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While chimeric antigen receptor (CAR) T cell immunotherapy
targeting CD19 has shown remarkable success in patients with
lymphoid malignancies, the potency of CAR T cells in solid
tumors is low so far. To improve the efficacy of CAR T cells tar-
geting prostate carcinoma, we designed a novel CAR that rec-
ognizes a new epitope in the prostate-specific membrane anti-
gen (PSMA) and established novel paradigms to apply CAR
T cells in a preclinical prostate cancer model. In vitro character-
ization of the D7 single-chain antibody fragment-derived anti-
PSMA CAR confirmed that the choice of the co-stimulatory
domain is a major determinant of CAR T cell activation, differ-
entiation, and exhaustion. In vivo, focal injections of the PSMA
CAR T cells eradicated established human prostate cancer xe-
nografts in a preclinical mouse model. Moreover, systemic
intravenous CAR T cell application significantly inhibited tu-
mor growth in combination with non-ablative low-dose doce-
taxel chemotherapy, while docetaxel or CAR T cell application
alone was not effective. In conclusion, the focal application of
D7-derived CAR T cells and their combination with chemo-
therapy represent promising immunotherapeutic avenues to
treat local and advanced prostate cancer in the clinic.
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INTRODUCTION
Prostate cancer remains the secondmost frequent malignancy among
men worldwide, with an estimated 1.1 million new cases per year.
Moreover, with 307,000 deaths expected, it represents the fifth leading
cause of cancer mortality.1,2 Whereas primary tumors can be success-
fully treated by surgery or local radiation therapy, classical treatment
options do not provide a curative treatment for advanced stages.1 In
this situation, immunotherapy with redirected T cells is thought to
provide an alternative option. A rapidly emerging concept to treat
cancer is based on the genetic engineering of T cells with chimeric an-
tigen receptors (CARs), which bind tumor antigens or tumor-associ-
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ated antigens in a human leukocyte antigen-independent manner. In
general, CARs are composed of an extracellular domain harboring the
antigen-specific single-chain variable fragment (scFv) antibody, a
hinge domain, a transmembrane region, and intracellular signaling
domains that activate engineered T cells upon antigen engagement.
In clinically explored second-generation CARs, co-stimulatory do-
mains generally derive from CD28 or 4-1BB.3 Targeting hematolog-
ical malignancies has shown great clinical success, particularly CD19
targeting CAR T cells to treat B cell malignancies.4,5 For solid tumors,
however, the potency of CAR T cell therapy is still low due to the
immunosuppressive tumor microenvironment (TME) and accessi-
bility of the tumor antigen,6 among others.

Prostate-specific membrane antigen (PSMA) is considered an ideal
target for antigen-redirected immunotherapy because it is expressed
at the surface of prostate cancer cells,7 present in all tumor stages,
and shows an increased expression in androgen-independent and
metastatic stages of the disease.8–10 Several antibodies have been
developed to target PSMA both for diagnostic purposes and for the
development of antibody-based therapies,11 such as J591,12 3D8,13

D2B,14 and 3/F11.15 Many of these antibodies were the basis for the
development of PSMA-targeting CARs,16–19 of which some have
entered clinical trials (e.g., ClinicalTrials.gov: NCT01140373,
NCT01929239, and NCT03089203). However, the oncolytic potency
of these PSMA CAR T cells is still uncertain. In particular, engineered
e Author(s).
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T cells expressing first-generation CARs derived from 3D818 or
J59116,20 scFvs, respectively, showed low potency due to the low
persistence of the CAR T cells. CAR T cell potencies improved
when second- or third-generation CARs based on either D2B21 or
J59117,19 scFvs were used. However, the anti-tumor activity remained
moderate in tumor xenograft mouse models, and subjective responses
were observed only when high CAR T cell doses or multiple infusions
were applied.18,20,21 Nonetheless, PSMA is still considered a good tu-
mor-associated antigen. Although the salivary glands, proximal tubuli
of the kidney, and the brush border of the duodenal columnar epithe-
lium express PSMA,22 CAR T cell-mediated “on-target/off-tumor”
effects were not reported in any of the clinical trials that used 3D8-
based CAR T cells.23 Alternatively, some patients with metastatic
castration-resistance prostate cancer developed severe cytokine
release syndrome (CRS) in a clinical study with J591-based CAR
T cells24 that co-expressed a dominant-negative transforming growth
factor b (TGF-b) receptor to render the CAR T cells insensitive to
TGF-b.25 While the reason for the reported CRS is not clear yet,
the totality of the results indicate that prostate cancer is hard to treat
by currently available CAR T cell strategies and that the development
of potent anti-PSMA CAR T cells in combination with alternative
treatment paradigms is highly warranted.

To generate a new PSMA-targeting CAR, we relied on the 3/F11 anti-
body-derived scFv D7. We previously reported that 3/F11 was less
reactive to normal tissues as compared to J591.18 Furthermore, D7
scFv was used to engineer Pseudomonas exotoxin A-based immuno-
toxins and bispecific anti-PSMA/anti-CD3 diabodies, which showed
high and specific cytotoxicity against PSMA-expressing prostate can-
cer cells in vitro and in vivo in mice bearing human prostate tu-
mors.26–31 Another critical point in cell-based immunotherapies is
that the engineered immune cells reach the tumor. We contemplated
that focal injection of PSMA CAR T cells will ensure a high local in-
tratumoral concentration of the engineered cells. Moreover, we spec-
ulated that low-dose chemotherapy with docetaxel (DTX), which is
commonly used in combination with androgen deprivation therapy
for the treatment of prostate cancer in a hormone-sensitive metastatic
setting,1 will slow down tumor growth and modify the TME, thereby
enabling the CAR T cells to access and fight the cancer cells. In a
recent study, the immunomodulatory potential of DTX was demon-
strated: pretreatment of non-small-cell lung cancer with DTX elicited
an enhanced expression of high-mobility group box 1 (HMGB1) from
dying cells, which was followed by a higher secretion of the chemo-
kine CXCL11 and an enhanced tumor infiltration of CD8+

T cells.32 Lastly, the CAR architecture and the CAR expression levels
were reported to be major determinants of CAR T cell activity
in vivo.6,33–35

In this study, we show that our new D7-based PSMA-targeting
CAR can be expressed at high levels in transduced T cells, corre-
lating with high antigen-specific activation and cytotoxicity of
the resulting CAR T cells in vitro. In vivo, D7-based PSMA-tar-
geting CAR T cells completely eradicated human prostate cancer
xenografts in a mouse tumor model upon focal application.
Furthermore, these CAR T cells significantly inhibited tumor
growth in combination with a non-ablative dose of DTX chemo-
therapy upon intravenous (i.v.) application. These novel treat-
ment paradigms represent promising immunotherapeutic avenues
to treat local and disseminated prostate cancer in clinical
applications.

RESULTS
Functional Validation of a New Anti-PSMA CAR

To target PSMA, we designed a novel second-generation CAR based
on the D7 scFv, a modified immunoglobulin (Ig)G1 domain in the
hinge region, which was shown to reduce potential interaction with
the Fc receptor of innate cells,36 and a modified CD28 co-stimulatory
domain deficient in lymphocyte-specific protein kinase (LcK) bind-
ing, which results in an enhanced anti-tumor activity in the presence
of regulatory T cells (Tregs).37 For an initial validation of the D7-
CAR, the scFvs 3D818 or J59117 were cloned into the same CAR scaf-
fold (Figure 1A; Figure S1A). Although almost 100% of Jurkat T cells
were transduced with the corresponding g-retroviral vectors in all
three cases, D7-CAR28 was expressed at higher levels than 3D8-
and J591-based CARs, respectively (Figure S1B), suggesting increased
stability or improved intracellular transport of the D7-CAR. Antigen-
specific activation of these CAR Jurkat cells (Figure S1C) by co-culti-
vation with PSMA-expressing prostate cancer cell lines LNCaP
(programmed cell death ligand 1 [PD-L1]+) or C4-2 (PD-L1�)
(Figure S2F) revealed a sound activation of D7-CAR- or J591-CAR-
expressing Jurkat cells, respectively, but not of 3D8-CAR-expressing
cells (Figure S1C). Next, primary D7-CAR and J591-CAR T cells were
generated by retroviral transduction (Figure 1B) and evaluated in
terms of cytotoxicity, cytokine release, antigen-specific activation,
phenotype, exhaustion, and proliferation (Figures 1C–1E; Figures
S1D–S1J). Of note, 3D8-CAR expression could not be detected
following retroviral transduction of primary T cells (data not shown),
mirroring the low expression levels in Jurkat cells. To assess cytolytic
activity, these CAR T cells were co-cultured with C4-2 cells, LNCaP
cells, or PSMA� DU145 cells at the indicated effector-to-target
(E:T) ratios (Figure 1C; Figures S1D and S1E). D7-CAR T cells elim-
inated the prostate cancer cells at significantly lower E:T ratios than
did the J591-CAR T cells (Figure 1C; Figure S1D), independent of
the source of donor T cells or the PD-L1 expression status. As
compared to the J591-CAR T cells, the higher cytotoxic activity of
D7-CAR T cells correlated with higher interferon g (IFN-g) and
granzyme A release, respectively (Figure 1D; Figure S1H), as well as
higher antigen-specific activation (Figure 1E). Upon co-cultivation
of these CAR T cells with C4-2 tumor cells at E:T ratios of 1:1,
comparable T cell differentiation pattern (Figure S1I) and exhaustion
profiles were detected (Figure S1J). When subjected to a repetitive an-
tigen exposure challenge, D7-CAR T cells were enriched better than
J591-CAR T cells (Figure S1F) even though the proliferation rate
was comparable (Figure S1G). In conclusion, D7-CAR T cells outper-
formed J591-CAR T cells in vitro in terms of cytotoxicity, cytokine/
granzyme release, and enrichment after repetitive exposure to
antigen-positive target cells without having a negative impact on dif-
ferentiation, exhaustion, and proliferation capacity.
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Figure 1. PSMA-Targeting CARs

(A) Schematic of CAR-expressing g-retroviral vectors. See Figure S1A for details. (B) Evaluation of CAR expression. Activated T cells were transduced with g-retroviral vector

and stained with anti-human IgG antibody (CAR) and CD3. (C) Cytolytic activity. CAR T cells were co-cultured at the indicated E:T ratios with C4-2 cells (PSMA+/PD-L1�).
Cytotoxicity was determined using a cell viability assay (n = 6). (D) Cytokine release. CAR T cells were co-cultured with PSMA+ C4-2 or PSMA�Du145 cells, respectively, and

the concentration of IFN-g was determined in the supernatant (n = 3). (E) PSMA-mediated activation of CAR T cells. Activation of CAR T cells that were co-cultured with

PSMA+ C4-2 tumor cells was assessed by evaluating CD25 expression (n = 3). *p < 0.05, **p < 0.01, ****p < 0.0001. UT, untransduced cells; PSMA, prostate-specific

membrane antigen; PD-L1, programmed cell death ligand 1; MFI, mean fluorescent intensity.
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Impact of Co-stimulatory Domains on Activity of D7-CAR T Cells

In Vitro

To assess the impact of the co-stimulatory signaling domain on D7-
CAR T cell activity (Figure 2A), a CAR harboring the 4-1BB costimu-
latory domain (CAR41) was compared to CD28-based CAR T cells
228 Molecular Therapy: Oncolytics Vol. 18 September 2020
(CAR28) with regard to CAR expression levels, PSMA-specific activa-
tion, cytotoxicity, cytokine release, and antigen-specific differentia-
tion. Both CARs were stably expressed upon g-retroviral
transduction (Figures S2A and S2B), and the resulting CAR T cells
preserved a high percentage of early undifferentiated T cell subtypes



Figure 2. In Vitro Analysis

(A) Schematic of g-retroviral vectors. See Figure S1A for details. Costimulatory domains were derived either from CD28 (CAR28) or 4-1BB (CAR41). (B) Cytolytic activity. CAR

T cells were co-cultured at the indicated E:T ratios with PSMA+C4-2 tumor cells. Cytotoxicity was determined using a cell viability assay (n = 3). (C) PSMA-mediated activation

of CAR T cells. CAR T cells were co-cultured with PSMA+ (C4-2) or PSMA� (Du145) tumor cells. T cell activation was assessed by evaluating expression of CD25. Shown is

mean fluorescent intensity (MFI, n = 6). (D) Cytokine release. CAR T cells were co-cultured with PSMA+ (C4-2) or PSMA� (Du145) cells and IFN-g in supernatant was

measured (n = 3). (E) CAR T cell phenotype. CAR T cells were co-cultured with PSMA+ tumor cells before the phenotype was assessed based on CD62L and CD45RA

expression. Shown are the average percentages of the different T cell subsets (n = 3 or 4). (F) Exhaustion. CAR T cells were co-cultured with PSMA+ tumor cells and the extent

of T cell exhaustion was assessed bymeasuring expression of CD223 (LAG-3). Shown are the average percentages of LAG-3+ cells (n = 3 or 4). *p < 0.05, ***p < 0.001, ****p <

0.0001. UT, untransduced T cells; Tn/Tscm, T cell naive or T stem cell memory; Tcm, T cell central memory; Tem, T cell effector memory; Teff, T cell effector; LAG-3,

lymphocyte activation gene 3.
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at the end of the expansion phase (Figures S2C and S2D). Interest-
ingly, CAR28 was expressed at higher levels at the cell surface
(Figure S2A), although total CAR expression was greater for
CAR41 (Figure S2B). This might be due to a more efficient intracel-
lular transport of CAR28 to the cell surface.

While bothCARsmediated killing in a PSMA-dependentmanner (Fig-
ure S2E), CAR28 T cells eliminated antigen-positive prostate cancer
cells at a lower E:T ratio in a short-term in vitro assay than did
CAR41 T cells (Figure 2B). As compared to CAR41 T cells, co-cultiva-
tion of CAR28 T cells with PSMA+ tumor cells induced a higher
upregulation of activation markers CD25 (Figure 2C) and CD69 (Fig-
ure S3A). Analysis of the supernatants revealed that CAR28 T cells
secreted significantly higher amounts of IFN-g (Figure 2D) and gran-
zyme B (Figure S3B) than did CAR41 T cells when co-incubated with
PSMA+ tumor cells. The percentages of differentiated T cell subsets,
suchas effectormemoryand terminally effectorT cells,was significantly
higher for CAR28 T cells in comparison to CAR41 T cells (Figure 2E;
Figure S3C), and CAR28 T cells were found to be more exhausted, as
indicated by upregulated LAG3 (Figure 2F; Figure S3D). In summary,
and in agreement with published data,38 the co-stimulatory domain
had a major impact on activity and phenotype of D7-CAR T cells.
Elimination of Prostate Cancer Xenografts upon Focal

Application of CAR T Cells

In order to explore the in vivo potency of the CAR T cells, a xenograft
mouse model was used. To this end, C4-2luc+ cells were subcutane-
ously applied into the right flank of the animals. When tumors
reached a mean volume of 70 mm3, one dose of 5 � 106 CAR28
T cells, CAR41 T cells, or non-transduced T cells, respectively, were
intratumorally (i.t.) injected and changes in tumor volume were
monitored by in vivo bioluminescence imaging (BLI) until day 22
(Figure 3A). In line with the in vitro data, CAR28 T cell treatment
was more efficacious than CAR41 T cell-based therapy. Treatment
with CAR28 T cells eliminated the tumors in five out of five mice be-
tween day 3 and day 8 (Figures 3B and 3C), with four out of five mice
maintaining complete remission (CR) until the end of the experiment
(Figure 3D). Treatment with CAR41 T cells resulted in one case each
of CR and partial remission (PR), whereas mice injected with non-
transduced T cells did not respond to treatment. The calculation of
the area under the curve (AUC), which considers the temporal course
of tumor growth, confirmed the increased antitumor activity of
CAR28 T cells compared to CAR41 T cells (Figure S4A). In conclu-
sion, focal injection of CAR T cells may be a promising approach
to treat local prostate cancer.
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Figure 3. Focal CAR T Cell Therapy

(A) Schematic of experimental setup. 5- to 6-week-old SCID mice were injected subcutaneously (s.c.) with 1.5 � 106 PSMA+ C4-2luc+ tumor cells. When tumors reached

~70mm3, mice were injected intratumorally (i.t.) with a single dose of 5� 106 CAR28 (n = 5) or CAR41 (n = 5) T cells (day 1 of treatment). As controls, mice were left untreated

(control, n = 6) or injected with untransduced T cells (UT, n = 7). (B) In vivo imaging. Shown are representative in vivo bioluminescence images (BLIs) of mice in different

treatment groups. (C) Quantification of tumor size. Tumor volumes were determined on days 1, 3, 8, 15, and 22 of treatment. (D) Summary. Shown is antitumor response in

different treatment groups. CR, complete response; PR, partial response. ***p < 0.001, ****p < 0.0001, by unpaired t test.
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Combination Therapy with DTX Controls Prostate Cancer

Xenograft Growth upon i.v. CAR T Cell Application

Using the same experimental conditions as above, one i.v. injection of
5� 106 CAR T cells did not affect tumor growth during the course of
the experiment (Figure S4B), although the CAR T cells reached the
tumor site as detected by in vivo imaging (Figure S4C). We conjec-
tured that treatment with the chemotherapeutic agent DTX would
render the tumors more susceptible to CAR T cell therapy by
reducing tumor growth and/or altering the TME. For combination
treatment, mice bearing C4-2luc+-derived large tumors (mean tumor
volume of 150–200 mm3) were injected intraperitoneally (i.p.) with
two cycles of DTX at days 1 and 2 of treatment, followed by i.v. injec-
tion of a single dose of 5 � 106 CAR T cells on day 8. Control groups
were treated with DTX alone or left untreated (Figure 4A). Concur-
ring with our approved animal protocol, tumor growth was moni-
tored by BLI until day 22. For ethical reasons, somemice bearing large
and aggressive tumors had to be euthanized before the end of the
experiment. Treatment with DTX alone did not considerably affect
tumor growth (Figures 4B and 4C; Figure S4D). While the combina-
tion of DTX with CAR41 T cell therapy had some effect on tumor
growth, the combination of DTX with CAR28 T cells led to a signif-
icant reduction in tumor growth from day 17 on (Figures 4B and 4C).
While a TME hardly fully develops in the immunodeficient mouse
230 Molecular Therapy: Oncolytics Vol. 18 September 2020
background, our histological analysis of the tumors indicated the for-
mation of some features of a primitive TME, as indicated by the pres-
ence of connective tissue and tumor stroma with low cellular density
and some infiltrated macrophages (Figures 5A and 5B). The applica-
tion of DTX chemotherapy induced tumor damage marked by vacuo-
lization and nuclear condensation of the tumor cells. Moreover, a
high proportion of tumor cells with metaphase arrest was found,
which can be attributed to the cell cycle inhibitory effect of DTX.
Compared to control, the TME showed a higher cellularity with an
infiltration of innate immune cells, accompanied by some stromal
edema (Figures 5C and 5D). In tumors from mice treated with com-
bination therapy, extensive damage of the tumor marked by necrotic
tumor cells on the tumor stroma border was found. The TME was
marked by stromal edema and infiltration of CD3+ CART cells. These
characteristics were less pronounced in tumors treated with DTX and
CAR41 T cells (Figures 5E and 5F) as compared to tumors treated
with DTX and CAR28 T cells (Figures 5G and 5H), which was in
line with a higher number of infiltrating CD3+ cells. In summary,
we engineered CAR T cells that completely eradicated prostate cancer
xenografts after a single focal application. Moreover, in combination
with low-dose, non-ablative DTX chemotherapy, significant inhibi-
tion of tumor growth was achieved after systemic application of
PSMA-targeting CAR28 T cells.



Figure 4. Combination of Chemotherapy with

Systemic Application of CAR T Cells

(A) Schematic of combination therapy. 5- to 6-week-old

SCID mice were injected subcutaneously (s.c.) with 1.5�
106 C4-2luc+ tumor cells. When tumors reached a mean

tumor volume of 150–200 mm3, mice were treated

intraperitoneally (i.p.) with two cycles of DTX (6 mg/kg

body weight [bw]) at days 1 and 2 of treatment. At day 8,

mice received one i.v. dose of 5 � 106 CAR28 (n = 9) or

CAR41 T cells (n = 8). As controls, mice were injected with

DTX alone (DTX, n = 9) or left untreated (control, n = 8). (B)

In vivo monitoring. Shown are representative in vivo

bioluminescence images (BLIs) of mice in different treat-

ment groups. (C) Quantification of tumor size. Tumor

volumes were determined on days 1, 8, 15, 17, and 22 of

treatment. ***p < 0.001, ****p < 0.0001, by unpaired t test.
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DISCUSSION
The great success of CAR T cells to treat certain hematological ma-
lignances could not be transferred to solid tumors thus far. A main
reason for this failure might be the TME that includes various
kinds of immune cells, fibroblasts, and an extracellular matrix.
Any of these factors could either intrinsically or physically inhibit
the migration and/or activity of CAR T cells,6 suggesting that cur-
rent CAR T cell therapies may not be successful without additive
therapeutic interventions, such as checkpoint blockade or chemo-
therapy. We hypothesized that the focal administration of CAR
T cells or their application in combination with chemotherapy
may pave the way to a more successful treatment of solid tumors.
To this end, we designed novel D7 scFv-based CARs to target
PSMA and validated these CAR T cells in a xenograft mouse
model. We demonstrate that local application of anti-PSMA
CAR T cells led to complete eradication of prostate cancer, while
systemic application of CD28-based CAR T cells significantly in-
hibited tumor growth when combined with low-dose DTX
chemotherapy.
Molecular The
Our combined in vitro and in vivo data confirmed
that D7-based CARs mediated high antigen-spe-
cific activation and cytotoxicity of the engineered
T cells. The observed difference in comparison to
previously reportedPSMA-CARs in terms of effi-
cacymaybe found in thebindingproperties of the
used scFvs and/or the heightened CAR expres-
sion, as previously shown for CARs targeting
mesothelin or CD22.33,39 We previously demon-
strated that theD7scFvbindsPSMAwithhigh af-
finity and specificity.15Moreover, we showed that
its parental 3/F11 antibody recognizes a different
extracellular epitope in PSMA than J591.15,40 It is
therefore interesting to speculate that the high
in vitro and in vivo efficacy of D7-based PSMA
CAR T cells is based on optimal positioning of
the CAR to recognize the target epitope.
Both CD28- and 4-1BB-based CAR T cells showed promising clinical
results against B cell malignancies, albeit with different tumor-killing
kinetics: inclusion of CD28 appears to mediate faster tumor reduction,
whereas 4-1BB promotes T cell persistence.4,5,38 Our results are in line
with these studies for lymphoid malignancies and showed that 4-1BB-
based PSMA-CARs mediated an attenuated activation of the CAR
T cells, resulting in less differentiation and less exhaustion upon anti-
gen-specific stimulation.6 Although our animal protocol did not allow
us to assess long-term effects, CD28-bearing PSMA-CAR T cells
induced complete tumor eradication upon local application. PSMA-
targeting CAR T cells were previously applied i.t. with�50% of treated
mice showing CR upon injection of two doses of J591-based CAR
T cells.20 This underlines the excellent performance of the new D7-
based CAR for focal therapy. A local therapy could be highly attractive
to treat early stage prostate cancer as it will avoid, or at least reduce, sys-
temic-associated toxicities related to CAR T cell activation at “off-tu-
mor” tissues that express the PSMA antigen at lower levels. It will
also enable CAR T cells to bypass the TME, so overcoming the chal-
lenge of CAR T cell trafficking to and infiltration of the tumor.41
rapy: Oncolytics Vol. 18 September 2020 231

http://www.moleculartherapy.org


Figure 5. Histology

At the end of the combined docetaxel (DTX) and CAR T cell therapy, tumor slices of indicated groups were subjected to histopathological analysis by hematoxylin and eosin

(H&E) staining (A, C, E, and G) or immunohistochemical analysis using anti-human CD3 that highlights human CD3+ T cells in red (B, D, F, and H). (A and B) Untreated group

(control) with few nuclear condensations (arrowhead, exemplary) of tumor cells near the tumor margin, low cellular density in the tumormicroenvironment (TME), consisting of

connective tissue with fewmacrophages (asterisk), and absence of CD3+ T cell infiltrates. (C and D) DTX-treated group with nuclear condensations and cellular vacuolization

but higher cellularity in the TME due to infiltration of monocytes and neutrophil granulocytes (asterisk), accompanied by stromal edema, and absence of CD3+ T cells. (E and F)

Combination therapy group (DTX and CAR41 T cells) with presence of TME with high stromal edema and stroma cellularity due to increased monocytes, macrophages, and

lymphocytes infiltrating the connective tissue (asterisk in E), accompanied by tumor necrosis at the tumor-stroma border (arrowhead in E), and few infiltrating CD3+ T cells in

the TME (arrowheads in F). (G andH) Combination therapy group (DTX andCAR28 T cells) with presence of TMEwith high stromal edema and stroma cellularity (asterisk in G),

accompanied by tumor necrosis zone (arrowhead in G), and high amount of infiltrating CD3+ T cells (arrowheads in H) and macrophage with CD3+ cytoplasm (asterisk in H).

The average numbers ± standard error of the mean of infiltrating CD3 cells per tumor slice is indicated below. p values are indicated for comparison between the DTX group

versus the DTX+CAR41 or DTX+CAR28 groups.

Molecular Therapy: Oncolytics
In agreement with previous publications,21,42 the D7-CAR T cells
were not able to eradicate large solid tumors upon systemic applica-
tion. However, two cycles of non-ablative low-dose chemotherapy
were sufficient to modify the TME, thereby allowing the PSMA-tar-
geting CAR T cells to infiltrate the tumor and control tumor growth
upon a single dose of i.v. administration. It will be interesting to assess
whether DTX treatment induces the secretion of CD8+ T cell-attract-
ing cytokines from prostate cancer cells, as previously reported for
non-small-cell lung cancer.32 Furthermore, it will be attractive to
combine DTX treatment with “enhanced” CAR T cells43,44 by knock-
ing out, for example, genes coding for inhibitory receptors, such as
PD-1,45 CTLA4,46 LAG3,47 or the T cell receptor,48 or to introduce
simple modifications to the CAR scaffold that have proven to increase
safety and efficacy of CAR T cells in preclinical models of leukemia
and lymphoma.34,35

In conclusion, we developed a novel D7-based anti-PSMA CAR that
demonstrated excellent in vitro and in vivo activity. Notably, the CAR
T cells were able to completely eradicate prostate cancer upon focal
application and control tumor growth in combination with non-abla-
tive low-dose chemotherapy upon systemic application. These pre-
clinical data are encouraging and are enough to move forward to
the clinic.
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MATERIALS AND METHODS
Culturing of Prostate Cancer Cells

Prostate cancer cell lines were grown in RPMI 1640 medium (Gibco)
supplemented with penicillin (100 U/mL), streptomycin (100 mg/L),
and 10% fetal calf serum (FCS, Biochrom) at 37�C in a humidified at-
mosphere of 5% CO2. For in vivo tumor establishment and biolumi-
nescence imaging, C4-2 cells were transduced with a lentiviral vector
encoding firefly luciferase and a neomycin resistance gene as previ-
ously described.49
CAR Design and Preparation of g-Retroviral Vectors

Second-generation anti-PSMA CARs were cloned into the backbone
of a self-inactivating g-retroviral vector50 by conventional cloning.
All CARs are under control of the EFS promotor and contain an opti-
mized hinge domain36 and a CD3z intracellular signaling domain.
The various CARs harbor scFv domains derived frommonoclonal an-
tibodies 3D8 (US2017/0232070 A1; SEQ ID 21), J591 (WO 2009/
017823 A2), or D7.15 The CAR28 scaffolds harbor the transmem-
brane domain of CD28 and the CD28 co-stimulatory domain with
a modified LcK binding moiety.37 The CAR41 scaffold contains a
CD8a transmembrane domain and the 4-1BB co-stimulatory
domain. Retroviral vectors were generated as previously described.51
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Biological titers were determined by transducing Jurkat T cells, fol-
lowed by staining of the transduced cells with anti-human IgG to
determine CAR+ cells.
Generation and Culturing of CAR T Cells

CAR-transduced Jurkat cells were expanded in RPMI complete me-
dium (RPMI 1640 medium [Gibco] supplemented with 10% FCS
[Biochrom], penicillin [100 U/mL], streptomycin [100 mg/L], and
10 mM HEPES buffer [Sigma-Aldrich]). Primary CAR T cells
were generated from peripheral blood mononuclear cells (PBMCs)
as described before52 with modifications. In short, PBMCs were
isolated from leukocyte reduction system (LRS) chambers obtained
from the Blood Donation Center (informed consent of donors) of
the Medical Center using phase separation (Ficoll, Sigma-Aldrich)
and frozen in liquid nitrogen until used. For generation of CAR
T cells, PBMCs were thawed in RPMI complete medium, activated
with anti-CD2/CD3/CD28 antibodies (ImmunoCult, STEMCELL
Technologies), and cultured with RPMI complete medium supple-
mented with cytokine cocktail (100 U/mL of IL-2, 25 U/mL of IL-7,
and 50 U/mL of IL-15; all Miltenyi Biotec) for 3 days before trans-
duction with g-retroviral constructs with a dose of 50–300 trans-
ducing units/cell. Transduced cells were cultured in RPMI com-
plete medium supplemented with 5 mg/mL of protamine sulfate
(Sigma-Aldrich) and 1,000 U/mL of IL-2, 25 U/mL of IL-7, and
50 U/mL of IL-15 on poly-D-lysine (PDL, Sigma-Aldrich)-coated
wells. After 1 day, medium was changed and cells were expanded
for 9–12 days in RPMI complete medium supplemented with cyto-
kine cocktail before being frozen in liquid nitrogen until further
use.
Phenotyping of CAR T Cells

To determined transduction efficiency, surface CAR expression was
evaluated by flow cytometry (FACSCanto II or Accuri, BD Biosci-
ences) by staining transduced cells with anti-human IgG-phycoery-
thrin (PE) (SouthernBiotech) and CD3-allophycocyanin (APC)
(Miltenyi Biotec), respectively. For phenotyping, CAR-transduced
cells were stimulated with PSMA+ tumor cells (C4-2 or LNCaP) for
24 h at an E:T ratio of 1:1, before cells were harvested and evaluated.
Activation was evaluated based on the expression of CD69 or CD25
(CD69-APC, clone CH4; CD25-PE, clone 3G10; both Thermo Fisher
Scientific). T cell subsets were determined by staining cells with anti-
human CD62L-Brilliant Violet 421 (BV421) (BD Biosciences), anti-
human CD45RA-fluorescein isothiocyanate (FITC) (BioLegend),
anti-human CD3-APC/H7 (BD Biosciences), and anti-human IgG-
PE (SouthernBiotech). To determine exhaustion, cells were stained
with anti-human CD279-FITC (PD-1, BD Biosciences), anti-human
CD223-eFluor 710 (LAG-3, BD Biosciences), anti-human CD3-
APC/H7, and anti-human IgG-PE.
Cytokine Release

CAR T cells were co-cultured with PSMA+ C4-2 tumor cells for 48 h
at an E:T ratio of 1:1 in RPMI complete medium without cytokines.
Supernatants were collected and evaluated by a multiplexed cytomet-
ric bead array (CBA, BD Biosciences) according to the manufacturer’s
recommendations.

Cytolytic Activity of CAR T Cells

To determine the cytotoxic potential of CAR T cells, the viability
of target cells was determined using the XTT (2,3-bis-(2-methoxy-
4-nitro-5-sulfophenyl)2H-tetrazolium-5-carboxanilide) assay as
described previously.53 In short, to determine cell viability as a
function of metabolic activity, 100 mL of medium was removed
and replaced with 100 mL/well of XTT solution (Sigma-Aldrich)
and cells were incubated at 37�C. Colorimetric changes were
quantified using an ELISA reader (Infinite F50, Tecan) at
450 nm. Cytotoxicity is indicated as 100% minus the percentage
of viable cells, which was calculated according to the equation
(ODE+T – ODE only)/(ODT only – ODmedium only), where OD indi-
cates optical density, E represents effector cells (CAR T cells),
and T represents target cells (tumor cells).

In Vivo Evaluation of CAR T Cells

Male severe combined immunodeficiency (SCID) CB17/lcr-Prkdcscid/
Crl mice (5–6 weeks old, 20-25 g) were purchased from Janvier Labs
(Saint-Berthevin, France) and kept under sterile and standardized
environmental conditions. All experiments were carried out accord-
ing to the animal protection law and ARRIVE guidelines with permis-
sion from the responsible local authorities. For tumor establishment,
1.5 � 106 C4-2luc+ cells diluted in 50% Matrigel/PBS (Collaborative
Biomedical Products) were injected subcutaneously into the right
flank of the animals. Tumor growth was monitored by palpation
and BLI. To this end, 150 mg/kg of luciferin (BioSynth AG) were in-
jected i.p. into the animals and BLI was done 10–30 min after injec-
tion under anesthesia using the in vivo imaging system (IVIS) 200
(Xenogen VivoVision). Tumor volumes were calculated from BLI us-
ing the software Living Image 3.0 and the formula V = (d2 � D)/2,
where d was the smaller diameter and D the larger diameter of the tu-
mor. When tumors reached a mean volume of about 70 mm3, mice
were injected either i.t. or i.v. with one dose of 5 � 106 CAR28
T cells (n = 5) or CAR41 T cells (n = 5), untransduced T cells with
a dose matching the final total cells in the CAR-treated groups
(UT, n = 5–7), or left untreated (control, n = 6). For combinatorial
treatment, mice with mean tumor volumes of 150–200 mm3 were
treated i.p. with two doses of 6 mg/kg DTX on days 1 and 2 of treat-
ment, followed by an i.v. injection of CAR28 T cells (n = 9) or CAR41
T cells (n = 8), respectively, on day 8 of treatment. Control mice were
injected with DTX alone (n = 9) or left untreated (control, n = 8).
Mice were euthanized at day 22 or earlier, when one of the following
termination criteria were met: tumor diameter >15 mm, weight loss
>20%, body condition score (BCS) >3, spasms, paralysis, body curva-
ture respiratory disorders, apathy, or aggressiveness.

Histological Analysis

2-mm sections were prepared from formalin-fixed paraffin-embedded
tumors and stained with hematoxylin and eosin. Immunohistochem-
istry was carried out with mouse anti-human CD3 antibody (clone
F7.2.38; Dako-Agilent flex kit, Denmark), followed by rabbit anti-
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mouse secondary antibody mix, and visualized by an alkaline-based
red chromogen reaction (K5005 kit, Dako-Agilent). Images were
taken with an Olympus BX 51 microscope (Olympus, Germany)
with the AxioCam MRc microscope camera (Carl Zeiss, Germany).
For semiquantitative analysis, CD3+ lymphocytes were counted on
three �60 high-power field (HPF) slides (Olympus BX51; �60/0.9/
FN26.5).

Statistical Analysis

Statistical significance in all experiments was determined with the
help of GraphPad Prism software by using the unpaired Student’s t
test.
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Figure S1. Characterization of PSMA-CARs. (A) Schematic of -retroviral vectors. CAR expression is driven by an EFS 
promoter. The CARs consist of a single chain variable (scFv) fragment derived from 3D8, J591 or D7 antibodies, 
respectively, a hinge region (modified Fc IgG1 domain), a transmembrane domain, a costimulatory domain derived 
from CD28 with a mutated LcK binding moiety, and an intracellular signaling domain derived from CD3ζ chain. (B) 
CAR expression. Jurkat cells were transduced with retroviral particles, followed by expansion and staining with anti-
human IgG antibody. (C) PSMA-mediated activation of CAR expressing Jurkat cells. Cells were co-cultured at a 1:1 
effector-to-target (E:T) ratio with either C4-2 (PSMA-positive/PDL1-negative) or LNCap (PSMA-positive/PDL1-
positive) tumor cells. PSMA-negative DU145 cells served as control. Activation was assessed by evaluating the 
percentage of CD69 positive cells (n=3). (D-E) Cytolytic activity. CAR T cells were co-cultured at indicated E:T ratios 
with either LNCaP (D) or DU145 (E) tumor cells. Cytotoxicity was determined by cell viability assay (% cytotoxicity = 
100 – % viability). (F-G) Antigen-specific CAR T cell proliferation. CAR T cells were propagated without antigen 
stimulation (-Ag) or exposed to irradiated PSMA-positive C4-2 cells up to 4 times (1–4x) at E:T ratios of 1:1. Cells were 
stained with CD3 and anti-human IgG (CAR) antibodies to determine the fraction of CAR-positive cells (F) or the total 
number of CAR-positive cells (G). (H) Granzyme and cytokine release. Untransduced or CAR T cells were co-cultured 
at a 1:1 effector-to-target (E:T) ratio with either C4-2 (PSMA-positive/PDL1-negative) or LNCap (PSMA-positive/PDL1-
positive) tumor cells. PSMA-negative DU145 cells served as control. Granzyme A (Gr.A) or IFNγ concentration in 
supernatant was quantified by cytometric bead array (n=3). (I-J) Untransduced T cells (UT) or CAR T cells were co-
cultured at a 1:1 E:T ratio with C4-2 cells. (I) CAR T cell phenotype. Shown are the percentages of T cell subsets (n=3) 
based on CD62L and CD45RA expression. (J) CAR T cell exhaustion. Shown are the percentages of PD-1 or LAG3 
positive cells (n=3). Cells were pre-gated on CD3 for UT, or CD3/CAR for CAR T cells. Statistically significant differences 
are indicated by *(P<0.05), **(P<0.01), ***(P<0.001), or ****(P<0.0001). UT, untransduced T cells; PDL1, 

programmed cell death ligand 1; ∆LTR, long-terminal repeat with deletion in U3 region; EFS, elongation factor 1 
short promoter; WPRE, woodchuck hepatitis virus post-transcriptional regulatory element; Tn/Tscm, T cell naïve or 
T stem cell memory; Tcm, T cell central memory; Tem, T cell effector memory; Teff, T cell effector. 
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Figure S2. Quality assessment. (A) Evaluation of CAR surface expression. After transduction of activated T cells with 

-retroviral vectors, CAR T cell were expanded and stained with antibodies against anti-human IgG (CAR) and CD3. 
(B) CAR expression. CAR T cells were lysed, CARs immune-precipitated using anti-scFv antibody, and CAR expression 
visualized by Western blot analysis. Anti-IgG antibody staining served as a loading control. (C) CAR T cell phenotyping. 
The percentages of T cell subsets were determined at the end of the expansion phase by assessing the expression of 
CD62L and CD45RA by flow cytometry. Cells were pre-gated on CAR-/CD3+ for the UT or CAR+/CD3+ for of CAR T 
cells. (D) Quantitative assessment of CAR T cell phenotypes. Shown are the average percentages of T cell subsets 
(n=3 or 4). (E) Cytolytic activity. CAR T cells were co-cultured at indicated effector to target (E:T) ratios with PSMA-
negative DU145 tumor cells. Cytotoxicity was determined by cell viability assay (% cytotoxicity = 100 – % viability). 
(F) Characterization of Prostate cancer cell lines. Cells were stained with anti-PSMA (3/F11) and CD274 (PD-L1) 
antibodies, respectively, and expression levels assessed by flow cytometry. PSMA, prostate-specific membrane 
antigen; PD-L1, programmed cell death ligand 1; LB, lysis buffer; UT, untransduced T cells; IgG LC, IgG light chain 
loading control; Tn/Tscm, T cell naïve or T stem cell memory; Tcm, T cell central memory; Tem, T cell effector memory; 
Teff, T cell effector.  
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Figure S3. Extended phenotypic and functional analysis of PSMA-targeting CAR T cells. Untransduced T cells (UT), 
CAR41 or CAR28 T cells were co-cultured with PSMA-positive (C4-2) or PSMA-negative (Du145) tumor cells at a 1:1 
effector-to-target (E:T) ratio. (A) PSMA-mediated activation. CAR T cell activation was assessed by evaluating CD69 
expression. Indicated is mean fluorescent intensity (MFI, n=6). (B) Granzyme release. Granzyme B (Gr.B) 
concentration in supernatant was quantified by cytometric bead array (n=3). (C) Phenotype. CAR T cell phenotypes 
were assessed based on CD62L and CD45RA expression. Cells were pre-gated on either CD3 alone for UT control, or 
CAR and CD3 for CAR T cells. (D) CAR T cell exhaustion. Extent of exhaustion was assessed by measuring CD223 (LAG-
3) expression. Cells were pre-gated on CD3 alone for UT control, or CAR and CD3 for CAR T cells. Statistically significant 
differences are indicated by *(P<0.05), ***(P<0.001), or ****(P<0.0001). Tn/Tscm, T cell naïve or T stem cell memory; 
Tcm, T cell central memory; Tem, T cell effector memory; Teff, T cell effector. 

 

  



Alzubi et al. 

 5 

 

 

 

Figure S4. Therapy response of mice bearing human prostate tumors xenografts. Antitumor activity of anti-PSMA 
CAR T cells upon focal (A) or systemic application (B). One dose of 5x106 D7-based CAR28 or CAR41 T cells were 
injected either intratumorally (A) or intravenously (B). Tumor volumes from individual groups were monitored by 
calculating the area under the curve (AUC) over the entire course of the experiment, starting from day 1 of the 
therapy until the end at day 22. As controls, mice were left untreated (control) or treated with untransduced T cells 
(UT). (C) Biodistribution of anti-PSMA CAR28 T cells. CAR T cells were labelled with Xenolight DiR dye and injected 
intravenously into mice bearing PSMA-positive tumor xenografts or controls without tumor. 24 hours post-infusion, 
tumors were monitored by in vivo bioluminescence imaging (BLI) while labeled T cells were detected by fluorescence 
imaging (FLI). (D-E) Anti-tumor activity of combined therapy with DTX and anti-PSMA CAR T cells. Mice bearing tumors 
of ~150-200 mm3 were treated with 2 cycles of docetaxel (DTX) followed by intravenous injection of 5x106 CAR28 
(n=9) or CAR41 T cells (n=8). As controls, mice were treated with DTX alone (n=9) of left untreated (control, n=8). 
Changes in tumor volumes from individual treated groups were monitored by calculating the AUC over the course of 
the entire experiment, starting from day 1 of the therapy until day 17 (D) or until the end of the therapy at day 22 
(E). Statistically significant differences were determined by unpaired t-test: *p<0.05, **p<0.01 and ***p<0.001.  
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Supplemental Methods 

Western blot 

To verify the size of our CAR28 or CAR41, we have performed Immuno-purification and western blotting 

of chimeric antigen receptors from cellular lysates as previously described (REF: PMID 31064990). Briefly, 

3 × 107 cells were lysed in 1 ml lysis buffer containing 20 mM Tris-HCl pH8, 137 mM NaCl, 2 mM EDTA, 10% 

glycerol, 1x protease inhibitor cocktail, 1 mM PMSF, 5 mM iodoacetamide, 0.5 mM sodium orthovanadate, 

1 mM NaF, and 0.5% Brij96 for 30 min at 4 °C followed by 15 min centrifugation to pellet the nuclei and 

insoluble material. For immuno-purification of the chimeric antigen receptors, 400 µl cleared cell lysate 

was incubated with 7.5 μl streptavidin-coupled sepharose (#17-5113-01, GE Healtcare) and 20 μg biotin-

coupled anti-mouse IgG (Fab´)2 biotin (#31803, ThermoFisher) for 2 h at 4 °C. After four washes, the 

immunoprecipitated material was separated by 12% reducing SDS-PAGE. The separated proteins were 

transferred to PVDF membranes by semi-dry transfer. After blocking with 5% milk in PBS containing 0.1% 

Tween-20 the membranes were incubated with HRPO-conjugated secondary antibodies (1:10000) (anti-

rabbit IgG HRPO, #31460, ThermoFisher). Western blot signals were recorded using an Image Quant LAS 

4000 Mini from GE Healthcare Life Sciences, Boston, MA. 

 

Phenotyping of prostate cancer cells  

To evaluate PSMA expression, cells were incubated with 2.8 µg/ml anti-PSMA mAb 3/F11 for 30 minutes 

at 4°C followed by staining with a 1:100 dilution of goat anti-mouse Ig-PE (Southern Biotech) for 30 minutes 

in dark at 4°C and evaluation by flow cytometery. To determine PD-L1 expression, prostate cancer cells 

were stained with anti-CD274-Bv421 (Biolegend) and evaluated by flow cytometery.  

 

In vivo biodistribution of CAR T cells  

In order to track CAR T cells in vivo, cells were labelled with Xenolight DiR dye (Caliper LifeSciences) 

according to the manufacturer’s recommendations. Shortly, 2-3x106 cells/ml of RPMI medium 

supplemented with 0.1% FCS were labelled with a 1:500 dilution of DiR (8.3 mg/ml) for 10 min. at 37°C. 

Then, cells were washed 3 times before i.v. injection into tumor bearing mice. After 24 h, mice were 

imaged under anesthesia using the In Vivo Imaging System IVIS 200 (Xenogen VivoVision) in the FLI 

channel. 

 

Antigen-specific expansion of PSMA-targeting CAR T cells 

CAR T cells were generated from PBMCs following retroviral transduction as described in Materials and 

Methods. At day 12 post-transduction, CAR T cells were co-cultured with irradiated PSMA-positive C4-2 

tumor cells for 12 days at a 1:1 effector-to-target ratio in RPMI complete medium supplemented with 100 

U/ml of IL-2, 25 U/ml of IL-7, and 50 U/ml of IL-15 (all Miltenyi Biotech). Every 3 days, cells were harvested, 

counted and plated over fresh irradiated C4-2 tumor cells. Cells were stained with anti-human IgG-PE 

(Southern Biotech) and anti-CD3-APC (Miltenyi) antibodies to determine CAR expression levels and the 

fraction of CAR-positive cells by flow cytometry (Accuri, BD Biosciences). The absolute number of CAR T 

cells was determined at indicated time points using a NucleoCounter (NC-250, ChemoMetec). 
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