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Abstract
BACKGROUND—Prostate cancer remains a significant health problem for men in the Western
world. Although treatment modalities are available, these do not confer long-term benefit and are
accompanied by substantial side effects. Adoptive immunotherapy represents an attractive
alternative to conventional treatments as a means to control tumor growth.

METHODS—To selectively target the tumor-expressed form of Muc1 we constructed a retroviral
vector encoding a chimeric antigen receptor (CAR) directed against the aberrantly-expressed
extracellular portion of Muc1 called the ‘variable number of tandem repeats’.

RESULTS—We now demonstrate that T cells can be genetically engineered to express a CAR
targeting the tumor-associated antigen Muc1. CAR-Muc1 T cells were able to selectively kill
Muc1-expressing human prostate cancer cells. However, we noted that heterogeneous expression
of the Muc1 antigen on tumor cells facilitated immune escape and the outgrowth of target-antigen
loss variants of the tumor. Given the importance of androgen ablation therapy in the management
of metastatic prostate cancer, we therefore also tested the value of combining conventional (anti-
androgen) and experimental (CAR-Muc1 T cells) approaches. We show that CAR-Muc1 T cells
were not adversely impacted by anti-androgen therapy and subsequently demonstrate the
feasibility of combining the approaches to produce additive anti-tumor effects in vitro.

CONCLUSIONS—Adoptive transfer of CAR-Muc1 T cells alone or in combination with other
luteinizing hormone-releasing hormone analogs or antagonists should be tested in human clinical
trials.
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INTRODUCTION
Prostate cancer is the second highest cause of cancer associated death among men in the
United States (Cancer statistics, 2012, DOI: 10.3322/caac.20138) and efforts to develop
effective and safe curative therapies for men with advanced/metastatic disease are an area of
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active investigation. Recently, interest in the use of the immune system to treat advanced
prostate cancer has been boosted by the availability of a commercial vaccine to treat men
with advanced prostate cancer,1–3 and other immunological approaches are now being
tested, including the adoptive transfer of tumor-directed T cells.4,5

We and others have shown that the infusion of T cells, made tumor specific by expression of
a transgenic chimeric antigen receptor (CAR), can effectively treat even disseminated
malignancies, including neuroblastoma and B-cell tumors.6–8 These CAR-T cells combine
the antigen-binding properties of a monoclonal antibody (the CAR element) with the lytic
capacity of the T cells by which they are expressed, thus allowing modified (that is,
transgenic) T cells to recognize both protein and non-protein antigens on tumor cells and kill
targets in an HLA-independent fashion.9

In the current study, we sought to extend the use of such engineered CAR-T-cell therapy to
the treatment of prostate cancer. We identified Mucin 1 (Muc1) as a potential target antigen
for CAR-T cells.10–13 Muc1 is a type I transmembrane glycoprotein, which is overexpressed
in an aberrantly-glycosylated form by many tumors including prostate, breast, colon, lung,
gastric and pancreatic cancer (Supplementary Figure 1), while having limited expression on
normal tissues.14–18 Moreover, in prostate cancer, Muc1 expression has been correlated with
poor prognosis and an increased risk of disease recurrence,19 thus highlighting its relevance
as a potential therapeutic target.

To selectively target the tumor-expressed form of Muc1 we constructed a retroviral vector
encoding a CAR directed against the aberrantly-expressed extracellular portion of Muc1
called the ‘variable number of tandem repeats’.20,21 In vitro expanded T cells genetically
modified to express this Muc1-directed CAR have no detectable activity against non-
malignant tissue,22 but efficiently kill Muc1-expressing human prostate cancer cells.22

Unfortunately, expression of Muc1, like that of many other tumor-associated antigens, is
heterogeneous and fluctuates, and a common reason for the failure of immunotherapy is the
selection of target-antigen loss variants of the tumor. Given the importance of androgen
ablation therapy in the management of metastatic prostate cancer, we therefore also tested
the value of combining our immunotherapy with Flutamide, an androgen receptor antagonist
that spares T cells.23–25 Although CAR-T cells or anti-androgen therapy alone were unable
to produce tumor elimination, the combination approach proved additive in our pre-clinical
model. This synergy between effector T cells and androgen receptor antagonists should be
readily testable in human subjects.

MATERIALS AND METHODS
Donors and cell lines

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy volunteers with
informed consent on an IRB-approved protocol. The prostate cancer cell lines PC3, LNCaP,
DU145 and Human embryonic kidney cell line 293T, were obtained from the American
Type Culture Collection (Rockville, MD, USA). Cells were maintained in a humidified
atmosphere containing 5% carbon dioxide (CO2) at 37 °C. Tumor cells lines were
maintained in complete IMDM (Gibco BRL Life Technologies, Gaithersburg, MD, USA)
containing 10% heat-inactivated fetal bovine serum (Hyclone, Waltham, MA, USA), 2 mM
L-glutaMAX, 200 IU/ml penicillin and 200 μg/ml streptomycin (all from Gibco BRL Life
Technologies).
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OKT3/CD28 blast generation
To generate OKT3 blasts, PBMCs were activated with OKT3 (1 mg/ml) (Ortho Biotech,
Bridgewater, NJ, USA) and CD28 (1 mg/ml) (Becton Dickinson, Mountain View, CA,
USA) antibodies and plated in a non-tissue culture-treated 24-well plate at 1 ×106 PBMCs
per 2 ml complete media (RPMI 1640; Gibco BRL Life Technologies) containing 45%
Clicks medium (Irvine Scientific, Santa Ana, CA, USA), 10% fetal bovine serum and 2 mM
L-glutaMAX. The cells were supplemented with recombinant human interleukin-2 (IL2)
(100 U/ml, NIH, Bethesda, VA, USA) on day 1 after activation, and subsequently split and
fed with fresh media plus IL2 (50 U/ml).

Generation of retroviral constructs and retroviral transduction
We synthesized (DNA 2.0, Menlo Park, CA, USA) a codon-optimized single-chain variable
fragment of Muc1 based on published sequences.22 The scFv fragment was cloned in frame
with the human IgG1-ch2ch3 domain and with the ζ-chain of the T-cell receptor (TCR)/CD3
complex in the SFG retroviral backbone.26 We also synthesized (DNA 2.0) the Muc1
antigen based on published sequences.27 The fluorescent marker mOrange was incorporated
into the Muc1 antigen construct using an IRES element and a control retroviral vector
encoding green fluorescence protein (GFP) was also generated.

Retroviral supernatant was produced using 293T cells, which were co-transfected with the
CAR-Muc1, Muc1-mOrange or GFP retroviral vectors, the Peg-Pam-e plasmid containing
the sequence for MoMLV gag-pol, and the RDF plasmid containing the sequence for the
RD114 envelope, using the Fugene6 transfection reagent (Roche Diagnostics Corporation,
Indianapolis, IN, USA), according to the manufacturer’s instructions. Retroviral supernatant
was collected at 48 and 72 h post-transfection, filtered (using a 0.45-μm filter) and stored at
−80 °C.

T-cell transduction
For T-cell transduction the CAR-Muc1 retroviral supernatant was plated in a non-tissue
culture-treated 24-well plate (1 ml per well) pre-coated with a recombinant fibronectin
fragment (FN CH-296; Retronectin; Takara Shuzo, Otsu, Japan). OKT3/CD28-activated
PBMCs (0.2 ×106 per ml) were resuspended in complete media supplemented with IL2 (100
U/ml) and added to the non-tissue culture-treated 24-well plates (1 ml per well), which was
then transferred to the 37 °C, 5% CO2 incubator. Every 3 days cells were fed with complete
media supplemented with IL2 (50 U per ml). CAR expression on T cells was measured 72 h
post-transduction by flow cytometry.

Tumor cell transduction
For transduction, Muc1-mOrange or GFP viral supernatant was plated in a non-tissue
culture-treated 24-well plate (1 ml per well), that had been pre-coated with a recombinant
fibronectin fragment. Tumor cells were resuspended at 0.2 ×105 per ml in complete IMDM,
1 ml was added to the supernatant-containing wells, and the plate was transferred to the
37°C, 5% CO2 incubator. Expression of mOrange or GFP was measured 72 h post-
transduction by flow cytometry. Cells were maintained or expanded in complete media
every 3–4 days.

Cell sorting
293T cells transduced to express either Muc1-mOrange or GFP were harvested, counted,
strained through 70 μm-cell strainers and resuspended in phosphate-buffered saline (PBS).
The cells were sorted based on GFP and mOrange expression using a Beckman Coulter
MoFlo (Brea, CA, USA). Sorted cells were cultured in complete IMDM supplemented with
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200 IU/ml penicillin, 200 μg/ml streptomycin and gentamicin (2.5 μg/ml) (Gibco BRL Life
Technologies) for 1 week in a six-well plate, then further expanded in a flask T175 using
complete media which was replenished every 3–4 days.

Immunohistochemistry (IHC)
Tumor cells were resuspended at a density of 1 ×106 in 1 ml of PBS and 200 μl of the
suspension was loaded into appropriate slots in the cytospin. After a 5-min spin at 400 g the
filters were removed from their slides and the slides were examined to ensure that cells were
dispersed homogenously on a flat layer. The slides were then placed in a steamer for 10 min
(high pressure) in Target Retrieval solution (Dako, Carpenteria, CA, USA), washed once
with 1x PBS, then immersed in 3% hydrogen peroxide solution for 5–10 min to quench
endogenous peroxidase and subsequently blocked with avidin/biotin (Vectastain,
Burlingame, CA, USA). The slides were washed with PBS, then incubated in pre-block/
diluent for 15 min, after which they were incubated with mouse anti-human Muc1 antibody
(no. 4538 VU4H5, Cell Signaling Technology, Danvers, MA, USA) diluted 1:50 in PBS/1%
bovine serum albumin for 1 h at room temperature. Cells were washed three times with PBS
and then incubated with a biotin-labeled anti-mouse secondary antibody to detect positive
cells. After washing with PBS an enzymatic conversion was performed using the
chromogenic substrate 3,3 diaminobenzidine. Subsequently we performed a counterstain in
hematoxylin for 30 s, dehydrated the slides in 50, 75, 95 and 100% ethanol and then
mounted with Permount. Cells were scored by evaluating antigen expression (0 =negative, 1
=up to 10% positive cells, 2 =11–50%, 3 =51–80%, 4 =>80%) and intensity (0 =negative, 1
= weakly positive, 2 =moderately positive, 3 =strongly positive).

Proliferation assay
To evaluate whether Flutamide exposure affected the proliferation of CAR-Muc1 T cells,
CAR-T cells were plated at 1 ×105 cells per well in a 96-well U-bottomed plate with serial
dilutions of human IL2 ranging from 10–160 U/ml with or without 10 μM of Flutamide.
After 72 h, the cells were pulsed with 1 μCi methyl-3[H]thymidine (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) and cultured for an additional 15 h. The cells were then
harvested onto filters and dried, and cpm measured in a β-scintillation counter (TriCarb
2500TR; Packard BioScience, Meriden, CT, USA). Each condition was tested in triplicate.

Cytotoxicity
To assess the cytolytic specificity and function of non-transduced (NT) and CAR-Muc1 T
cells we used either a short-term (6 h) Cr51 release assay or a 3-day co-culture assay.

Chromium release assay—The cytotoxicity specificity of effector T-cell populations
was measured in a standard 6 h Cr51 release assay, using E:T ratios ranging from 40:1–5:1.
The targets tested include PC3, DU145, CAPAN1, MCF7, LNCaP and 293T cells. Target
cells incubated in media alone or in 1% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA)
were used to determine spontaneous and maximum Cr51 release, respectively. The mean
percentage of specific lysis of triplicate wells was calculated as follows: ((test counts −
spontaneous counts)/(maximum counts − spontaneous counts)) ×100%.

Co-culture experiments—The cell lines PC3, DU145, LNCaP, 293T-Muc1-mOrange
and 293T-GFP were used as targets. Briefly, PC3 cells or engineered 293T cells were
cultured with either NT or CAR-modified T cells at a 1:10 ratio in the presence of IL2 (50
U/ml) in complete media. For our combination therapy approach LNCaP cells were cultured
with either NT or CAR-modified T cells at a 1:2 ratio in the presence of IL2 (50 U/ml) in
complete media. After 72 h all residual cells were collected, counted, stained with a
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monoclonal antibody to distinguish T cells (CD3) from tumor cells (GFP/mOrange) and
then analyzed by flow cytometry (Gallios; Beckman Coulter).

Immunophenotyping
NT and CAR-modified T cells were surface-stained with monoclonal antibodies to: CD3,
CD4, CD8, CD14, CD56, CD27, CD45RO and CD62L (Becton Dickinson BD, Franklin
Lakes, NJ, USA). Cells were washed once with PBS (Sigma, St Louis, MO, USA)
supplemented with 2% fetal bovine serum, pelleted, and antibodies added in saturating
amounts (10 μl). After 15 min incubation at 4 °C in the dark, cells were washed twice and
analyzed. To detect CAR-transduced cells, T cells were stained with a monoclonal antibody
Fc-specific cyanine-Cy5-conjugated (FcgCy5) antibody (Jackson Immuno Research
Laboratories, West Grove, PA, USA), which recognizes the IgG1-ch2ch3 component of the
CAR. At least 10 000 live cells from each population were analyzed using a Gallios Flow
cytometer and the data analyzed using Kaluza software (Beckman Coulter).

AnnexinV-7-AAD staining
To determine the percentage of apoptotic and necrotic cells in our Flutamide-exposed T-cell
cultures we performed Annexin-7-AAD staining, as per manufacturers’ instructions (BD
Pharmingentm no. 559763, San Diego, CA, USA). Briefly, CAR-Muc1 T cells were
cultured with or without 10 μM of Flutamide for 12, 24 and 48 h, then harvested, washed
with cold PBS, resuspended in 1 × binding buffer at a concentration of 1 × 106 cells ml−1,
and stained with Annexin V-PE and 7-AAD for 15 min at room temperature (25 °C) in the
dark. Subsequently, the cells were analyzed by flow cytometry.

Treatment of T cells and tumor cell lines with Flutamide
LNCaP (5 ×105) cells were plated in complete IMDM and left untreated or were treated with
Flutamide (SIGMA F9397) (10 or 20 μM) for three consecutive days. Subsequently,
residual tumor cells were quantified by flow cytometry using CountBright microbeads
(Invitrogen, Grand Island, NY, USA), according to manufacturers’ instructions. OKT3
blasts from three donors were plated at a cell density of 1 ×106 per well in a 24-well plate
and were left untreated or received Flutamide (10 μM) for three consecutive days. Cell
expansion was assessed by cell counting using trypan blue exclusion.

Treatment of tumor cell lines with a combination of CAR-Muc1 T cells and Flutamide
LNCaP-mOrange (5 ×105) were plated in complete media on day 0 and either (i) left
untreated for 7 days, or (ii) received three consecutive doses of Flutamide (10 μM) on days
1, 2, and 3, or (iii) were treated with CAR-Muc1 T cells on day 4 (2 T cells:1 tumor cell), or
(iv) received combination therapy with Flutamide (days 1–3) followed by CAR-Muc1 T-cell
treatment on day 4. On day 7 of culture all residual cells were collected, counted, stained
with a monoclonal antibody to distinguish T cells (CD3) from tumor cells (mOrange) and
then quantified using microbeads. Cells were acquired using a Gallios Flow cytometer and
the data analyzed using Kaluza software (Beckman Coulter).

Statistical analysis
All data are presented as mean±s.d. Student’s t-test was used to determine the statistical
significance of differences between samples, and P<0.05 was accepted as indicating a
significant difference.
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RESULTS
T cells can be engineered to recognize and kill prostate cancer cells expressing Muc1

Muc1 is a type I glycoprotein, which is aberrantly overexpressed in human prostate cancer.
Expression is associated with more aggressive pathological and clinical features,
highlighting its importance as a potential immunotherapeutic target.11,12,15,17–19 To redirect
the T-cell response against Muc1-positive prostate cancer cells, we generated a CAR
targeting the extracellular portion of Muc1 called the ‘variable number of tandem repeats’.
We synthesized and codon-optimized the Muc1 single-chain variable fragment for
homosapien expression.22 This was subsequently cloned in frame with the ch2ch3 region of
IgG1, the transmembrane domain of CD28, and the ζ-chain of the TCR/ CD3 complex and
incorporated into the SFG retroviral vector backbone26,28 (Figure 1a). T cells obtained from
four normal donors were activated using anti-CD3/CD28, expanded in the presence of IL2
(50 U/ml), and retrovirally transduced on day 3 of culture with CAR-Muc1. Figure 1b shows
a schematic representation of protein expression on the surface of transgenic T cells.
Transduction efficiency was assessed by flow cytometric analysis using an antibody directed
against the extracellular ch2ch3 portion of the CAR. Sixty six percent of T cells (range
49.5–85.2%) expressed CAR-Muc1; CD4 +(helper) and CD8 +(cytotoxic) T cells were
transduced at a similar rate (data not shown). Transduction data from a representative donor
are shown in Figure 1c where 85.2% of T cells transgenically expressed CAR-Muc1 after
transduction. To evaluate the cytolytic function of CAR-Muc1 T cells, we cultured the
prostate cancer cell line, PC3 (Muc1 positive) with control (NT) or CAR-Muc1 transgenic T
cells. Figure 1d shows target-specific lysis of PC3 as well as other Muc1-positive tumor cell
lines, DU145 (prostate cancer), CAPAN1 (pancreatic cancer), and MCF7 cells (breast
cancer), by CAR-Muc1 T cells (55±3, 45±7, 55±8, 39±6% killing, respectively, at an
effector:target (E:T) ratio of 40:1) with minimal activity against Muc1-negative control
293T target cells (2±2%, E:T 40:1) in a 6-h Cr51 release assay. As expected, NT T cells had
minimal cytotoxicity against the same targets (6±3, 6±3, 11±5, 9±6 and 1±2% killing at E:T
40:1, respectively) (n =3). Hence, CAR-Muc1 T cells specifically kill Muc1-positive tumor
cells. However, in this short-term (6 h) in vitro killing assay we did not observe 100% tumor
lysis, likely reflecting the fact that not all tumor cells express Muc1 antigen.

Tumor immune escape due to heterogeneous tumor antigen expression
To investigate the cytolytic activity of these CAR-Muc1 T cells in a longer co-culture assay
we engineered PC3 tumor cells to express GFP and cultured them with either control (NT)
or transgenic T cells (1:10) for 3 days. On day 3, residual GFP-positive tumor cells were
quantified by flow cytometric analysis. Figure 2a shows that while CAR-Muc1 T cells killed
the majority of PC3 cells (87.7±11.8%), decreasing the number of tumor cells from
26.5±1.7E +05 −3.2±3.1E +05, CAR-Muc1 T-cell treatment again failed to eliminate all
tumor cells (n =4). These results were reproduced using a second prostate cancer cell line,
DU145. Figure 2c shows that CAR-Muc1 T cells killed the majority of DU145 cells (72%),
decreasing the number of tumor cells from 25E + 05 −7E +05, again CAR-Muc1 T-cell
treatment failed to eliminate all tumor cells.

To discover the mechanism of tumor cell escape from immune-mediated destruction we
determined the Muc1 antigen expression profile of the GFP-positive tumor cells remaining
after co-culture with CAR-Muc1 T cells. Figures 2b and d show that surviving tumor cells
lacked expression of the target antigen (Muc1), while tumor cells that were treated with
control T cells (that is, without selective pressure) retained Muc1 expression at levels similar
to untreated tumor cells. To confirm this mechanism, we engineered the 293T cell line,
which is endogenously Muc1 negative, to transgenically express the Muc1 antigen and
mOrange as a fluorescent marker. We also generated a control vector encoding GFP (Figure
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3a). 293T cells were transduced with either the control GFP or Muc1-mOrange vector and
then sorted to ensure that subsequent experiments were performed with pure populations of
transgenic target cells. We next mixed GFP-positive and mOrange-positive 293T target cells
at a 1:1 ratio and co-cultured these tumor cells with NT or CAR-Muc1 T cells at a 1:10 ratio.
After 3 days, the total residual tumor cells (GFP and mOrange) were quantified by flow
cytometry and reported as percentage of viable cells relative to the control condition of
tumor cells alone. As shown in Figure 3b tumor cells were sensitive to CAR-Muc1 T-cell
treatment as evidenced by a 51.1±12% reduction in target cells relative to control NT T
cells. We analyzed the composition of these residual tumor cells by sub-fractionating them
into GFP +(Muc1 −) and mOrange +(Muc1 +) cells. Figure 3c shows that in cultures treated
with NT T cells, residual tumor cells represent a 50/50 mix of mOrange (Muc1 +) and GFP
(Muc1 −) cells, while in conditions treated with CAR-Muc1 T cells 95.1±3.1% of cells were
GFP +(Muc1 −) (n =6). Figure 3d shows representative results of fluorescent microscope
images and flow cytometric analysis of the co-culture experiments that illustrate the changes
in the culture composition depending on the effector T-cell treatment and antigen expression
profile of the tumor target cells. In this donor, a single treatment with CAR-Muc1 T cells
eliminated 96.5% of Muc1 +(mOrange) tumor cells (3.5% residual antigen-expressing cells).
After a second treatment with CAR-Muc1 T cells only 0.6% Muc1 antigen-positive cells
remained in the culture. Thus, when antigen heterogeneity is eliminated as a variable, T cells
display an exquisite ability to eliminate tumor cells based on their expression of the target
antigen.

Anti-androgen therapy inhibits prostate cancer cell growth but does not eliminate tumor
To evaluate the effects of anti-androgen therapy on prostate cancer cells, 5 ×105 LNCaP
cells (androgen receptor positive) expressing the fluorescent protein mOrange were cultured
for 7 days in media alone or media supplemented on days 1–3 with 10 or 20 μM of
Flutamide, which blocks androgen binding to its receptor. Flutamide is a competitive
inhibitor of testosterone and its metabolites that inhibits the growth of LNCaP and other
androgen-sensitive prostate cancer cells.29,30 On day 7 of culture tumor cells were
quantified by assessing the frequency of mOrange-positive cells by flow cytometric
analysis. The concentrations of Flutamide used were sufficient to inhibit the effects of
androgens, as illustrated by characteristic changes in cell morphology and the acquisition of
neuroendocrine characteristics in the treated LNCaP cells31 (Figure 4b). As shown in Figure
4a, 10 or 20 μM of Flutamide also significantly reduced the number of tumor cells compared
with control cultures, with a decrease from 20±2.5E +05 tumor cells to 1.2±3.2E +05 and
0.24±0.5E +05 cells, respectively, (P =0.00156 and P =0.00028), corresponding with a
40.3±9.1 and 79.2±2.6% reduction, respectively. As a concentration of 10 μM of Flutamide
corresponds to levels obtained during clinical administration,29,30 all subsequent
experiments were performed using this drug concentration.

Combination therapy with CAR-Muc1 T cells and Flutamide to improve prostate cancer cell
killing

To determine whether immunotherapy could be combined with conventional anti-androgen
therapy to produce anti-tumor responses superior to either component alone, we first
assessed whether T cells were adversely affected by anti-androgen agents. We compared the
proliferative capacity of CAR-T cells alone or CAR-T cells cultured in the presence of 10
μM of Flutamide. As illustrated in Figure 5a, Flutamide exposure did not affect the
proliferative capacity of CAR-T cells exposed to increasing doses (ranging from 10–160 U
ml −1) of the T-cell growth factor IL2. Similarly, cell viability (Figure 5b) and cytokine
production was unaffected (data not shown). Next, we cultured CAR-Muc1 T cells in the
absence or presence of 10 μM Flutamide (added 3 × per week) for 2 weeks and assessed
expansion, phenotype and function of the cells at the end of culture. As shown in Figure 5c
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there was no difference in the rate of expansion of T cells alone vs T cells cultured with 10
μM of Flutamide as assessed by cell counting using trypan blue exclusion (18.4-fold
increase, range 14–22.3 vs 20.4-fold increase, range 16–26.2, respectively). Transgenic T
cells treated with Flutamide retained their ability to kill Muc1-positive prostate cancer cells,
as assessed by 6 h Cr51 release assay showing 43±14% specific lysis, E:T 40:1 vs 34±12%
killing achieved using untreated CAR-Muc1 T cells (Figure 5d). Finally, the phenotype of
the cells was conserved as illustrated by expression of comparable levels of the activation
markers CD27, CD28 and CD25 (72.4±7.3 vs 73.1±9.7%) (28.2±13.6 vs 31.6±17.9%) and
(5.4±3.4 vs 4.5±2.8%, respectively) or memory markers CD45RA, CD45RO and CD62L
(50.6±34.9 vs 46.9±34.9%) (54.9±13.2 vs 59.6±13.8%) and (34.1±21.2 vs 35.1±21.7%,
respectively) (Figure 5e). Thus, anti-androgen therapy with Flutamide does not adversely
affect T-cell number, phenotype or function.

To compare the anti-tumor activity of single vs combination therapies, we next cultured
Muc1-positive LNCaP cells (mLNCaP—mOrange) (a) alone, (b) with Flutamide (10 μM—
added on three consecutive days), (c) with CAR-Muc1 T cells (E:T, 1:2), or (d) with both
Flutamide and CAR-Muc1 T cells (Figure 6a). On day 7, we quantified residual tumor cells
by flow cytometry (Figure 6b). When LNCaP cells were untreated, we saw an expansion
from 5E +05 cells (on day 0)–20.2±2.5E +05 on day 7 (four-fold increase). As expected,
treatment with Flutamide alone or CAR-Muc1 T cells alone reduced cancer cell numbers
(12±3.2E +05 and 3.2±1.9E +05 residual tumor cells on day 7, respectively). Notably, this
effect was enhanced by combining Flutamide and CAR-Muc1 T cells resulting in only
1±0.5E +05 residual viable tumor cells on day 7.

DISCUSSION
We have described the use of CAR-modified T cells to selectively target and effectively kill
prostate cancer cells expressing the tumor-associated antigen, Muc1, which is expressed in
58% of primary and 90% of lymph node metastases and whose expression appears to be
highly related to tumor progression.11,32 We demonstrate that after retroviral transduction
66.2±14.1% of primary T cells stably express the transgene (CAR-Muc1), and this
modification enables T cells to kill Muc1-positive prostate cancer cell lines, for example,
PC3 and Du145—55±3 and 45±7% specific lysis, respectively, at an E:T of 40:1 as
evaluated by a 6 h Cr51 release assay. Furthermore, co-culture of PC3 and D145 with CAR-
Muc1 T cells at a 1:10 ratio resulted in an 87±11% and 72% reduction, respectively, in
tumor cell numbers. However, after T-cell treatment we observed that the residual tumor
population lacked expression of Muc1 antigen, as demonstrated by IHC (Figures 2b and d),
making these tumor cells insensitive to CAR-Muc1 T-cell treatment. We confirmed that
heterogeneous tumor antigen expression could lead to immune escape by engineering 293T
cells to express Muc1 antigen and co-express mOrange. These were then mixed at a 1:1 ratio
with Muc1-negative 293T cells transgenically expressing GFP (Figure 3a), and after
treatment with CAR-Muc1 T cells we observed a 51.1±12% reduction in the total number of
tumor cells (293T Muc1 positive/Muc1 negative), which reflected an almost complete
(96.5% reduction after one T-cell treatment and 99.4% reduction after two T-cell treatments)
elimination of Muc1/mOrange targets while Muc1-negative targets were unaffected. This
suggests that; (i) CAR-Muc1 T cells are highly specific and thus should not produce ‘off
target’ toxicity in vivo, (ii) initial treatment with CAR-Muc1 T cells results in a reduction in
the number of tumor cells, which is directly proportional to the number of target cells
expressing Muc1 antigen, (iii) tumor cells that are resistant to this therapy either express
negligible or no Muc1 antigen and (iv) as a monotherapy against tumors with heterogeneous
antigen expression T cells with specificity for a single antigen will likely be only partially
effective, and may result in the emergence of a new tumor phenotype resistant to the same
line of treatment.
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Although prostate cancer is amenable to immunotherapeutic intervention, until now the
majority of strategies have been restricted to vaccines designed to activate the host cellular
immune response to target tumor-associated antigens such as PSA, prostate-specific
membrane antigen, Prostatic acid phosphatase and prostate stem cell antigen.25,33–37

However, the clinical responses to some of these vaccines in patients with metastatic disease
have not always been successful,38 likely reflecting the fact that vaccines are often
administered to patients with bulky or metastatic disease whose immune systems are
frequently compromised because of disease burden and prior therapy and whose tumors
express or overexpress ‘self antigens’ that are poorly immunogenic and against which
circulating T cells are often anergized or tolerized.39

In contrast, CAR therapy is based on the ex vivo generation of immunity after the genetic
modification of T cells. CARs combine the binding properties of monoclonal antibodies
with the lytic capacity of T cells. Thus, CAR-expressing T cells are able to recognize both
protein and non-protein antigens on tumor cells and kill in an MHC-independent fashion—
an important consideration as many tumors downregulate MHC or fail to process antigen for
presentation. This strategy has already demonstrated clinical efficacy—our group has treated
patients with advanced neuro-blastoma using T cells modified with a CAR targeting the
tumor-associated antigen GD2 and 6 of 8 patients with no evidence of disease at infusion
remain without measurable disease while 6 of 11 with relapsed/resistant disease had tumor
responses/necrosis including 3 who achieved complete remissions that were sustained in
2.6,7 Similar encouraging results have been reported by Porter et al. who infused T cells
engineered with a CAR targeting CD19, which produced complete clinical responses in 2/3
patients with chronic lymphocytic leukemia.40,41

Irrespective of whether a cellular immune response is activated in vivo or ex vivo there is
clear evidence that cancer cells have evolved multiple immune evasion strategies that allow
them to escape immune-mediated elimination.39,42 These include (i) the production of
immunosuppressive cytokines including TGF-β, interleukin (IL)-10, IL-13 and so on, which
inhibit effector T cells, (ii) modulation of MHC and costimulatory molecules to prevent
recognition by antigen-specific T cells with native TCR specificity, (iii) recruitment of
regulatory T cells (Tregs) which inhibit effector T cells by direct cell-to-cell contact or by
the production of soluble factors and (iv) expression of inhibitory cell surface molecules
such as PD-L1 (program death ligand), which interacts with PD-1 expressed on activated T
cells, and induces T-cell exhaustion.43,44 In addition, heterogeneity in genotype, gene
expression, antigen expression profile, provides cancer cells with an evolutionary advantage
from an environmental pressure, and confers them with a random fitness to stress.45,46 To
our knowledge this is the first report of tumor resistance to CAR-T-cell therapy due to
heterogeneity in antigen expression and this phenomenon must be taken into consideration
in the design of future clinical studies.

Combination of CAR-T cells with standard treatments for prostate cancer may produce anti-
tumor effects that are superior to either approach alone. Anti-androgen therapy, which is the
first line standard of care for metastatic prostate cancer, often stunts tumor growth but is not
always curative,47,48 though there is now clear evidence demonstrating that even at castrated
levels of testosterone, cancer cells continue to rely on androgen signaling for growth. Thus,
in coming years new anti-androgens, including abiraterone, TAK-700 and MDV3100, which
have produced encouraging results in clinical trials, may emerge as important
therapeutics.49–52

Mercader et al.53 reported that androgen ablative therapy-induced infiltration of a mixture of
CD4 + and CD8 + T cells into prostate tumors. Similarly, Morse and McNeel54,55 reported
the detection of Th1-polarized, prostate-infiltrating cells with an oligoclonal phenotype in
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patients undergoing neoadjuvant androgen deprivation, while several animal studies have
demonstrated that thymic involution can be reversed after castration56 and shown that
decreased levels of androgens appear to result in an increase in both the frequency and
function of circulating T cells.53–55 This, in addition to reports from Madan et al.
demonstrating that combination therapy using vaccines with androgen receptor antagonists
or anti-androgens may produce clinical benefit,57,58 led us to investigate whether anti-
androgen therapy could be combined with CAR-T cells.

As a proof of concept we tested whether T-cell therapy could be combined with the non-
steroidal anti-androgen drug Flutamide. To first confirm that Flutamide would not have any
direct adverse effects on CAR-modified T cells we measured a variety of parameters
including T-cell proliferation, expansion, viability, phenotype and function (cytokine
production and lytic capacity) and found that after 12 days of exposure to this drug at
therapeutic levels there was no detectable difference in comparison with cells maintained
under normal culture conditions. We subsequently combined the modalities and
demonstrated that combination therapy with experimental (CAR-Muc1 T cells) and
conventional (Flutamide) agents is feasible and results in superior (additive) anti-tumor
effects relative to either therapy alone. Owing to the in vitro nature of the investigations
undertaken we were unable to determine whether combination with other luteinizing
hormone-releasing hormone analogs or antagonists would produce similar anti-tumor effects
but based on the cited literature it appears that irrespective of the mechanism of androgen
deprivation, combination with adoptive T-cell transfer should be feasible and result in
superior anti-tumor effects in vivo.53–55

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
T cells can be engineered to recognize and kill prostate cancer cells expressing Muc1. (a)
Shows the retroviral vector map of the CAR-Muc1 construct. (b) Shows a schematic
representation of the CAR-Muc1 construct on the surface of transgenic T cells. (c) Shows
transduction efficiency of CAR-Muc1 transduced T cells from a representative donor as
evaluated by flow cytometry using an antibody directed against the CH2CH3 region of the
retroviral construct. (d) Shows that CAR-Muc1 T cells kill the Muc1-expressing prostate
cancer cell lines PC3 and DU145, as well as CAPAN1 (pancreatic cancer cell line) and
MCF7 (breast cancer cell line), both of which also express Muc1, with negligible activity
against Muc1-negative 293T cells. Cytotoxic activity was evaluated in a standard 51Cr-
release assay, and results are shown at an E:T ratio of 40:1. Data represent the mean±s.d. of
four donors.
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Figure 2.
Tumor immune escape due to heterogeneous tumor antigen expression. (a) Shows that
CAR-Muc1 T cells (■) kill the Muc1-expressing prostate cancer cell line PC3 while control
NT T cells ( ) have little impact on tumor cell growth. Untreated tumor cells (■) served as
an additional control. Cytotoxic activity was evaluated in a 72-h co-culture experiment (ratio
1 tumor cell:10T cells) and results are shown as total number of residual tumor cells. Data
represent the mean±s.d. of four donors. (b) Shows IHC analysis for Muc1 tumor antigen
expression performed on tumor cells that were untreated (left panel), treated with control NT
T cells (middle panel), or treated with CAR-Muc1 T cells (right panel). (c, d) Show similar
results for a second prostate cancer cell line, DU145.
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Figure 3.
Engineered 293T tumor model to investigate tumor immune escape due to heterogeneous
tumor antigen expression. (a) (Left panel) shows the retroviral vector map of the Muc1-
IRES-mOrange construct as well as the control GFP retroviral vector. 293T cells transduced
to express either the mOrange (Muc1 +) or GFP (Muc1 −) vectors were sorted to 100%
purity and then mixed at a 1:1 ratio, as shown in (a), right panel. (b) (Left panel) shows that
CAR-Muc1 T cells (■) were able to kill ~50% of the 1:1 293T tumor mix (GFP/mOrange)
while control NT T cells ( ) have little impact on tumor cell growth. Cytotoxic activity was
evaluated in a 72-h co-culture experiment (1:10 ratio of tumor:T cells) and the presented
data represent the mean±s.d. of six donors. (b) (Right panel) shows flow cytometric analysis
of residual tumor cells based on expression of GFP (Muc1 −) or mOrange (Muc1 +) (n =6).
(c) Shows immunofluorescence images from one representative donor. (d) Shows flow
cytometric analysis results from one representative donor where tumor cells were
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distinguished based on GFP (x axis) and mOrange (y axis) expression. Treatment with
control NT T cells had no impact on tumor cell numbers, whereas a single treatment with
CAR-Muc1 T cells decreased the mOrange (Muc1 +) population (upper left quadrant) to
3.5%, which was further reduced to 0.6% with a second treatment.

Sanchez et al. Page 17

Prostate Cancer Prostatic Dis. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Anti-androgen inhibits prostate cancer cell growth but does not eliminate tumor. (a) LNCaP
cells (5 ×105) engineered to express the fluorescent protein mOrange were cultured for 7
days in media alone or media supplemented with 10 or 20 μM of Flutamide on days 1, 2 and
3. On day 7 of culture tumor cells were quantified by assessing the frequency of mOrange-
positive cells by flow cytometric analysis. Data represent the mean±s.d. of four donors. (b)
Shows that anti-androgen therapy causes changes in cell morphology and results in the
acquisition of neuroendocrine characteristics in treated LNCaP cells.
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Figure 5.
Anti-androgen exposure does not adversely affect T-cell growth, phenotype or function. (a)
Shows the proliferative capacity of CAR-Muc1 T cells cultured in increasing doses of IL2,
with or without Flutamide. (b) Shows cell viability. (c) Shows that CAR-Muc1 T-cell
expansion over a 2-week period was unaffected by exposure to Flutamide. (d) Illustrates that
untreated or Flutamide-treated CAR-Muc1 T cells killed PC3 cells (■) at similar levels. In
contrast, no significant killing of control 293T cells (□) was observed. Cytotoxic activity
was evaluated in a standard 51Cr-release assay, and results are shown at an E:T ratio of 40:1.
Data represent the mean±s.d. of three donors. (e) Shows the phenotype of control and CAR-
Muc1 T cells cultured in the presence or absence of Flutamide for 2 weeks.
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Figure 6.
Combination therapy to overcome tumor heterogeneity. (a) Shows a schematic
representation of our experimental design to test the efficacy of combination (Flutamide
+CAR-Muc1 T cells) therapy in vitro. (b) To evaluate whether combination therapy would
produce superior anti-tumor effects LNCaP cells were left untreated or treated with
Flutamide alone, CAR-Muc1 T cells alone or the combination (1:2). After co-culture for 72
h (ratio 1 tumor cell:2 T cells) residual tumor cell numbers were evaluated and total residual
cell numbers are reported. Data represent the mean±s.d. of four donors.
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