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Abstract

We sought to determine if single-dose external beam radiation therapy (EBRT) could modulate the expression
signature of T-cell costimulatory and coinhibitory molecules in human prostate cancer (PCa) cell lines in vitro. We
investigated the functional impact of irradiated PCa cells with a modulated costimulatory profile on responder T-cell
activity. We used three PCa cell lines (DU145, PC3, and LNCaP) and two epithelial cell lines from noncancerous
prostate and lung tissue. After 72 hours of EBRT, surface expression of four immunostimulatory molecules (CD70,
CD275/ICOSL, CD134L/OX40L, and CD137L/41BBL) and two immunosuppressive markers (CTLA-4/CD152
and PD-L1/CD274) were evaluated by flow cytometry. We evaluated the impact of several radiation doses and the
longevity of modulated expression. We examined the functional impact of radiation-induced modulation of cancer
cells by cytotoxic T cells (CTL) cytotoxicity and ELISPOT assay for interferon-gamma (IFN-c) production. Last,
we evaluated whether IFN-c-induced PD-L1 expression could be reversed by EBRT. After 10 Gy EBRT, expression
of OX40L and 41BBL increased in all three PCa cell lines; expression of CD70 and ICOSL increased in PC3 cells.
Conversely, a decrease in PD-L1 expression in DU145 and PC3 cells was detectable up to 144 hours after EBRT. No
PD-L1 was detected in LNCaP. Epithelial cells from normal prostate were not modulated by radiation. CTL
cytolytic activity and IFN-c production were enhanced by interaction with irradiated PCa cells. Finally, EBRT failed
to prevent IFN-c-induced upregulation of PD-L1. We demonstrate that a single dose of EBRT increased surface
expression of costimulatory molecules and decreased the expression of coinhibitory molecules in human PCa cell
lines. Changes in irradiated tumor cells led to functional enhancement of T-cell activity, despite EBRT failing to
reduce IFN-c-induced expression of PD-L1. These data suggest that combining radiotherapy with T-cell stimulating
immunotherapy may be an attractive strategy for cancer treatment.
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Introduction

Traditionally, radiation therapy (RT) for prostate cancer
(PCa) has been employed as a tumoricidal modality, with

cancer-cell death as the intended goal. Recently, a new role

for RT has emerged based on its ability to stimulate antitumor
immune responses. In preclinical models, RT has been shown
to alter tumor-cell phenotype,1 increase the availability of
released tumor-associated antigens for uptake by circulating
dendritic cells,2 and increase production of inflammatory
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cytokines,3 all of which can contribute to tumor-specific im-
mune responses. Clinical studies have provided further evi-
dence that RT enhances antitumor immune responses,
particularly when combined with cancer immunotherapy
(CIT) strategies.4–8 CIT is becoming an essential component
of the cancer treatment arsenal and was recently selected by
Science as their Breakthrough of the Year for 2013. The main
types of CIT being used to treat cancer fall into one of three
categories, namely monoclonal antibodies (mAbs), nonspe-
cific immunotherapies, and cancer vaccines. Over the past 15
years, the U.S. Food and Drug Administration (FDA) has
approved approximately a dozen mAbs to treat certain can-
cers.9 Furthermore, interleukin-2, a nonspecific immuno-
therapy, was the first true immunotherapy agent to be used as
a single agent to treat renal cell carcinoma.10–12 Interestingly,
the first FDA-approved cancer vaccine was PROVENGE�

for treatment of PCa.13

The objective of this study was to explore the hypothesis
that exposure of PCa cells to single-dose external beam ra-
diation therapy (EBRT) could enhance antitumor CD8 + cy-
totoxic T cells (CTL) activity through increased expression of
costimulatory molecules and decreased expression of co-
inhibitory molecules. We chose two members of the tumor
necrosis factor superfamily (TNFSF) of receptors that have
been reported to robustly enhance CTL activity, namely
OX40 ligand (OX40L/TNFSF4/CD134L/CD252) and 41BB
ligand (41BBL/TNFSF9/CD137L).14 Activating signals to
T cells through the cognate receptors OX40 and 41BB
improves effector CTL survival, proliferation, and activity.
Additionally, we examined two other T-cell activating sig-
nals, CD70 and ICOSL. The CD27-CD70 signaling promotes
optimal T-cell activation of antigen-naı̈ve T cells,15,16 while
the ICOSL-ICOS interaction can efficiently stimulate prolif-
eration, cytokine production, and effector T-cell generation.17

In addition to costimulatory molecules, T cells express
several inhibitory proteins, such as CTLA-4 and PD-1.18

CTLA-4 and PD-1 deliver inhibitory signals to T cells
upon ligation by CD80/86 or PD-L1, respectively.14

Blockade of these inhibitory receptors can augment T-cell
function.18 In 2011 FDA approval of a CTLA-4 blocking
antibody (Yervoy�/ipilimumab) for melanoma marked a
major milestone for CIT, and PD-1 blocking antibodies are
in clinical development.19

Thus, we sought to determine the effects of EBRT on the
expression of immunostimulatory (OX40L, 41BBL, ICOSL,
and CD70) and immunosuppressive (CTLA-4 and PD-L1)
proteins on the surface of three human PCa cell lines and
two normal epithelial cell lines in vitro. We then investigated
whether irradiation of PCa cells led to enhanced T-cell ac-
tivity and increased production of interferon-gamma (IFN-c).
Prior studies have reported that while the initial increase in
IFN-c production activates an immune response, it may also
exert negative feedback by stimulating the expression of PD-
L1.20,21 Therefore, we also tested whether EBRT could re-
verse this feedback loop and further provide support for the
use of EBRT as an adjuvant to immunotherapy for PCa.

Materials and Methods

Cell lines

Androgen-resistant human PCa cell lines (PC3 and
DU145) and an androgen-sensitive PCa cell line (LNCaP)

were purchased from American Type Culture Collection.
Normal prostate epithelial cells (PrECs) were purchased from
Lonza. The murine total prostate-specific antigen (TPSA)
cell line was created by transfection of PSA expression
plasmid in the TRAMPC-1 murine prostate adenocarcinoma
cell line, as previously described.22,23

Tumor irradiation

PCa cell lines were irradiated at 80%–85% confluence
in 15 mL of media in a T75 flask. Cells were treated with a
single fraction of 10 Gy, except for the dose-escalation ex-
periment, where irradiation was executed in 5-Gy increments
to 15 Gy in one administration. A Cs-137 source (Gamma-
cell-1000; AECL/Nordion) at a dose rate of 0.70 Gy/min was
used for all treatments.

Flow cytometric analysis

Tumor cell surface staining was performed using primary
labeled antibodies matched with the appropriate isotype
controls. Six immune markers were examined: four im-
munostimulatory (CD70-FITC, CD275/ICOS-L-PE, CD134-L/
OX40-L-PE, and CD137-L/41BB-L-PE) and two immuno-
suppressive (CTLA-4/CD152-PE and PD-L1/CD274-PE).
Flow cytometry was performed 72 hours after irradiation
unless otherwise specified. Antibodies were purchased from
BioLegend or BD Biosciences. PCa cell lines were treated
with 10 ng recombinant human IFN-c (R&D Systems) for
24 hours, then analyzed by flow cytometry for PD-L1.
Stained cells were acquired with the Becton Dickinson
D · P10 FACSCalibur, using FlowJo analysis software (BD
PharMingen). Results in percent-positive cells represent the
average of 3 experiments. Isotype control staining was < 5%
for all samples analyzed. Cell viability was > 85% in all studies.
Dead cells were excluded from the analysis based on scatter
profile.

Functional studies

Human. The HLA-A2-restricted, CEA-specific, CD8 +

cytotoxic T-cell line (designated CEA CTL) that recog-
nizes the CEA peptide epitope YLSGANLNL (CAP-1)24

was maintained, propagated, and utilized, as previously
described.25

Murine. The mouse IFN-c ELISPOT kit (ALP) (Mabtech)
was followed per protocol and performed as previously de-
scribed, with slight modifications.20 Briefly, plates (Milli-
pore) were coated overnight with anti-mouse IFN-c mAb
(clone: AN18, 15 mg/mL) and washed six times. Splenocytes
were harvested from C57BL/6 mice inoculated with a PSA-
based Listeria monocytogenes vaccine, which has been previ-
ously described.23

Statistical analysis

Statistical analysis was derived from a Student’s t-test
using a two-tailed distribution and calculated at 95% con-
fidence. p-Values < 0.05 were considered statistically sig-
nificant. Significant differences in the distribution of flow
cytometry analysis data were determined by the Kolmo-
gorov–Smirnov test using CellQuest software (BD Bio-
sciences).
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Results

Single-dose EBRT modulates the molecular signature
of T-cell costimulatory and coinhibitory molecules
on human PCa cells

To determine whether EBRT had surface marker modu-
lation capabilities, we began by exposing the PCa and PrEC
lines to 10 Gy in a single administration. As seen in Figure
1B, a single fraction of 10 Gy induced a 2.2-fold increase
in 41BBL (15.5% in untreated cells vs. 33.8% in treated cells)
in DU145 cells. Additionally, there was a fivefold increase in
ICOS-L and a ninefold increase in OX40L (0 Gy: 15.4% vs.
10 Gy: 34.4%; p < 0.05). CD70 expression showed relatively
no change in treated cells (57%) vs. untreated cells (63%).
Conversely, expression of the immunosuppressive molecules
CTLA-4 and PDL-1 decreased fivefold and twofold, re-
spectively ( p < 0.05). Treating PC3 (Fig. 1C) and LNCaP
(Fig. 1D) cells with a single fraction of 10 Gy also resulted
in significant increases in the expression of immunostimulatory
molecules and a significant decrease in the expression of the
immunosuppressive molecule PD-L1, but not CTLA-4. To
determine whether the radiation-induced modulation of cost-
imulatory molecules was restricted to tumor cells, we ex-
amined PrECs. Interestingly, these cells’ very high basal
expression of PDL-1 did not change after RT (Fig. 1E). In
addition, the low expression of costimulatory molecules did
not significantly increase after EBRT, with the exception of
OX40L, which was detected in 4.8% of untreated cells and in
12.8% of treated cells. Overall, the total level of OX40L was
much lower in irradiated normal PrECs (< 15%) than in ir-
radiated DU145 and PC3 cells (> 30%).

Radiation-induced changes in expression
of costimulatory and coinhibitory molecules
in PCa cells are dose-dependent

To determine the effect of dose on the modulation of
costimulatory molecule expression, we treated DU145 and
PC3 cell lines with a single fraction of 0, 5, 10, or 15 Gy
EBRT. We then observed increased expression of OX40L
and 41BBL and decreased expression of CTLA-4 and PD-L1
at all dose levels (Fig. 2A, B). In DU145 cells (Fig. 2A),
OX40L expression increased from 25.5% to 28.4% after 5
Gy, with the largest increase seen after treatment with 10 and
15 Gy (39.3% and 41.2%, respectively). Similarly, 41BBL
expression increased in a dose-dependent manner from 42%
in untreated cells to 58.5% and 66% ( p = 0.02) after treatment
with 10 and 15 Gy, respectively. Expression levels of both
CTLA-4 and PD-L1 decreased as the dose increased. As seen
with single-dose treatment (Fig. 1), expression of CD70 was
not modulated by EBRT doses above 10 Gy (Fig. 2A). In
PC3 cells (Fig. 2B), OX40L expression increased after EBRT
doses as low as 5 Gy and doubled after 10 Gy (33.9%) and 15
Gy (39.5%) compared with no treatment (16.5%). Similarly,
expression of 41BBL increased from 18.7% to 27.7% after 5
Gy and more than doubled after 10 Gy (39%) and 15 Gy
(48.1%) ( p = 0.04). Unlike DU145 cells, in PC3 cells, CD70
expression increased with each 5-Gy increase in radiation:
from 11.2% in untreated cells to 14%, 21.2% ( p = 0.02), and
29.7% ( p = 0.009). On the other hand, expression of PD-L1
decreased in PC3 cells from 43.7% in untreated cells to
27.8%, 26.8%, and 23.2% after 5, 10, and 15 Gy, respec-

tively. A similar decrease in PD-L1 and CTLA-4 expression
was seen in DU145 cells (Fig. 2A). There was a slight (sta-
tistically insignificant) increase in CTLA-4 expression in
PC3 cells after 5 Gy (19.7%) compared with 0 Gy (9.9%)
( p = 0.07). Modulation of CTLA-4 did not appear to be dose-
dependent, and expression levels declined at 10 Gy (15.7%)
and 15 Gy (14.7%) compared with 5 Gy.

Reduced expression of coinhibitory molecule PD-L1
is sustained in RT-treated tumor cells

Next, we investigated whether radiation-induced modu-
lation of costimulatory molecules was sustainable over time.
We irradiated DU145 and PC3 cells with a single fraction
of 10 Gy and performed flow cytometry either 72 hours (3
days) or 144 hours (6 days) post-treatment. In DU145
cells, expression of CD70, OX40L, and 41BBL increased
72 hours post-treatment compared with untreated cells, but
decreased 144 hours post-treatment compared with un-
treated cells (Fig. 3A). In PC3 cells, expression of CD70,
OX40L, and 41BBL decreased 144 hours post-treatment,
but not below baseline levels observed in untreated cells
(Fig. 3B). CTLA-4 expression slightly declined at both 72
and 144 hours post-treatment in DU145 cells. In PC3 cells,
levels of CTLA-4 slightly increased 72 hours post-treatment
(0 Gy 9.9% vs. 10 Gy 15.7%), but returned to baseline (8%)
after 144 hours. In contrast, PD-L1 expression declined in
both tumor cell lines and remained stable 144 hours post-
treatment. Overall, modulation of positive costimulatory
molecules was temporary and most robust 72 hours post-
treatment, while modulation of the coinhibitory molecule
PD-L1 was sustained.

EBRT-induced modulation of tumor cells results
in productive interactions with T cells

We next examined the functional consequences for CTL
activity of phenotypic modulation by EBRT. First, we used
irradiated LNCaP cells as targets for cytolysis by CEA-
specific CD8 + CTLs (Fig. 4A). We detected 18% cytolysis
of untreated LNCaP cells by CEA-specific T cells. After
treatment of these cells with 10 Gy of radiation, CTL kill-
ing significantly increased (35%; p £ 0.001 vs. no treatment).
Second, splenocytes from mice vaccinated with a PSA-
based Listeria vaccine were incubated with either un-
irradiated TPSA cells or cells treated with a single 10-Gy
dose of radiation (Fig. 4B). Incubation with irradiated cells
increased IFN-c production 1.45-fold ( p = 0.05) over re-
sponder splenocytes stimulated with untreated TPSA cells,
as detected by ELISPOT.

Expression of PD-L1 in DU145 and PC3 cells increases
with IFN-c treatment, and this increase
is not abrogated by EBRT

IFN-c production was enhanced in T cells after interac-
tion with PCa tumor cells whose costimulatory molecules
had been modulated by radiation. Several reports have
linked IFN-c production from T cells with increased PD-L1
expression on tumor cells.26–28 Thus, we investigated whe-
ther a potentially negative feedback loop exists in PCa cells.
We treated DU145 and PC3 cells with recombinant hu-
man IFN-c for 24 hours, harvested the cells, and evaluated
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FIG. 1. Irradiated PCa cells modulate the balance of positive and negative costimulatory molecules. (A) DU145 PCa cells
were irradiated with 10 Gy or left untreated (0 Gy). Cells were analyzed after 72 hours for surface expression of 41BBL. (B)
DU145 cells were irradiated with 10 Gy or left untreated (0 Gy). Numbers indicate percent-positive cells, and each molecule
is graphed on an independent scale. (C) PC3 cells, (D) LNCaP cells, and (E) PrECs. *Statistical significance relative to
untreated cells. PCa, prostate cancer; PrECs, prostate epithelial cells.
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PDL-1 expression by flow cytometry. PD-L1 expression on
DU145 cells increased significantly, from 49.2% (untreated
cells) to 75.9% (IFN-c-treated cells) ( p = 0.0006) (Fig. 5A).
Similarly, PD-L1 expression on PC3 cells increased from
61.9% (untreated cells) to 86.3% (IFN-c-treated cells) ( p =
0.03) (Fig. 5B). We hypothesized that the PD-L1 increase in

response to IFN-c would be inhibited in irradiated cells.
Consistent with our previous results, radiation mediated a
decrease in PD-L1. However, as depicted in Figure 5C and
D, exposure of irradiated DU145 and PC3 cells to IFN-c
demonstrated an increase of PD-L1 expression similar to
that noted on unirradiated cells.

FIG. 2. Irradiated PCa cells modulate the balance of positive and negative costimulatory molecules in a dose-dependent
manner. (A) DU145 cells and (B) PC3 cells. Cells were analyzed 72 hours after EBRT. Numbers indicate percent-positive
cells. EBRT, external beam radiation therapy.

FIG. 3. PCa cells maintain a modulated costimulatory molecule profile for ‡72 hours after radiation exposure. (A)
DU145 cells and (B) PC3 cells were irradiated with 10 Gy or left untreated (0 Gy). Cells were analyzed 0, 72, or 144 hours
after irradiation. Numbers indicate percent-positive cells.
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Discussion

In this study, we examined the response of three PCa cell
lines to a single fraction of radiation. After 10 Gy, EBRT
increased surface expression of the immunostimulatory mark-
ers OX40L and 41BBL in all three cell lines. Expression
of CD70 also increased after RT in PC3 cells, but not in
the DU145 or LNCaP cell lines (Fig. 1). Conversely, ex-
pression of PD-L1, a transmembrane protein that transmits

inhibitory signals to CTLs29,30 decreased in all three cell
lines after EBRT. Importantly, irradiation did not al-
ter the immunosuppressive profile of normal PrECs,
whose high baseline expression of PD-L1 was maintained
after irradiation (Fig. 1E). EBRT did not significantly
modulate the slight expression of costimulatory molecules
in PrECs, a finding also seen in normal human bronchial
epithelial cells that likely helps to diminish autoimmune
responses.29

FIG. 4. Functional consequences of
modulating the costimulatory profile of
PCa cells via radiation. (A) LNCaP
cells were irradiated with 10 Gy (gray
bar) or left untreated (0 Gy, open bar).
After 72 hours, cells were used as tar-
gets in an 18-hour CTL lysis assay. (B)
Splenocytes from mice vaccinated with
a Listeria-based PSA vaccine were in-
cubated with either untreated TPSA
cells (open bar) or TPSA cells irradiated
with 10 Gy (gray bar). Graph shows
IFN-c-producing cells/250,000 plated
cells as detected by ELISPOT. *Statis-
tical significance relative to untreated
cells. CTL, cytotoxic T cells; IFN-c,
interferon-gamma; TPSA, total pros-
tate-specific antigen.

FIG. 5. PD-L1 upregulation in PCa
cells after treatment with recombinant
human IFN-c is not abrogated by ra-
diation. (A) DU145 cells and (B) PC3
cells were treated with 10 ng IFN-c
(hatched bar) or left untreated (open
bar). Surface PDL-1 was analyzed
after 72 hours. Numbers indicate per-
cent-positive cells. *Statistical signif-
icance relative to untreated cells. (C)
DU145 cells and (D) PC3 cells were
irradiated (10 Gy, gray bar), treated
with 10 ng IFN-c (hatched bar) or first
irradiated, then treated with IFN-c
after 24 hours (hatched gray bar);
untreated (open bar). Surface PDL-1
was analyzed after 72 hours. Numbers
indicate fold change normalized to
untreated cells.
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CTLA-4 expression, which is expressed on helper T cells
and suppresses the immune response, was uniquely modulated
by EBRT among the three tumor cells lines: a decrease in
DU145 cells, an increase in LNCaP cells, and a small, insig-
nificant increase in PC3 cells (Fig. 1).

To our knowledge, this is the first study to explore the
impact of radiation-induced modulation of costimulatory
and coinhibitory molecules in PCa cells and normal epi-
thelial cells. Our results suggest that RT may be employed
to specifically modulate gene expression within PCa cells.

Previous preclinical studies established that antitumor T-
cell activation was profoundly dependent on the relative
timing of RT and immunotherapy.31 In our study, OX40L
and 41BBL were upregulated 72 hours post-RT, but these
increases were not detectable 144 hours post-RT (Fig. 3). In
contrast, PD-L1 reduction was sustained. These data suggest
a potential therapeutic window for the optimal timing of
combination treatment with RT and CIT. Moreover, the RT-
induced changes observed were dose-dependent (Fig. 2).
While PCa continues to be most commonly treated with
fractionated RT delivered in 1.8–2 Gy per fraction,6,7 our
data suggest a potential immunologic benefit of treatment
with higher doses per fraction. Consistent with our data of
immunostimulation after treatment with 15 Gy, preclinical
murine studies also showed that following a dose of 15 Gy
in a single fraction increased the number of tumor-reactive
T cells. However, this was accompanied by a parallel in-
crease in regulatory T cells (Tregs), which are known to
suppress tumor-specific immunity.32 These findings, though,
may not be the case in human tumor cells, as we saw an
increase in OX40L, which have been shown to reduce Tregs.33

Taken together, these data suggest that an optimal frac-
tionation scheme may exist to promote immunostimulatory
activity, above which the balance may shift toward immuno-
suppression.

To demonstrate that EBRT can not only alter the balance
of immune-relevant signals, but also elicit a more robust
immune response from T cells, we tested the sensitivity of
irradiated target cells to CTL-mediated killing. Cytolysis

of LNCaP tumor cells significantly increased after the
tumor cells had been exposed to 10 Gy (Fig. 4A). We in-
cubated splenocytes from mice vaccinated with a Listeria-
based PSA vaccine with a murine tumor-cell line
expressing PSA. When treated with 10 Gy of radiation,
the TPSA cells showed a significant increase in IFN-c
production compared with incubation with untreated cells
(Fig. 4B). These data mirror results reported in other
human tumor-cell types, including colorectal and head
and neck carcinoma cells, where RT enhanced cytolysis
by CTLs.1,34

Here, combining immune cells with irradiated targets
increased levels of IFN-c. It has been reported that IFN-c
increases expression of PD-L1 on tumor cells,20,21 which di-
minishes antitumor immune responses. Confirming these
reports, our study showed a significant increase in surface
expression of PD-L1 in both DU145 and PC3 cells after
treatment with IFN-c (Fig. 5). However, we also demon-
strated that a single fraction of EBRT reduced PD-L1 ex-
pression from baseline levels in both cell lines (Figs. 1–3, 5). It
was interesting to note that EBRT did not abrogate IFN-c-
induced PD-L1 upregulation, suggesting that an alternate
pathway may be involved.

Modulation of costimulatory molecules (such as OX40L
and 41BBL) and coinhibitory molecules (such as PD-L1)
appears to be particularly important for maintaining effec-
tive immune responses against self-antigens presented by
tumor cells.35–37 Here, we report that costimulatory mole-
cules are increased and coinhibitory signaling proteins are
decreased in PCa cells in response to single-dose EBRT,
which led to enhanced CTL-mediated killing and in-
creased production of IFN-c (Fig. 6). Such mechanisms
could be effective even in the absence of immunogenic
cell death38,39 and would be useful against radioresistant
cancer cells. A thorough understanding of the molecular
mechanism(s) that result in radiotherapy’s ability to enhance
immune attack will help us capitalize on these biological
changes, enabling us to design CIT approaches in combi-
nation with RT.

FIG. 6. EBRT increases expression of cell
surface immunostimulatory proteins and
decreases expression of cell surface
immunoinhibitory proteins leading to activa-
tion of CTLs and IFN-c production. Un-
treated PCa cells display low levels of
stimulatory proteins (green) and high levels
of inhibitory proteins (red). After treatment
with EBRT, PCa cells increased their
expression of stimulatory proteins (green)
and decreased their expression of inhibitory
proteins (red), thereby, preferentially
activating CTL-mediated cell killing and
production of IFN-c.
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