumors

treated with FIRþNT cells (1.35� 0.13%, P < 0.01), as assessed by flow

analysis (Fig. 7D and E). Although the difference was not significant

compared with tumors treated with B7-H3 CAR T cells alone (0.22 �

0.14%, P ¼ 0.2257)(E), when PCSCs were defined as sphere forming

cells, from samples of tumors treated by B7-H3 CAR T cells and FIR

displayed a significantly lower number of PCSCs (2.4 � 0.89) com-

pared with untreated tumors (20.2 � 1.3, P < 0.001), tumors treated

with FIRþNT alone (49.2� 5.63, P < 0.001), and tumors treated with

B7-H3 CAR T cells alone (10.4 � 1.14, P < 0.001; Fig. 7F and G). It is

noteworthy that these in vivo data indicate FIR increased PCSCs; this

conclusion is in agreement with previous in vitro findings of FIR

inducing PCSCs (Fig. 1). To confirm these data and identify the

optimal timing for the combination of FIR and B7-H3 CAR T cells, we

tested FIR combined with B7-H3 CAR T cells given at different days

post-FIR in immunodeficient NSG mice bearing xenografts derived

from PC3, the other castration-resistant prostate cancer cell line used

in this study (Fig. 8A). We found that the combination of FIR and B7-

H3 CAR T cells is more effective than FIR alone at inhibiting growth

(as monitored by tumor volume) of hormone-insensitive PC3 xeno-

grafts regardless of whether B7-H3 CAR T cells were given 1, 3, or

7 days post-FIR (P < 0.001; Fig. 8B). However, the antitumor effect of

the combination was the greatest 3 days post-FIR [FIR(3)þB7-H3

CAR T vs. FIR(1)þB7-H3 CAR T: P < 0.01; FIR(3)þB7-H3 CAR T vs.

Figure 6.

PCSCs are more sensitive to B7-H3 CAR T cells than bulk prostate cancer cells in vitro. B7-H3 CAR T cells and sorted ALDHþCD44þ PCSCs or unsorted bulk prostate

cancer target cells were co-cultured at indicated E:T ratios for 48 hours. CAR T cells in the cell suspensionwere removed, and the viability of adherent target cellswas

quantitated by MTT assays. The viability of different cell populations in the cell line DU145 (A), PC3 (B), and SUM159 B7-H3 KO cells (C) are shown. Separately, FIR

treated ALDHþCD44þ PCSCs target cells were co-culturedwith B7-H3 CAR T cells at E:T ratio of 1:1 for 48 hours. The co-cultured cells were analyzed for CD3þCAR T

cells (T cells) and B7-H3þ residual PCSCs (cancer cells; D). NT or B7-H3 CAR T cells were co-cultured with FIR treated PCSCs at E:T ratio of 1:1 for 24 hours. Then, the

cells were trypan blue stained to exclude dead cells, and living cells were tested for their ability to form spheres. After 7 to 10 days, small spheres were detected by

microscopy. At day 18, spheres/well were counted and photographed (100�; E). Mean� SD of spheres/well for DU145 (F, left) and PC3 (F, right) are shown. NT cells

were used as negative controls in these experiments. FIR dosage used was 2 Gy/day for 5 days. The experiments were repeated three times (��� , P < 0.001).
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FIR(7)þB7-H3 CAR T: P < 0.001]. Moreover, CAR T-cell adminis-

tration 1 day post-FIR was more effective than administration 7 days

post-FIR [FIR(1)þB7-H3 CAR T vs. FIR(7)þB7-H3 CAR T: P <

0.001; Fig. 8B]. These data indicate that the duration of FIR-induced

B7-H3 upregulation (1–3 days post-FIR; Supplementary Fig. S3A and

S3C) is associated with the optimal time-window of B7-H3CART-cell

administration post-FIR for the greatest antitumor efficacy (Fig. 8B).

Once again, the antitumor efficacy of the combination of FIR and

B7-H3CART cells was inversely associated with the number of PCSCs

within tumors,measured either as ALDHþCD44þ cells (Fig 8D andE)

or sphere forming cells (Fig. 8F and G).

Discussion
Although RT (FIR) is an important therapy for newly diag-

nosed localized prostate cancer and/or low-volume metastatic

prostate cancer, the resistance of PCSCs to radiation can hinder

achieving beneficial therapeutic outcomes in many cases (12, 36).

Therefore, it is critical to develop an effective therapeutic

approach to enhance radiation in eradicating PCSCs, the sub-

population of tumor cells that have been shown to be highly

resistant to chemotherapy and radiation in many types of human

malignancies. PCSCs like other CSCs are considered to be a

major cause of treatment failure that ultimately results in recur-

rence and metastasis (10, 12).

The preclinical findings reported here establish the immune check-

point B7-H3 as an attractive candidate for CAR T-cell–based immu-

notherapy of prostate cancer that is resistant to FIR. The ability to

target the immune checkpoint B7-H3 expressed on human PCSCs and

bulk prostate cancer cells using B7-H3CART cells was established in a

series of experiments. We first demonstrated extensive and higher

levels of B7-H3 expression on PCSCs compared with bulk prostate

cancer cells using the B7-H3-specfic mAb 376.96 (Fig. 3), which was

made in our laboratory. scFv 376.96 was used for generation of the

B7-H3 CAR T-cell construct. Subsequent experiments established the

efficient and specific ability of B7-H3 CAR T cells to target B7-H3þ

PCSCs and bulk prostate cancer cells and mediate cytolysis of B7-H3þ

cells in in vitro-based assays. The cytotoxic activity of the CAR T cells

was high. All nonirradiated B7-H3þ target cells tested were eliminated

at an E:T ratio of 5:1. When tested at a lower E:T ratio, the cytotoxicity

of B7-H3 CAR T cells was found to be higher against PCSCs than

against bulk prostate cancer cells; the former express higher levels of

B7-H3 compared with bulk cells (Fig. 6). Most importantly, FIR

upregulated B7-H3 expression on PCSCs and bulk prostate cancer

cells in both cell lines tested. Enhanced B7-H3 expression by PCSCs

was IRdose- and time-dependent (Fig. 4). Furthermore, B7-H3CART

cells were found to be able to effectively eliminate FIR-resistant PCSCs

in vitro (E:T ratio of 1:1) and in vivo (a single injection of 2 � 106

cells; Figs. 6–8). As a result, the combination of FIR (4 Gy/day �

5 days) and B7-H3 CAR T cells was more effective in controlling both

Figure 7.

FIR and B7-H3 CAR T-cell combinatorial therapy is more effective than either FIR or B7-H3 CAR T cells alone in inhibiting growth of a hormone-insensitive DU145

prostate cancer xenograftmodel. Schematic diagramof the experimental schedule (A),mean�SEMof tumor volume (B), andbodyweight (C) are shown.At the time

of sacrifice, the tumor from each mouse was collected. A single cell suspension from two pooled tissue samples (tumors from 5 mice of the same group were

pooled into two pools: one pool consists of two and the other pool consists of three tissue samples) from each group was assessed by flow cytometry for

ALDHþCD44þ PCSCs (D) and mean � SD (%) of ALDHþCD44þ PCSCs are shown (E). Pools were also analyzed for sphere formation. Shown are representative

photographs (�100; F) and mean � SD of spheres/well (G). Photos of tumor-bearing mice are also shown (H; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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DU145- andPC3-derivedprostate cancer xenograft growth inNSGmice

than FIR or B7-H3 CAR T cells administered as monotherapies

(Fig. 7, 8). It is noteworthy that the duration of FIR or single-dose

irradiation (IR)-induced upregulation of B7-H3 on prostate cancer cells

andPCSCs lasts for up to 3 days (Fig. 4G–J; Supplementary Fig. S3A and

S3C), which is associatedwith the optimal time-window for B7-H3CAR

T in vivo delivery, that is, 1 to 3 days post-FIR (although 3 days appeared

to be slightly better than 1 day), to achieve its greatest antitumor efficacy

in the PC3-derived xenograft mouse model (Fig. 8).

To our knowledge, this is the first study to demonstrate the potential

of targeting the immune checkpoint B7-H3, which is highly expressed

on FIR-resistant PCSCs, with a CAR T-cell therapy to achieve ben-

eficial outcomes for prostate cancer. The study byDeng and colleagues,

aimed at targeting PCSCs expressing EPCaM by EPCaM-specific CAR

T cells in xenograft PC3 prostate cancer models, had only modest

antitumor efficacy compared with treatment with NT cells (41).

Combinatorial approaches to cancer treatment involving systemic

therapy and RT protocols may be more effective than monotherapies.

Attempts have been made to use RT to increase efficacy of CAR T-cell

therapy for cancer in preclinical and clinical studies. The combination

of a single dose of IR (4 Gy) withNKG2DCART cells in one study and

IR (2 Gy) with sLeA CAR T cells in another was shown to enhance the

cytotoxicity against tumor cells in vitro and in murine glioblastoma

cells orthotopically grafted in syngeneic immunocompetent mice and

in human PDAC cells orthotopically grafted in immunodeficientmice,

respectively (42, 43). In the glioblastoma study, the mechanisms of

synergy between IR and CART cells were attributed to increased IFNg

production by tumor-infiltrating CAR T cells and their accumulation

within the tumor microenvironment (42), whereas enhanced sensi-

tivity of the IR-treated PDAC cells to apoptosis appeared to be

mediated by TRAIL produced by the tumor-engaged sLeA CAR T

cells (43).More importantly, another clinical trial showed that patients

with diffuse large B-cell lymphoma given RT (40 Gy in 2 Gy/fraction)

to debulk tumor burden before infusion of CAR T cells against CD19,

Figure 8.

Efficacyof FIR andB7-H3CART-cell combinatorial therapy in inhibitinggrowthof a hormone-insensitivePC3prostate cancer xenograftmodel is optimalwhenB7-H3

CAR T cells are administered 1 to 3 days post-FIR. Schematic diagram of the experimental schedule (A), mean� SEM of tumor volume (B), and body weight (C) are

shown. At the time of sacrifice, the tumor from each mouse was collected. A single cell suspension from two pooled tissue samples (tumors from 5mice of the same

groupwere pooled into two pools: one pool consists of two and the other pool consists of three tissue samples) from each groupwas assessed by flow cytometry for

ALDHþCD44þ PCSCs (D) and mean � SD (%) of ALDHþCD44þ PCSCs are shown (E). Pools were also analyzed for sphere formation. Shown are representative

photographs (�100; F) and mean � SD of spheres/well (G; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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CD20, or CD22, had better clinical responses but also experienced only

mild cytokine release syndrome (CRS; grade 1/2) and noneurotoxicity,

which are the typical adverse events associated with CAR T therapy,

compared with the cohort treated with intensive combined chemo-

therapy to debulk tumor burden. All the patients in the latter group

experienced CAR T-cell-related severe CRS (grade 3/4/5) and 75% of

patients experienced neurotoxicity (44). Consistent with these findings

are the results of a clinical trial in patients with relapsed or refractory

aggressive B-cell lymphoma who received bridging-RT within 30 days

of CART cell infusion (median bridging-RT dose was 37.5 Gy and was

completed a median of 13 days before infusion of CAR T cells against

CD19) and who did not experience serious CRS or neurotoxicity (45).

In agreement with these preclinical and clinical reports, the results

of this study not only provide evidence to support B7-H3 CAR T

therapy and the need to combine it with RT in prostate cancer, but also

offer potential additional advantages as follows (i) establish B7-H3 as

an important target for prostate cancer on both PCSCs and bulk

prostate cancer cells, (ii) may provide an opportunity to enhance

activity of CAR T cells and tumor-infiltrating CTLs by targeting

immune checkpoint B7-H3 using CAR T cells, and (iii) IR could

potentiate the effects of CAR T cells by providing a favorable tumor

microenvironment and increased density of infiltrating CTLs by upre-

gulation of MHC class I (46, 47). Thus, the approach presented in this

paper provides a sound basis for further development of this unique

combinatorial model of RT and B7-H3 CAR T-cell therapy for prostate

cancer in a complementary manner for better clinical outcomes.

It is noteworthy that accumulated data from dose escalation studies in

the past decades have suggested that high-dose IR may improve bio-

chemical-failure survival and/or metastasis-free survival, but dose esca-

lation is limitedbypresenceof adjacentnormal tissues/organsand is often

associatedwith increased risks for normal tissue toxicities in patientswith

prostate cancer (48, 49). Clearly, results of this study suggest that

combination of B7-H3 CAR T cells with RT should be investigated to

improve clinical outcomes in localized prostate cancer with high-risk

features and/or low-volumemetastasis. In addition, it is known that CAR

T-cell infusionbefore IR in the clinical settingworkedwell (44, 45). A case

study of a refractory myeloma patient in which FIR (20 Gy in 4 Gy/

fraction) was delivered locally, shortly after BCMA-targeted CAR T-cell

therapy showed a potential synergistic clinical response and T-cell clonal

expansion (50). Therefore, the sequence of CAR T-cell administration in

relation to RT, for example, either before, during or after RT, should be

further compared and optimized. Likewise, the dose and frequency of RT

in combination with a given CAR T-cell therapy must also be tested and

optimized in the future tomaximize therapeutic ratio, improving efficacy

while minimizing toxicity for patients with prostate cancer.
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