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ABSTRACT
Advanced prostate cancer remains incurable and is the second leading cause of mortality in men.
Immunotherapy based on the adoptive transfer of tumor-infiltrating lymphocytes (TIL) has demon-
strated promising clinical results in patients with metastatic melanoma and lately also in other solid
tumors. However, the ability to obtain TIL from patients with prostate cancer, considered poorly
immunogenic, remains unknown. In this study, we investigate the feasibility of isolating and expanding
TIL from primary prostate tumors. We collected tumor specimens from eight patients with diagnosed
prostate adenocarcinoma undergoing radical prostatectomy and were able to successfully expand
multiple autologous TIL cultures from all patients. Twenty-eight prostate-TIL cultures were further
expanded using a standard rapid expansion procedure under Good Manufacturing Practice conditions.
TIL cultures were phenotypically characterized for T cell subset composition, differentiation status and
co-inhibitory/stimulatory markers such as PD-1, TIM-3, LAG-3, and CD28 and were found to have in
general similarity to TIL obtained from patients with melanoma and lung carcinoma previously treated
at our center. All analyzed TIL cultures were functional as determined by the capability to produce high
level of IFNγ upon stimuli. Most importantly, co-culture assays of prostate-TIL with autologous tumors
demonstrated anti-tumor reactivity.

In conclusion, these findings demonstrate that functional and anti-tumor reactive TIL can be
obtained, despite the immunosuppressive microenvironment of the cancer, thus this study supports
the development of TIL therapy for prostate cancer patients.
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Introduction

Prostate cancer (PCa) is the second most commonly diagnosed
cancer and the second leading cause of cancer mortality in men.1

Patients with localized PCa are mostly treated with surgery or
radiotherapy. Since prostate cancer is typically hormone-
dependent the main therapy for patients with locally advanced
and metastatic disease is androgen-deprivation therapy.1-3 This
treatment can provide remission for a few years, but subsequently
disease often progresses to castrate-resistant prostate cancer
(CRPC). While various treatment options for CRPC are available
and demonstrated significant improvement in overall survival,
metastatic PCa is associated with poorer prognosis and remains
incurable,4,5 emphasizing the need in developing novel treatment
strategies.

Targeting the immune system to elicit an anti-tumor
response and eradicate tumor cells represents a promising
strategy for the development of anti-cancer treatments.
Sipuleucel-T, an autologous vaccine is the first therapeutic
cancer vaccine and currently the only FDA-approved immune
therapy for PCa.6 Yet, in comparison with other cancer types,

immunotherapy approaches in prostate cancer resulted in
a high degree of failure and still remain a challenge in the
immunotherapy field.4,7,8

Immunotherapy based on adoptive cell therapy (ACT) of TIL
has proven to be highly effective in patients with metastatic mel-
anoma. Others and we could show that TIL therapy yields
response rates of around 40% with durable complete response
rates of 10% to 20% in metastatic melanoma patients.9-14 In addi-
tion, we recently reported the pre-clinical production and evalua-
tion of TIL for adoptive cell therapy in lung cancer patients to
support the implementation of TIL ACT for these patients.15

Ex vivo TIL production requires several steps which start with
the processing of surgically resected tumor tissue and continues
with the expansion of lymphocytes in interleukin (IL) −2 contain-
ing medium for 2 to 4 weeks to establish a TIL culture
(“pre-REP”). In the next step, TIL are massively expanded for 14
days to large numbers using a Rapid Expansion Procedure (REP)
with anti-CD3 antibody, IL-2, and irradiated feeder cells. On day
14 of REP, TIL are washed and prepared for infusion.

The PCa microenvironment, considered to be mostly immu-
nosuppressive, may contribute to the limited success of
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immunotherapy-based trials in PCa patients so far. The high
heterogeneity of the tumor composition adds one more level of
complexity.16,17 In the late stage of the disease, alterations in DNA
damage repair mechanisms further increase genomic instability
andmutational divergence in patients.17 Although prostate cancer
accounts for a cancer with relative low mutation rate (~0.9
mutations/Mb)18,19 several studies have shown that even cancers
with lower mutational load can be targeted by T cells directed
against mutation-derived neo-antigens.20 The high heterogeneity
of PCa and the existence of patient-specific tumor mutations
provide the rational in developing personalized immunotherapies
that target specific tumor neo-antigens of each patient. Design of
personalized treatments, such as neo-antigen vaccines or T cell
therapy, are likely to have a clinical benefit in PCa patients.

Using mainly immunohistochemistry, only a few studies
reported the existence of prostate-infiltrating immune cells in
normal and tumor tissues until today.21-24 These studies proposed
that prostate cancer-derived TIL are nonfunctional and refractory
to stimulation.24-26 However, isolation and expansion of TIL cul-
tures from PCa patients (“prostate-TIL”) and the analysis of func-
tionality and anti-tumor reactivity of the expanded TIL have not
been investigated yet.

In the current study, we isolated and expanded TIL from
patients diagnosed with prostate adenocarcinoma under Good
Manufacturing Practice (GMP) conditions with clinically compli-
ant reagents. TIL were phenotypically characterized and function-
ality was assessed. TIL were further exposed to their counterpart
autologous tumor lines to examine anti-tumor reactivity.

Material and methods

Patients and patient-derived tissues

Eight prostatic cancer patientswith high tumor burden (>15mm3)
undergoing radical prostatectomy were included to the study. The
fresh tissue was cut in the middle and samples were taken from
carcinoma suspected areas according to Wheeler and Lebovitz
with a punch biopsy instrument.27 In seven more patients, fresh
tumor tissue was collected from transrectal ultrasound–guided
prostate (TRUS-Bx) biopsies. The fresh tissue samples were trans-
ferred to a GMP facility for processing.

Generation and expansion of TIL culture

Prostate punches and TRUS-Bx biopsies were cut into multiple
fragments of about 0.5–1 mm3 of size. Each fragment was placed
into one well of a 24-well plate with 2 ml complete medium
(CM) comprised of RPMI 1640 medium (Gibco, Thermo Fisher
Scientific, Waltham, MA) containing 10% heat-inactivated
human serum (Valley Biomedical, Winchester, VA or Gemini
Bio, West Sacramento, CA), 25 mmol/l HEPES pH 7.2 (Gibco),
50 μg/ml gentamycin (Gentamicin IKA, Teva, Israel), 100 U/ml
penicillin and 100 mg/ml streptomycin (Gibco) and supplemen-
ted with 3,000 IU/ml recombinant human IL-2 (Proleukin,
Novartis Pharma, Germany). Prostate-TIL were allowed to
extravasate from the fragments. Half of the media was replaced
every 2 to 3 days. Following the establishment of TIL cultures,
a standard 14-days Rapid Expansion Procedure (REP) was
initiated by stimulating prostate-TIL with 30 ng/ml anti-CD3

antibody MACS GMP CD3 pure (clone OKT-3; Miltenyi
Biotech, Germany), 3,000 IU/ml IL-2, and irradiated peripheral
blood mononuclear cells from non-related donors as feeder cells
(5000 rad, 100:1 ratio between feeder cells and TIL) in 50% CM,
50% AIM-V medium (Invitrogen, Thermo Fisher Scientific,
Waltham, MA) (for details see Besser MJ28; Itzhaki O29). REP
was performed in T25 flasks or 24-well plates.

Isolation and establishment of primary prostate cancer
cultures

Primary prostate cancer cultures were initiated as described
for TIL culture. Whenever adherent monolayer of epithelial-
shaped cells propagated from the fragments, cells were re-
suspended in Keratinocyte-SFM Medium Kit containing
L-glutamine (Cat #17005042, Gibco), and supplemented
with bovine pituitary extract (BPE) 25 μg/ml and human
epithelial growth factor (EGF) 10 ng/ml and transferred to
6-well culture plates coated with collagen I, Rat Tail (Thermo
Scientific #A1142801) or poly-D lysine (Corning #356413).

Flow cytometry

Prostate-TIL cultures were stained using mouse anti-human
antibodies against the following membrane molecules: CD3
(VioBlue; Miltenyi Biotech), CD4 (FITC; BioLegend), CD8 (PE-
Cy7; BioLegend), CD137 (APC; clone: 4B4-1; BioLegend),
CD134 (FITC; clone: Ber-ACT35; BioLegend), PD-1 (FITC;
clone: EH12.2H7; BioLegend), TIM-3 (PE; R&D), CD25 (APC;
eBioscience), CD28 (APC; eBioscience), LAG-3 (Per-CP-
Vio770; Miltenyi Biotech), CD45RA (APC-Vio770; Miltenyi
Biotech) CCR7 (FITC; BioLegend), CCR2 (APC; Biolegend),
CCR4 (PE; Biolegend), CCR5 (alexa488; Biolegend), CCR7
(PerCP, Biolegend), CXCR2 (PE; Biolegend) and CXCR3
(APC; Biolegend). TIL were washed and re-suspended in cell
staining buffer (BioLegend). Cells were incubated for 30 min
with the antibodies on ice, washed in buffer, and measured using
MACSQuant flow cytometer (Miltenyi Biotech). Samples were
analyzed using FlowJo software. (FlowJo LLC, Ashland, OR).

Primary prostate cancer cultures were stained with surface
marker CD90 (clone F15-42-1, FITC, Abcam), HLA-A, B, C (PE-
Cy7; BioLegend), HLA-DP, DQ, DR (PerCP; Biolegend), PDL-1
(PE; Biolegend), CD86 (FITC; Biolegend), CD80 (APC;
Biolegend) and the following intracellular antibodies:
Cytokeratin 5 (clone EP1601Y, Alexa Fluor® 488, Abacm),
Cytokeratin 8 (clone EP1628Y, Alexa Fluor® 647, Abcam),
PSMA (clone GCP-05, PE, Abcam), Androgen Receptor (clone
ER179(2), Alexa Fluor® 594, Abacm), followed by fixation and
permeabilization (eBioscience Intracellular Fixation &
Permeabilization Buffer kit) according to manufacturing instruc-
tions and analyzed using FlowJo software.

Functionality

To determine functionality, 1x10e5 TIL were stimulated with 10
µg/mlMACSGMPCD3 pure antibody overnight and IFNγ levels
were determined by ELISA according to the manufacturer’s
instructions (BioLegend, San Diego, CA). Measurements were
performed in triplicates. To determine intracellular IFNγ levels
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2x10e5 TILwere stimulated with 10 µg/mlMACSGMPCD3 pure
antibody for 2 h and brefeldin A was added for an additional 2
h according to the manufacturer’s instructions. Flow cytometry
was performed by the addition of CD8 antibody (PE-Cy7 con-
jugated; Biolegend) followed by fixation and permeabilization
(eBioscience Intracellular Fixation & Permeabilization Buffer
kit) and addition of IFNγ antibody (APC conjugated; clone 4S.
B3; Invitrogen). Samples were analyzed using FlowJo software.
Measurements were performed in triplicates.

Anti-tumor reactivity

1x10e5 TIL were co-cultured with primary prostate cancer
cultures in 96-well plates for 18 h at different E:T ratio (as
indicated). The anti-tumor reactivity of TIL was determined
by IFNγ ELISA or CD137 and CD134 flow cytometry as
described above. For CD107a expression, monensin (3μM)
and brefeldin A (2μM) were added to each well after 1 h of co-
culture. After 16 h cells were washed with staining buffer, and
then surface stained with anti CD3 and anti-CD8 antibodies
for 30 min. Following, fixation and permeabilization, the cells
were stained with CD107a (FITC; BD) for 30 min, washed
and analyzed using FlowJo software. For MHC I blocking
experiments target cells were pre-treated with 20 μg/ml of
anti-human HLA-A, B, C antibody (clone W6/32;
Biolegend), 1 h before the addition of the TIL.

TCR analysis

T cell clonality was analyzed by detection of TCR-γ gene
rearrangement as described in the BIOMED-2 protocol.30

Briefly, DNA samples were extracted from four pre-REP cul-
tures and their corresponding post-REP cultures. For each
DNA sample, four sets of fluorescent-labeled primers for the
forward V heavy chain (V9/2, Vfl, V11, and V10/2) were used.
The PCR products were analyzed by Genescan analysis.

Statistical analysis

Significance of variation between groups was evaluated using
a non-parametric two-tailed Student’s t test. Test for differ-
ences between proportions was performed using two-sided
Fisher’s exact test with p ≤ 0.05 considered significant.

Results

Establishment of TIL from prostate cancer-derived tissues

Primary prostate tumor specimens were obtained from eight
patients following radical prostatectomy (patients’ character-
istics see Supplementary Table S1). The patients enrolled to
this study were with high tumor burden (>~15 mm3) by
sonography or MRI, as well as with grossly visible tumors.
The average age of the patients was 68 years (range 61–79

Table 1. TIL isolation and expansion from prostate tumor punches.

Patient Punch No. of fragments initiated No. of fragments grown TIL Total no. of TIL per patient

Left (L1) 9 0 1.30E+05
PS-001 Left (L2) 8 0

Right (R1) 6 2
Right (R2) 6 1
Total 4 29 3
Left (L1) 6 5 1.01E+06

PS-002 Left (L2) 6 5
Right (R1) 6 6
Right (R2) 6 6
Total 4 24 22
Left (L) 5 0 1.80E+05

PS-003 Right (R) 6 5
Center (C) 3 0
Anterior (A) 4 3
Total 4 18 8
Left (L) 8 8 4.70E+05

PS-004 Right (R) 8 6
Center (C) 6 2
Total 3 22 16
Left (L) 8 2 1.60E+05

PS-005 Right (R) 8 1
Center (C) 6 1
Anterior (A) 6 0
Total 4 28 4
Left (L) 12 9 2.89E+06

PS-006 Right (R) 8 6
Center (C) 6 4
Anterior (A) 8 8
Total 4 34 27
Left (L1) 4 1 7.19E+06

PS-007 Left (L2) 6 3
Right (R1) 6 5
Right (R2) 5 3
Total 4 21 12
Left (L1) 8 7 2.91E+06

PS-008 Left (L2) 6 5
Right (R1) 6 6
Right (R2) 5 1
Total 4 25 19

Total 31 201 111 (55%)
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years), the average Gleason score 7 and the average serum
PSA level 6.2 ng/ml (range 1.4 ng/ml to 7.6 ng/ml). Six
patients had acinar adenocarcinoma (PS-001 to 004 and PS-
007-008), one patient ductal adenocarcinoma (PS-006) and
one patient had mixed acinar and ductal adenocarcinoma
(PS-005). Samples for TIL processing were obtained from 3
to 4 punches of different areas in the tumor. The size of each
punch was only approximately 0.03 cm3 (Supplementary Fig.
S1A). Each punch was named according to the location it was
taken from (L = left, R = right, C = center, A = anterior).
Sometimes more than one punch was taken from the same
location (e.g. L1, L2) (Table 1). The tissues were evaluated by
a pathologist. Prostatic malignant epithelial cells were clearly
identified by morphology and demonstrated focal lymphocyte
infiltration in the resected tissues (Supplementary Fig. S2).
T and B cells were distinguished by immunohistochemistry
(Supplementary Fig. S3).

TIL establishment and expansion were performed with
clinically compatible reagents under GMP conditions. Each
of the 3 to 4 punch biopsies was cut into three to twelve
0.5–1 mm3 fragments, resulting in a total of 18 to 34
fragments per patient, and placed in complete media con-
taining 3,000 IU/ml IL-2. TIL cultures were initiated in 24-
well plates by transferring one fragment into one well.
Within 2 to 4 weeks TIL outgrowth was observed from
111 of 201 (55%) initiated TIL cultures and from at least
three fragments of each patient, demonstrating the feasibil-
ity to generate TIL from radical prostatectomy biopsies
(Table 1).

Altogether 1.3x10e5 – 7.19x10e6 (average of 1.87x10e6 ±
2.45x10e6) TIL were established per patient within 2 to 4
weeks from three to four 0.03 cm3 small punches. In com-
parison, the average volume of melanoma specimens we
typically received for clinical TIL production is about 250-
times bigger (average volume 24 ± 50 cm3). A prostate
biopsy of such a size could theoretically yield 3.8x10e8 ±
4.87x10e8 TIL, demonstrating the potential of prostate
tumor-derived tissue as a source for TIL establishment.

The phenotype of eleven pre-REP TIL cultures derived
from patients PS-007 and 008 were analyzed by flow cyto-
metry. Pre-REP TIL analysis showed that the majority of
the cells were CD3 + T cells (88 ± 5%, range 79%-96%)
while only 4 ± 3% were CD56+ CD3-NK cells. The results
of a detailed phenotype analysis, including CD4, CD8, PD-
1, LAG-3, TIM-3, CD25, CD28 subsets, and differentiation
status are shown in Table 2.

In order to estimate the proliferative capacity of pros-
tate-TIL, small-scale rapid expansion procedures (REP)
were initiated with irradiated PBMC feeders, soluble anti-
CD3 antibody and IL-2 Briefly, 28 TIL cultures obtained
from single fragments or a pool of fragments (2 to 6
fragments from the same punch) were expanded for 14 to
15 days. Morphology of the prostate-derived TIL cultures
(Supplementary Fig. S1B) was similar to the ones observed
in TIL derived from melanoma biopsies (melanoma-TIL,
n = 103, partly published in Besser MJ, et al.10) and Non-
Small Cell Lung Carcinoma biopsies (NSCLC-TIL, n =
15),15 which were obtained from patients previously treated
in our center. Growth curves of 28 TIL cultures, derived Ta
bl
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from the eight patients, are shown in Figure 1a. TIL
obtained from different areas of the same tumor demon-
strated diverse fold expansion indicating the heterogeneity
of the TIL (Table 3). An average fold expansion of 475 ±
376 (range 35–1588) was achieved, which is lower com-
pared with melanoma-TIL (1081 ± 493 fold, n = 103, p <
.001) and NSCLC-TIL (1121 ± 349, n = 15, p < .001), but
high enough to comply with ongoing clinical ACT trials,
which demand a minimum cell number of 5x10e9 TIL (see
NCT00287131, NCT02278887), which can be reached with
an average of only 11x10e6 TIL at REP initiation.

Despite the fact that sufficient cell numbers for therapy can
be reached, we evaluated the possibility to perform a second
round of REP (REP-2). Six TIL cultures were rapidly
expanded an additional time and underwent a further expan-
sion of 100-fold ± 68 (Supplementary Table S2).

Prostate-TIL clonality was evaluated by comparing the TCR-γ
rearrangement before and after REP. In general, the TCR analysis
demonstrated that all the types of clonal expansion (poly, oligo,
andmono-clonal) could be detected on pre-REPTIL, as well as on
post-REP TIL. The specific changes for four pre and post-REP
cultures are shown in Supplementary Fig. S4 and summarized in

Supplementary Table S3. We could not detect a preferential type
of clonal expansion during REP.

Phenotypic analysis of prostate-TIL revealed general
similarities in the characteristics compared with
melanoma-TIL and NSCLC-TIL

Twenty-eight post-REP TIL derived from eight patients cultures
were analyzed for CD3, CD4, and CD8 expression. The average
frequency was 95 ± 5% CD3 T cells, including 43 ± 26% (range
4–85%) CD8 T cells and 57 ± 26% (range 15–96%) CD4 T cells
(Figure 1b). The ratio of CD8:CD4 T cells for each patient is
shown in Figure 1c. The CD8 frequency in post-REP prostate-
TIL was similar to melanoma-TIL (59 ± 25%; n = 103; p = .092)
and NSCLC-TIL (44 ± 30%; n = 15; p = .97) (Table 4).

All 28 post-REP prostate-TIL were further characterized for
expression of inhibitory molecules (PD-1, LAG-3, TIM-3), co-
stimulatory molecules (CD25, CD28) and differentiation mar-
kers (CD45RA, CCR7). Representative flow cytometric plots are
shown in Supplementary Fig. S5 and the data is summarized in
Table 5. The average percentage of PD1 on CD3 T cells was
47 ± 17% with a distribution of 17 ± 15% on CD8 and 30 ± 17%

Figure 1. Expansion and phenotype analysis of TIL cultures from radical prostatectomy specimens. (A) Fold expansion during rapid expansion procedure (REP) of one
or multiple TIL cultures obtained from patients PS-001-008. Frequency of CD3, CD4, and CD8 in 28 post-REP TIL cultures derived from PS-001-008 (B), and for each
patient (C).
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on CD4 T cells. The percentage of PD-1 positive prostate-TIL
was similar to melanoma-TIL (42 ± 25%, n = 103, p = .597) and
NSCLC-TIL (57 ± 25%, n = 15; p = .393) (Table 4). Noteworthy,
74 ± 18% (range 26–98%) of prostate-TIL expressed the co-
stimulatory molecule CD28, which is comparable with mela-
noma-TIL (58 ± 25%, n = 103, p = .077), but significantly higher
than the level detected on NSCLC-TIL (37 ± 19%, n = 15,
p = .005). CD28+ expression was found on CD8 (26 ± 25%,
range 2%-82%), as well as on CD4 (48 ± 25%, range 11–96%)
prostate-TIL (Table 5). In addition, 38 ± 25% (range 21–87%) of
the cells expressed the activation marker CD25, which was
mainly expressed on CD8 T cells (26 ± 28%). The differentiation
status of TIL cultures was defined based on the expression of
CD45RA in combination with CCR7. The majority of the T cells
(80 ± 9%) were effector memory T cells (TEM,
CD45RA-CCR7-), while 10 ± 4% were terminal effector memory
(TEMRA, CD45RA+CCR7-) and 9 ± 7% central memory T cells
(TCM, CD45RA-CCR7+). In comparison, melanoma-TIL differ-
entiated almost exclusively to TEM following REP (97 ± 3%,
n = 56; p < .0001) (Table 4).

In-vitro establishment of primary prostate cancer cultures

The establishment of primary prostate cancer (PCa) cultures
is considered technically challenging. Most of the existing
prostate cancer lines were obtained from prostate tumor
metastases, while only a few reports have shown the success
of growing cultures from primary prostate cancer.31-33

From patient PS-002 onwards, we tried to establish primary
prostate cancer cultures. Of 172 initiated fragments, we observed
an adherent monolayer of outgrowing cells with typical mor-
phological characteristics of epithelial cells in 85 fragments
(49%) (Supplementary Fig. S6). Interestingly, 55 of 85 (64%)
epithelial cell containing cultures gave also rise to TIL
(Supplementary Table S4). Primary prostate cancer cultures
were grown with keratinocyte serum-free medium (KSFM) sup-
plemented with epidermal growth factor (EGF) and bovine
pituitary extract (BPE) combined with poly-D-lysine or collagen
type I coated plates. Prostate cancer cultures were established
from seven of seven patients (PS-002-008). The tumor cells grew
for 3 to 4 passages. Phenotype characterization of the cells
showed the absence of the fibroblasts marker CD90 and high
expression of the epithelial markers cytokeratin 5 (CK5, basal
marker, 81%) and cytokeratin 8 (CK8, luminal marker, 91%). In
most PCa cultures, CK5 and CK8 were co-expressed (above
80%) indicating an intermediate phenotype.30 Prostatic origin
was verified by the expression of prostate-specific membrane
antigen (PSMA) and androgen receptor (AR). Representative
flow cytometric plots are illustrated in Figure 2a and data sum-
marized for all patients in Figure 2b–d. Due to the presence of
tumor cells in the resected tissues (Supplementary Fig. S2), one
can assume that the obtained cultures are carcinoma cells. High
CK5 and CK8 expressions were described as markers of malig-
nant cells28,34,35 although no specific markers exists, which defi-
nitively distinguish between tumor cells and non-tumor prostate
epithelium.

Three PCa cultures derived from patients PS-002 and 008
were further analyzed for expression of human leukocyte antigen
(HLA) class 1 and class 2, the co-stimulatory ligands CD80 and
CD86 and the co-inhibitor ligand PD-L1 (Figure 2e–g). HLA-A,
B, C was highly expressed on all cultures, while HLA-DP, DQ,
DR expression was lower, but comparable to HLA-DP, DQ, DR
expression on melanoma cultures (n = 4, p = .075) (Figure 2f).

Prostate-derived-TIL are functional and anti-tumor
reactive

Functionality of post-REP TIL was evaluated by stimulating
TIL with an anti-CD3 antibody followed by IFNγ ELISA.
Twelve cell cultures, derived from six patients, were analyzed
and the average secretion of IFNγ was 45,571 ± 22,896 pg/ml
(range 13,703–86,372 pg/ml) (Figure 3a), demonstrating that
all analyzed TIL cultures were functional and could secret
very high levels of IFNγ. For comparison, we measured a
NSCLC-TIL culture, which secreted 28,273 pg/ml.
Intracellular FACS analysis of IFNγ following anti-CD3 sti-
mulation showed that a high fraction of the T cells had the
ability to secrete IFNγ (57% ± 18, range 29%-76) including
CD8 (30 ± 17%, range 8%-64%) and CD4 (27 ± 16%, range
6%-57%) (Figure 3b,c). After confirming TIL functionality,

Table 3. Rapid expansion of prostate-TIL cultures. Twenty-eight TIL cultures from
eight patients underwent small-scale rapid expansion procedure (REP). Cell
numbers at initiation (REP day 0) and at completion (REP day 14/15) are shown.

TIL
culture
No. Patient Punch/Frag.

REP day 0
no. of cells

REP day
14/15 no.
of cells

Fold
expansion

1 PS-001 R2/F6 3.0E+04 1.32E+07 440
2 PS-002 L/F2,5 1.6E+04 2.54E+07 1588
3 L/F3,4 7.0E+04 2.59E+07 370
4 PS-003 R/F1-5 1.0E+05 2.47E+07 247
5 A/F1,3,4 8.0E+04 8.00E+06 100
6 PS-004 L/F1-3 1.0E+05 9.10E+07 910
7 L/F7-8 5.0E+04 2.89E+07 578
8 R/F1-3 1.0E+05 2.10E+07 210
9 R/F4 3.0E+04 7.70E+06 257
10 R/F7-8 5.0E+04 2.28E+07 456
11 C/F2 3.0E+04 8.40E+06 280
12 C/F5 3.0E+04 1.98E+07 660
13 PS-005 R/F3 3.00E+04 3.43E+06 114
14 PS-006 L/F7,10,12 4.0E+05 3.61E+07 90
15 R/F5,7 6.0E+04 1.45E+07 242
16 C/F6 1.6E+05 9.30E+06 58
17 A/F5-8 1.5E+06 5.30E+07 35
18 PS-007 R1/F2 5.0E+04 2.0E+07 395
19 R1/F5 5.0E+04 4.1E+07 810
20 R1/F3+4 7.5E+04 4.2E+07 560
21 L2/F3 7.5E+04 4.0E+07 537
22 L2/F4 1.0E+05 2.6E+07 261
23 L2/F2 5.0E+04 2.1E+07 411
24 PS-008 L1/F3-4 1.2E+05 6.0E+07 513
25 L1/F1-2, 5-6, 7-8 5.0E+04 2.5E+07 502
26 L2/F6 2.5E+04 3.4E+07 1344
27 R1/F2 1.8E+05 5.1E+07 286
28 R1/F1+5 5.0E+04 5.2E+07 1038
Average 2.9E+07 475
SD 1.9E+07 376

Table 4. Phenotype analysis of post-REP TIL derived from prostate carcinoma,
melanoma (Mel) and lung carcinoma. ND, not determined.

Prostate TIL
n = 28

Mel TIL
n = 103

Lung TIL
n = 15

CD3+CD8+ 43 ± 26% 59 ± 25% 44 + 30%
CD3+CD4+ 57 ± 26% 41 ± 25% 56 ± 30%
PD1+CD3+ 47 ± 17% 42 ± 25% 57 ± 25%
CD28+CD3+ 74 ± 18% 58 ± 25% 37 ± 19%
CD45RA-CCR7–(TEM) 80 ± 9% 97 ± 3 ND
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TIL anti-tumor-activity was assessed. The ability to grow TIL,
as well as autologous primary prostate cancer cultures from
seven patients (PS 002 to 008), enabled us to test TIL for
specific tumor recognition. In three patients (PS-003, PS-004,
and PS-008) we were able to grow two autologous primary
prostate cancer cultures and TIL were tested against both
targets. TIL and tumor target cells were co-cultured for 18
h in 96-well plates, supernatants collected and IFNγ levels
determined by ELISA. Most clinical ACT protocols demand
a minimum secretion of 200 pg/ml IFNγ and at least twice as
much as background (TIL only or co-culture of TIL with
HLA-mismatched primary PCa cultures of a different
patient).36 TIL derived from five of the seven patients (PS-
002, 003, 004, 006 and PS-008) demonstrated specific IFNγ
secretion when co-cultured with autologous tumor compared
with TIL only (Table 6, Figure 4a). We could observe that
different TIL cultures of the same patient had different anti-
tumor reactivity, e.g. one TIL culture of patients PS-002, PS-

003 and PS-008 met the IFNγ criteria and the other one did
not (Table 6). IFNγ secretion of TIL PS-008a was evaluated
pre and post REP (Figure 4b). Although TIL PS-008a secreted
more IFNγ pre-REP (791 pg/ml) compared with post-REP
(281 pg/ml), also the background (“TIL only”) was higher
pre REP (442 pg/ml) compared with post-REP (131 pg/ml).
Adding MHC-class I blocking antibody to the co-culture of
post-REP TIL PS-008a reduced the IFNγ secretion to back-
ground level (136 pg/ml) (Figure 4b).

Noteworthy, in five out of seven (71%) patients we could
generate at least one TIL culture that demonstrated specific anti-
tumor reactivity after expansion, making these patients theore-
tically eligible for TIL ACT (Table 6).

Anti-tumor reactivity was further confirmed by induced
expression of the co-stimulatory receptors CD137 (4-1BB) and
CD134 (OX40), as well as CD107a, known to be upregulated upon
specific T cell activation (Figure 4c). 4-1BB and OX40 expression
were upregulated following co-culture compared with “TIL only”

Table 5. Phenotypic analysis of post-REP prostate-TIL. Phenotype analysis of 28 post-REP TIL cultures derived from eight prostate cancer patients. Cells were
gated on viable, singlet CD3 T cells. TN (naïve), CD3+CD45RA+CCR7+; TCM (central memory), CD3+CD45RA−CCR7+; TEM (effector memory), CD3+CD45RA−CCR7−;
TEMRA (effector), CD3+CD45RA+CCR7−.

TIL
# Patient

CD8+
CD3+

CD4+
CD3+

CD3+
PD1+

PD1+
CD8+

PD1+
CD4+

LAG-3+
CD3+

TIM-3+
CD3+

CD25+
CD3+

CD28+
CD3+

CD28+
CD8+

CD28+
CD4+ TN TCM TEMRA TEM

1 PS-001 74.8 25.2 24.7 18.9 5.8 32.8 58.9 78.7 90.2 65.6 24.6 0.8 2.6 11.1 85.6
2 PS-002 a 50.0 50.0 23.6 11.9 11.7 27.8 75.0 53.5 87.0 42.1 44.9 3.5 14.8 5.3 76.4
3 PS-002 b 84.7 15.3 21.4 18.2 3.2 31.8 84.3 86.6 92.6 81.7 10.9 0.5 3.4 20.3 75.7

PS-002
Avg.

67.4 32.7 22.5 15.1 7.4 29.8 79.7 70.1 89.8 61.9 27.9 2.0 9.1 12.8 76.1

4 PS-003 a 83.1 16.9 74.2 61.1 13.1 31.4 27.8 78.0 26.3 15.5 10.8 0.4 7.1 1.2 91.3
5 PS-003 b 64.9 35.1 70.4 38.2 32.2 14.6 19.7 12.7 64.1 41.0 22.4 6.1 37.0 5.9 51.0

PS-003
Avg.

74.0 26.0 72.3 49.7 22.7 23.0 23.8 45.3 45.2 28.3 16.6 3.2 22.1 3.5 71.2

6 PS-004 a 38.8 61.2 66.7 26.8 39.9 17.6 19.0 42.8 62.4 13.4 49.0 0.9 7.5 11.0 80.6
7 PS-004 b 18.0 82.0 74.9 14.8 60.1 7.8 22.1 21.0 65.8 4.4 61.4 0.5 5.1 3.4 91.0
8 PS-004 c 59.2 40.8 47.7 23.8 23.9 22.6 35.1 3.8 48.6 24.0 24.6 6.8 21.8 23.8 47.6
9 PS-004 d 53.3 46.7 52.5 23.4 29.1 18.1 11.3 9.2 81.9 39.2 42.7 2.2 20.1 16.9 60.9
10 PS-004 e 22.6 77.4 30.0 12.4 17.6 10.2 6.4 3.9 43.4 3.3 40.1 1.3 10.1 29.3 59.2
11 PS-005 f 26.0 74.0 63.5 15.6 47.9 24.0 33.2 20.9 72.3 7.9 64.4 0.3 9.9 4.9 84.8
12 PS-004 g 13.1 86.9 41.7 5.4 36.3 15.1 9.9 12.6 56.5 4.8 51.7 0.6 5.7 9.6 84.2

PS-004
Avg.

33.0 67.0 53.9 17.5 36.4 16.5 19.6 16.3 61.6 13.9 47.7 1.8 11.4 14.1 72.6

13 PS-005 22.9 77.1 51.0 4.6 46.4 14.8 8.5 15.2 59.0 2.6 56.4 1.3 13.2 11.6 73.9
14 PS-006 a 56.7 43.3 58.5 35.6 22.9 10.6 25.0 59.6 71.2 35.2 36.0 2.9 5.5 26.0 65.6
15 PS-006 b 38.8 61.2 17.4 5.4 12.0 14.9 15.9 14.3 81.9 25.0 56.9 5.8 17.0 15.9 61.3
16 PS-006 c 16.9 83.1 54.6 2.6 52.0 41.3 47.5 19.6 67.7 8.8 58.9 1.5 5.3 5.1 88.2
17 PS-006 d 33.9 66.1 44.7 5.4 39.3 19.9 23.1 13.1 53.2 9.1 44.1 1.9 13.4 4.1 80.6

PS-006
Avg.

36.6 63.4 43.8 12.2 31.6 21.7 27.9 26.6 68.5 19.5 49.0 3.0 10.3 12.8 73.9

18 PS-007 a 9.8 90.3 35.9 2.1 33.8 10.4 82.9 42.7 96.1 7.0 89.1 0.4 0.4 1.1 98.2
19 PS-007 b 10.5 89.5 19.0 1.5 17.5 6.0 69.9 30.1 95.4 7.4 88.0 0.1 0.2 3.1 96.6
20 PS-007 c 20.4 79.6 48.1 6.2 41.9 8.5 82.1 39.4 89.9 12.4 77.5 0.1 0.3 3.2 96.4
21 PS-007 d 9.6 90.4 41.8 3.0 38.8 23.2 85.8 58.9 92.3 5.6 86.7 0.5 0.5 0.6 98.3
22 PS-007 e 3.7 96.3 88.7 2.1 86.6 23.8 82.0 45.1 98.5 2.4 96.1 0.3 2.2 7.1 90.4
23 PS-007 f 13.9 86.1 40.1 5.4 34.7 2.9 31.7 10.1 92.3 9.3 83.0 0.1 0.5 6.2 93.2

PS-007
Avg.

11.3 88.7 45.6 3.4 42.2 12.5 72.4 37.7 94.1 7.4 86.7 0.2 0.7 3.6 95.5

24 PS-008 a 8.4 91.6 94.4 6.2 88.2 9.4 33.5 12.6 94.7 3.6 91.1 0.1 0.4 1.7 97.9
25 PS-008 b 20.0 80.0 48.8 11.6 37.2 3.1 25.2 11.2 90.8 11.5 79.3 0.1 0.3 4.3 95.3
26 PS-008 c 20.0 80.0 34.4 7.7 26.7 5.3 40.1 12.5 88.5 10.8 77.7 0.0 0.3 9.3 90.4
27 PS-008 d 32.9 67.1 63.6 19.4 44.2 8.3 33.4 19.7 77.2 14.1 63.1 0.1 0.9 14.2 84.8
28 PS-008 e 40.0 60.0 61.1 13.6 47.5 10.8 31.6 17.1 72.2 10.1 59.4 0.1 0.2 26.2 73.5

PS-008
Avg.

24.3 75.7 60.5 11.7 48.8 7.4 32.8 14.6 84.7 10.0 74.1 0.1 0.4 11.1 88.4

Patients'
Avg.

43.8 56.2 46.8 16.6 30.2 19.8 40.4 38.1 73.6 26.1 47.4 1.6 8.7 10.1 79.6

SD 26.6 26.6 16.9 14.5 16.7 8.7 26.3 25.1 18.0 24.5 24.5 1.2 7.4 4.2 9.0
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Figure 2. Characterization of primary prostate cancer cultures (PCa). (A) Representative FACS graphs (PS-006) of epithelial markers cytokeratin 5 (CK5) and 8 (CK8),
prostate-specific membrane antigen (PSMA), androgen receptor (AR) and the fibroblast surface marker CD90. Fibroblast cells and unstained sample of PS-006 served
as controls. (B–D): Average expression of CK5, CK8, and CD90 (B), PSMA (C) and AR (D) in six patients (PS-002-006 and PS-008). (E) Representative FACS histogram
plots (PS-008) of HLA-ABC, HLA-DP, DQ, DR, PD-L1, CD80 and CD86. Unstained samples served as control. (F,G): Average expression of HLA class 1 and class 2 (F) and
PD-L1, CD80 and CD86 (G) in PCa cultures (n = 3) and melanoma cultures (n = 4).
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onCD8 (41BB, 9 ± 6% vs 3 ± 2%;OX40, 9 ± 6% vs 4 ± 3%, n = 7) as
well as onCD4T cells (4-1BB, 12± 13% vs 5± 6%;OX40, 28 ± 11%
vs 14 ± 10%; n = 7) (Figure 4d).

Chemokine profiling of prostate-TIL

In order to mediate an effective immune response trafficking
of TIL to the tumor site is of high importance. Therefore, we

Figure 3. Prostate TIL functionality. (A) 12 TIL cultures from six PCa patients were stimulated overnight with the anti-CD3 antibody OKT-3 (10 µg/ml) and IFNγ
secretion (pg/ml) was measured by ELISA and compared to non-stimulated TIL. (B–C) Frequency of IFNγ producing prostate-TIL reactivity measured by intracellular
IFNγ flow cytometry after OKT-3 stimulation. (B) Representative FACS plots (PS-002 and PS-006), (C) Frequency of IFNγ producing cells within CD3, CD8 and CD4
T cells subsets (n = 11).

Table 6. IFN-γ secretion (pg/ml) after co-culture of TIL with autologous PCa tumors. Individual TIL cultures from the same patients are named “a” or “b” and
different PCa from the same patient target 1 or 2. Values in bold indicate specific anti-tumor reactivity, defined as IFNγ secretion of at least 200 pg/ml and at least
twice the value of TIL only. Co-cultures were performed at an E:T ratio of 4:1 (PS-002, 006, 008) or 10:1 (PS-003, 004, 005, 007) 10:1. N/A, not available

TIL TIL only TIL + target 1 TIL + target 2 At least one reactive TIL

PS-002 a 69 479 N/A Yes
PS-002 b <16 <16 N/A
PS-003 a 267 1677 4547 Yes
PS-003 b 356 324 N/A
PS-004 a 184 585 743 Yes
PS-004 b 98 587 232
PS-005 <16 <16 N/A No
PS-006 361 651 772 Yes
PS-007 a <16 <16 N/A No
PS-007 b <16 <16 N/A
PS-008 a 131 615 281 Yes
PS-008 b 96 156 28
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analyzed the expression of six chemokine receptors (CCR2,
CCR4, CCR5, CCR7, CXCR2, CXCR3) on 15 post-REP TIL
cultures derived from all eight patients. Figure 5b demon-
strates high expression of CCR2 and CXCR3, moderate
expression of CCR4 and CCR5 and low expression of CCR7
and CXCR2. The chemokine receptors were expressed on
CD8 as well as on CD4 cells (Figure 5c). We further compared
the chemokine receptor profile of two post-REP TIL to their
pre-REP TIL cultures and found a similar distribution of the
receptors, with the exception of CCR5 which was low on pre-
REP TIL (Figure 5d).

TIL isolated from TRUS-Bx

Next, we tested whether TIL could even be isolated from trans-
rectal ultrasound–guided prostate biopsies (TRUS-Bx). The
TRUS-biopsies were approximately 1.3 mm in diameter and
12 mm in length, even smaller than the punch biopsies. Two
TRUS-biopsies each were obtained from seven patients (Pbx-
001-007). The two biopsies were cut into 4–12 small fragments,
0.5–1 mm,3 and plated, as described before, with complete media
and IL-2 in 24-well plates. Despite the extremely small tissue size,
TIL outgrowth was observed in two of the seven patients (Pbx-001
and Pbx-006). Pbx-001 reached a total cell number of 2.6x10e6
on day 40 and Pbx-006 a total cell number of 8x10e4 on day 27.

Cells were collected, further expanded in a small-scale rapid
expansion procedure and achieved a fold expansion of 523-fold
and 760-fold, respectively (Supplementary Fig. S7A and S7B).
The average frequency of CD3 T cells was 95 ± 2%, including 52 ±
11% CD8 T cells and 48 ± 11% CD4 T cells. The average percen-
tage of PD1 on CD3 T cells was 38 ± 5% and for CD28 70 ± 30%.
FACS analysis performed on post-REP TRUS-biopsies
derived-TIL showed similar results compared with punch-
biopsy derived-TIL (Supplementary Fig. S7C-E). Also, TRUS-
biopsies derived-TIL demonstrated functionality, assessed by
OKT-3 stimulation followed by measurement of IFNγ secretion
by ELISA (Supplementary Fig. S7F).

Discussion

Advanced PCa patients have a poor prognosis and lack curable
treatment options, underlining the need to design novel ther-
apeutic strategies. The main objective of the current study was to
examine the feasibility of generating TIL cultures from patients
with prostate cancer and assess their functionality and anti-
tumor reactivity. In the last years, several studies demonstrated
the successful establishment of TIL cultures frommultiple tumor
types including melanoma, lung, breast, pancreatic, renal and
bladder cancer,9,15,36-41 but not prostate cancer, maybe because it

Figure 4. Anti-tumor reactivity of post-REP prostate TIL. Anti-tumor reactivity measured after co-culture with PCa cultures as target. (A) Two TIL cultures of patient
PS-004 were co-cultured with two different autologous PCa cultures (Target 1 and 2), HLA-mismatched PCa cultures from PS-006 (“HLA-mismatched target”) or
without exposure to tumor cells (TIL only). IFNγ secretion (pg/ml) was measured by ELISA. Error bars represent the standard deviation of triplicate repetitions. (B) IFNγ
secretion (pg/ml) after co-culture of pre-REP and post-REP TIL of PS-008 with autologous PCa with or without the addition of anti-MHC class 1 blocking antibody. (C)
Representative FACS analysis of 4-1BB, OX-40 and CD107a for TIL only and after co-culture with autologous PCa target cells. (D) Average expression of 4-1BB and
OX40 on CD8 or CD4 after co-culture (n = 7).
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is often considered to be a cold tumor, with only little T cell
infiltration.7,8,34 In addition, previous works described the pros-
tate microenvironment as immunosuppressive, infiltrated by
suppressor cells, such as regulatory T cells and myeloid-derived
suppressor cells.16,17 Also, stromal cells may contribute to T cells
dysfunction, as evidenced in a pancreatic cancer model.42

Only a few studies have reported the presence of TIL in the
prostate gland.16,21-24 However, to the best of our knowledge,
TIL were never isolated and expanded under conditions sui-
table for adoptive cell therapy.

To test if TIL can be established from prostate specimens
under GMP conditions, we obtained tumor tissue samples
from prostatic cancer patients with high tumor burden.
Since this study describes the pre-clinical development of
TIL ACT, only PCa patients undergoing resection for clinical
indications could be included in this study. Primary tumor
tissues were therefore obtained by punch biopsies following
radical prostatectomy or transrectal ultrasound–guided pros-
tate biopsies.

Despite the extremely small biopsy size of only 0.03 cm3

per punch, we were able to isolate TIL from 55% (111 of 201)
initiated tumor fragments. 1.3x10e5 – 7.2x10e6 TIL were
obtained from each patient.

To be of clinical relevance, larger amount of startingmaterial is
an indispensable parameter. In comparison, the average biopsy
size obtained from 105 metastatic melanoma patients, previously
treated with TIL ACT at our center, was 24 cm.3 Despite this
constraint, we were able to isolate TIL for all eight PCa patients,
showing the potential of this tumor type to be a candidate for TIL
therapy with the appropriate amount of tissue.

TIL from all patients were successfully expanded in
a 2-weeks rapid expansion procedure with an average fold
expansion of 475, demonstrating the proliferative potential of
prostate-TIL. Expanded TIL were functional, demonstrated by
their high release of IFNγ upon nonspecific (OKT-3) stimula-
tion. The average frequency of expanded TIL cultures showed
a ratio of 43% CD8 to 57% CD4 T cells. Prostate-TIL revealed
in general a similar phenotype in comparison with mela-
noma-TIL and NSCLC-TIL, regarding CD8:CD4 ratio and
the expression of PD-1. CD28 expression was also similar to
melanoma-TIL, but significantly higher than levels measured
in NSCLC-TIL. Prostate-TIL were mostly (80%) effector
memory T cells (TEM), while melanoma-TIL revealed an
almost exclusive TEM phenotype (97%).

Following the establishment of low passage prostate cell
lines, the anti-tumor reactivity of TIL was examined. TIL
from five out of seven patients demonstrated anti-tumor
reactivity against autologous tumors, measured by IFNγ
secretion and upregulation of the co-stimulatory molecules
CD137 and CD134. These results demonstrate the existence
of anti-tumor reactive TIL recognizing autologous prostate
tumor cells. Importantly, TIL maintained their reactivity
after ex vivo expansion, which is a critical parameter for
a potential ACT treatment.

In order to achieve a successful anti-tumor immune response
migration and infiltration of T cells following adoptive transfer to
the tumor tissue is a critical step. The interaction between che-
mokine receptors on T cells and tumor-secreted chemokines has
been shown to influence trafficking of T cells into the tumor
microenvironment.43,44 Our analysis showed that several

Figure 5. Chemokine profiling of prostate-TIL. (A) Representative dot plots of PS-008. Average expression of chemokine receptors on CD3 positive post-REP TIL (B)
and CD4 or CD8 T cells (n = 15) (C). Comparison of two post-REP and pre-REP TIL of PS-007 (D).
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chemokine receptors were abundantly expressed on post-REPTIL
including CCR5 and CXCR3, recently reported to correlate with
better outcome of ACT therapy.45

The ability to grow TIL along with autologous tumor cul-
tures provides a platform to investigate the existence of TIL
against tumor-specific mutation, as a potential strategy for the
future development of a personalized based vaccine or ACT
with T cells targeting mutation-derived neo-antigens. In addi-
tion, this platform may be useful to identify T cells with reac-
tivity against prostate cancer-associated antigens, such as PSA.

In conclusion: Previous studies described the presence of
nonfunctional TIL in PCa patients and the inability to stimu-
late them.6,24,26 However, our data demonstrates that isolated
prostate-TIL can be expanded and re-activated. These TIL
were functional and anti-tumor specific. This data provides
the rational to develop TIL ACT for prostate cancer patients.
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