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ABSTRACT
Combination of radiotherapy with immunotherapy has become an attractive concept for the treatment
of cancer. The objective of this study was to assess the effect of curative, normofractionated radio-
therapy on peripheral immune lymphocytes in prostate cancer patients, in order to propose a rationale
for scheduling of normofractionated radiotherapy with T-cell based immunotherapy.

In a prospective study (clinicaltrials.gov: NCT01376674), eighteen patients with localized prostate
cancer were treated with radiotherapy with or without hormonal therapy. Irradiation volumes encom-
passed prostate and, in select cases, elective pelvic nodal regions. Blood samples were collected from all
patients before, during, and after radiotherapy, as well as from 6 healthy individuals as control.

Normofractionated radiotherapy of prostate cancer over eight weeks had a significant influence on the
systemic immune status of patients compared to healthy controls. Absolute leukocyte and lymphocyte
counts decreased during treatment as did peripheral blood immune subsets (T cells, CD8+ and naïve CD4+

T cells, B cells). Regulatory T cells and NK cells increased. Proliferation of all immune cells except regulatory
T cells increased during RT. Most of these changes were transient. Importantly, the functionality of T
lymphocytes and the frequency of antigen-specific CD8+ T cells were not affected during therapy.

Our data indicate that combination of normofractionated radiotherapy with immunotherapy might
be feasible for patients with prostate cancer. Conceptually, beginning with immunotherapy early during
the course of radiotherapy could be beneficial, as the percentage of T cells is highest, the percentage of
regulatory T cells is lowest, and as the effects of radiotherapy did not completely subside 3 months after
end of radiotherapy.
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Introduction

Immunotherapy has recently evolved as a fourth pillar in
oncology besides systemic therapy (chemotherapy and tar-
geted therapy), radiotherapy (RT), and surgery.1 Therapy
with immune-checkpoint inhibitors in particular has shown
remarkable long-term remissions in a substantial subset of
metastasized melanoma patients and is meanwhile established
as standard therapy in several malignancies.2–4 RT is being
used for inducing immunosuppression before stem cell
transplantation5 and for the treatment of arthrodegenerative
and inflammatory diseases,6 and has long been considered as
being essentially immunosuppressive. This view has changed
in recent years, as it was found that radiation can support
anti-tumor immunity via induction of immunogenic cell
death and increased antigen crosspresentation.7–10 However,
these effects are weak and rare with RT alone, and combina-
tion with immunotherapies might induce stronger adaptive

immune responses.11–13 Hence, the combination of RT with
different immunotherapeutic strategies is being explored,
including for prostate cancer.8,10 Preclinical models as well
as clinical observations reported better local control as well as
abscopal effects compared to monotherapies.14–16

Immunotherapy for prostate cancer has mostly been tested
for metastatic castration-resistant disease so far. Sipuleucel-T
was the first FDA approved therapeutic anti-cancer vaccine,
but has shown limited clinical benefit.17,18 Further approaches
for activating anti-tumor T-cell responses are currently in
clinical phases I to III, including checkpoint inhibitors,
recombinant viruses and anti-cancer vaccines.19–22 The
society of immunotherapy of cancer has recently published
consensus guidelines on the use of immunotherapy in pros-
tate cancer patients.23 Checkpoint inhibitors have shown lim-
ited efficacy so far, which might be related to the low
mutational load in this tumor.24,25 A randomized phase III
trial was performed in patients with metastatic, castration
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resistant prostate cancer for testing RT only (8 Gy in one
fraction to 1–5 bone metastases) versus RT followed by
Ipilimumab treatment. Although the trial did not meet the
primary endpoint of significantly improved overall survival,
disease-free survival was prolonged, and an overall survival
benefit was observed in the subgroup of patients with favour-
able prognostic factors.26 Cancer vaccines have also shown
encouraging results either in metastatic, castration-resistant
patients or in patients with biochemical relapse.19,21,27,28

Hence, combination with RT might enhance clinical benefit.
However, the optimal dose and fractionation of the RT regi-
men and its scheduling with immunotherapy have not been
systematically explored.

Whereas RT in metastatic cancers is often hypofractionated
or given in a single fraction encompassing only the tumor
region,29 curative RT of localized disease is mostly given in
normofractionated regimens over several weeks, especially if
elective nodal regions are included.30 Curative RT for localized
prostate cancer is tailored to the D’Amico risk stratification31

and is combined with androgen deprivation therapy and/or
radiation of pelvic lymph node regions.32–34 Curative RT, espe-
cially elective nodal irradiation, includes relevant volumes of
normal tissue with a risk of microscopic tumor spread.

Irradiation of normal tissue with curative RT dose is only
possible with fractionated therapy (small doses of RT once
daily over several weeks) to avoid risking severe side effects,
such as gastrointestinal and genitourinary dysfunctions or tis-
sue fibrosis in case of pelvic irradiation.

Impact of curative, normofractionated RT on patients’
immune cells has been poorly studied so far. Here, we assess
its effects on peripheral lymphocyte subsets during and shortly
after treatment (in most patients RT was combined with hormo-
nal treatment that had started at least 6 weeks earlier). The aim of
this prospective study was to propose an optimal time window
for combination of RT with T-cell based immunotherapy.

Results

Changes in peripheral immune cell subsets during RT

Peripheral blood mononuclear cells (PBMCs) from 18
patients were collected at four timepoints during the study
(Figure 1A). Blood cell differential counts of four patients
treated with localized RT were available at all successive
time points. Leukocyte counts, but even more lymphocyte
counts, decreased during the course of therapy (Figure 1B).

Figure 1. Flow chart of the study and white blood cells counts. (A) HLA-A*02+ patients undergoing primary RT for prostate cancer were included (n = 18). RT
regimens are shown (SV = seminal vesicles). Blood samples were obtained before start of treatment (timepoint A), twice during therapy at 1 month intervals
(timepoints B, C) and three months after the end of treatment at a follow-up visit (timepoint D). As controls, three consecutive blood samples (A, B, C) were obtained
at one month intervals from HLA-A*02+ healthy donors (n = 6). (B) Absolute numbers of leucocytes (left) and lymphocytes (right) are shown before (A), during (B, C)
and post-therapy (D) for four patients (four timepoints each, except for one patient for whom only 3 samples were available).
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However, changes were overall not significant and cell counts
appeared to recover three months after end of radiation (time-
points D vs B or C).

To gain a more precise view on which cell subsets might be
affected by RT, we assessed the fractions of T-, B- and natural
killer (NK) cells within patient PBMC lymphocytes and compared
the results to that obtained from healthy donor PBMCs. The
percentages of CD3+ T cells within viable lymphocytes decreased
significantly over the course of RT (Figure 2A, median 63.9% vs
59.3% for timepoints A and C, respectively). Within CD3+ lym-
phocytes, the proportion of CD8+ cells transiently decreased after
the first four weeks of RT (Figure 2B, median 32.9% vs 24.6% for
timepoints A and B, respectively). Whereas total CD4+ T cell
levels did not change over the course of treatment, regulatory T
cells (Tregs, defined as CD4+CD25+FoxP3+) increased signifi-
cantly (Figure 2C-D; Tregs within CD4+ T cells: median 4.2% at
timepoint A vs 6.4% at timepoint C). Normal levels of both CD8+

(median 32.9% vs 28.9% for timepoints A andD, respectively) and
Tregs (median 4.2% vs 5.1% for timepoints A and D, respectively)
were restored after therapy.

The most significant impact of RT was a decrease in the
percentage of B cells (CD3−CD19+), which was however nor-
malized after end of treatment (Figure 3A, median 4.1%, 1.8%
and 2.8% at timepoints A, C and D, respectively). Inversely,
the proportion of NK cells (CD3−CD19−) was continuously
enhanced over the time of therapy (Figure 3B, 31.1% pre-RT
and 38.8% at timepoint C).

Three months after the end of the RT, only the proportion
of NK and T cells remained significantly affected (median

31.1% vs 39.2% and 63.9% vs 54.9% in pre- and post-treat-
ment samples, for NK- cells and T- cells, respectively), while
other transient changes had returned to normal levels.
Altogether, no significant difference was observed in the pro-
portion of T-, B- and NK-cell subsets between patients before
treatment (timepoint A) and healthy donors. Thus, a signifi-
cant effect of six weeks of hormonal treatment preceding RT
is unlikely.

Radiotherapy increases lymphocyte proliferation

Intracellular Ki67 staining indicating proliferating cells was
assessed for all lymphocyte subsets. T cells, B cells and NK
cells showed similar dynamics with a significant increase in
proliferation during treatment, which receded after the end of
RT (Figure 4A). For all three subsets, the median percentage
of Ki67+ cells was approximately doubled at the end of RT (T
cells: 2.5% vs 5.6%; B cells: 3.7% vs 9.6%; NK cells: 6.1% vs
11.8% for timepoints A and C, respectively). Compared to
healthy donors, the proliferation rate of patient CD4+ and
CD8+ T cells did not differ before therapy, but was increased
at the end of RT (approximately 2.5 fold for both subsets,
Figure 4B). These changes resumed three months after treat-
ment. In contrast, the proliferation of patient Tregs, which
was highest within T cells before RT, was not affected over the
course of RT (Figure 4A) and did not differ from that in
healthy donors (Figure 4B). These results suggest that the
proliferation of effector T cells (CD4+ and CD8+), rather
than Tregs, is increased upon RT.

Figure 2. Impact of RT on T lymphocyte subsets. (A) Percentage of total T cells among viable lymphocytes defined as CD3+ positive cells, (B, C) CD8+ and CD4+ T
cells and (D) CD4+CD25+Foxp3+ (Treg) cells within CD4+ cells are shown for the 4 timepoints A-D; n = 18 RT patients are included. Healthy donors are shown in
comparison (n = 6, mean of three timepoints per donor). Bars indicate means. Significant differences: * p < 0.05; ** p < 0.01.
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Antigen-specific T cells are not affected during RT

Next, we analysed in more detail several aspects of T cell
differentiation and function within the CD4+ and CD8+ cell
subsets. The proportion of naïve CD4+ T cells
(CD45RA+CD28+) decreased over the course of RT and
stayed low three months thereafter (Figure 5A, left panel:
median 18.1% before RT, 10.4% at the end of therapy, i.e.
timepoint C, and 9.0% three months after, i.e. timepoint D).
Inversely, the levels of antigen-experienced CD4+, defined as
CD45RA+CD28− and CD45RA−CD28±, decreased but with-
out reaching significance (data not shown). The proportion of
naïve (CD45RA+CD28+) or effector (CD45RA+CD28−) CD8+

cells did not vary (Figure 5A, middle and right panels).
To assess antigen-specific T cells, we then performed

HLA-peptide multimer stainings. Four specificities were
tested, CMV-pp65, EBV-LMP2 and -BMLF1, and Flu-
Matrix, which represent known immunodominant epitopes,

all presented by HLA-A*02. As shown in Figures 5B and
5C, the percentages of virus-specific CD8+ T cells were
stable overtime in all patients and for all specificities tested,
even for cells present at low frequencies (range: 0.03% to
9.68% of the CD8+ subset). Finally, we tested T cell func-
tionality by stimulating patients´ PBMCs overnight with the
superantigen Staphylococcus Enterotoxin B (SEB), followed
by intracellular staining for the cytokines TNF and IL-2 or
TNF and IFNγ, for CD4+ cells and CD8+ cells, respectively.
We found that cytokine production in the two subsets was
not significantly impaired at the end of RT compared to
pre-treatment status (timepoints C vs A, Figure 5D).
Altogether, we concluded that the frequencies and func-
tionality of antigen-specific CD8+ T cells appear to remain
stable during RT; the proportion of naïve precursors was
however decreased within the CD4+ subset, but overall
functionality was not affected.

Figure 4. Proliferation of lymphocyte subsets. (A) Proliferation was assessed by intracellular Ki67 staining in T cells, B cells and NK cells. Bars indicate means. (B)
Mean ± SEM of Ki67 expressing cells in total CD4+, total CD8+ and Treg subsets for n = 18 RT patients and n = 6 HD. Significant differences are shown as * p < 0.05;
** p < 0.01; *** p < 0.001.

Figure 3. Impact of RT on B cells and NK cells. Percentage of (A) B lymphocytes, and (B) NK cells within viable lymphocytes for the 4 timepoints A-D; n = 18 RT
patients are included. Healthy donors are shown in comparison (n = 6, mean of three timepoints per donor). Bars indicate means. Significant differences: ** p < 0.01;
*** p < 0.001.
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Radiation volume impacts immune cells

To determine whether immune changes are dependent of the
extent of RT (radiation volume), we evaluated two patient
groups separately, i.e. patients treated with RT of prostate
and seminal vesicles only and patients receiving additional

irradiation of pelvic nodal regions (see suppl. Table 1, suppl.
Figure 1B). When considering all available datapoints, we
found that the fraction of T lymphocytes was significantly
lower in patients receiving extended RT vs. standard RT
after end of the radiotherapy treatment (timepoint D),

Figure 5. Differentiation status and function of T cells. (A) Naïve cells (CD45RA+CD28+) and effectors (CD45RA+CD28−) are shown. n = 16 RT patients. Bars indicate
means and significant differences are shown as * p < 0.05; *** p < 0.001. (B) Viral-specific CD8+ T cells stained with four different HLA-A*02 multimers over time.
Intermediate to high frequencies (> 0.1% of the CD8+ subset) are shown on the left panel and low frequencies (< 0.1% of the CD8+ subset) on the right panel.
Altogether 20 specificities were detected in n = 9 RT patients. (C) Example of EBV-BMLF1 multimer stainings in one patient. Cells are gated on living CD4−

lymphocytes; timepoints and % CD8+multimer+ cells are indicated. (D) Intracellular cytokine production of CD4+ (left, TNF and IL-2) and CD8+ (right, TNF and IFNγ) T
cells after activation with SEB. Timepoints A and C are shown for n = 7 RT patients, mean and SD are indicated. The lower panels show the pairwise percentage of
TNF+ and IL-2+ and TNF+ and IFNγ+ T cells in the subset of CD4+ and CD8+ T cells, respectively.
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whereas NK cells were higher at the same timepoint. There
was no statistically significant difference between the two
treatment groups for B-, CD4+ and CD8+ cells, however the
CD4+ Treg fraction was significantly higher in the extended vs
standard RT groups at timepoint C only (data not shown). As
a correlate of potential anti-tumoral T cell activity that could
be harnessed by immunotherapy approaches, we next assessed
the ratio between CD8+ cytotoxic effectors and
CD4+CD25+FoxP3+ regulatory cells (CD8+/Tregs) within
blood T cells. The CD8+/Treg ratio was similar between the
two patient groups before treatment (n = 8 and n = 5 patients
receiving standard vs. extended RT with all timepoints tested),
and showed only minimal changes over the course of treat-
ment in patients treated with small radiation volumes. In
contrast, we observed a progressive decrease of the CD8+/
Treg ratio in the group of patients with large pelvic treatment
volumes (extended RT; p = 0.03 between timepoints A and C).
Altogether, we found that the CD8+/Treg ratio was signifi-
cantly lowered by extended RT, and did not recover three
months after end of treatment (timepoints C and D, both
p = 0.03, Figure 6) compared to therapy with limited treat-
ment volumes. Although obtained in a limited number of
patients, these data suggest that extended RT might exert a
stronger suppressive effect on peripheral effector T cells com-
pared to small treatment volumes.

Discussion

RTof the prostate and seminal vesicles with or without androgen
deprivation therapy and with or without irradiation of elective
pelvic nodal regions is one of the curative treatment options for
patients with localized prostate cancer which achieves satisfying
results for most patients. However, according to a large
metaanalysis35 patients with high risk cancers still face a risk of
appr. 30% to develop a biochemical relapse and thus might profit
from combinatorial approaches with immunotherapy. Here we
observed that the standard treatment of RT to 70–78 Gy, in most
cases (15/18 patients) combined with anti-hormonal therapy,
has significant effects on the cellular immune status of the

patients. Whereas T cells and B lymphocytes decreased during
RT, NK cells and Tregs were proportionally increased. Notably,
all subpopulations except Tregs showed an increased prolifera-
tion rate during RT, which resolved to normal levels three
months after the end of treatment. Importantly, antigen-specific
T cell frequencies and T cell function against a model super-
antigen were not hampered by local irradiation. Based on our
previous results 19,21 and unpublished observations, we per-
formed multimer staining for tumor-antigen reacting T cells.
We could not detect any CD8+ cells specific for any of the
prostate-associated epitopes tested (derived from PSA, PSMA,
TRPP8 and Prostein, n = 6 RTP patients; data not shown). This
is in line with published data that tumor-antigen specific T cells
can be found in the blood of prostate cancer patients at very low
frequencies only.36–39 Altogether, and since our patient cohort
was limited (especially only 5 patients with extended RT regimen
were included), results could be strengthened by comparison of
larger groups of patients receiving standard vs extended RT.

Various immunological effects of irradiation have been
described in preclinical tumor models. In vitro, irradiation
induces co-stimulatory and decreases co-inhibitory molecules
on the surface of prostate cancer cells;40,41 it was also shown to
induce the release of HMGB1 and the expression of calreticulin
on the cell surface of tumor cell lines, and to increase tumor cell
killing by T cells.42 However, mouse models also indicate immu-
nosuppressive effects; for example, RT alone induces an increase
in the proportion and the expansion of Tregs in the spleen but
also within the tumor microenvironment. Indeed, regulatory T
cells have been described to be more radioresistant than effector
T cells, both inmice and in patients.43–45 Our data are well in line
with these observations and strongly suggest that especially
extended radiation volumes applied to patients with a high-risk
of recurrence might have a negative effect on anti-tumor
immune effector cells over the course of radiotherapy. Schaue
et al. also described an increase of Tregs during RT of rectal
cancer (including pelvic regions), not of prostate cancer (stan-
dard RT limited to the prostate region).46

In patients, the effects of radiation on peripheral immune
cell subsets in urological malignancies were already described

Figure 6. The ratio of CD8+ T cells to Tregs within CD4+ cells at the four timepoints for patients receiving standard (n = 8) vs extended (n = 5) RT. Mean and SEM are
shown. Significant differences were detectable in the group treated with extended RT volumes at timepoint C compared to initial CD8+/Treg ratio, as well as between
the treatment groups at timepoints C and D. * p < 0.05.
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in 1976 with a decrease in T cell numbers and function.47 RT
induces proinflammatory markers such as IL-18 and
Hsp21.48,49 Lymphocyte subset changes have also been
described for different radiation modalities like hypofractio-
nated RT or carbon ion therapy.39,50 Comparisons of periph-
eral immune cells after definitive versus salvage RT after
radical prostatectomy showed results comparable to our data
with a transient decrease of B cells within lymphocytes, and
inversely an increase of the NK cell fraction. A notable dif-
ference to our study was that RT was restricted to the prostate
region without pelvic nodal target volume, the dose was
60–74 Gy and that only 10 of 33 patients received hormonal
therapy.51 Both androgen deprivation therapy and RT for
prostate cancer have intrinsic immunological properties like
promoting pro-inflammatory cytokine microenvironment,
Th1 differentiation of T cells, and increased tumor immune
cell infiltration. Several clinical trials with combination regi-
mens are ongoing.52 In contrast to these and our data, radio
(chemo)therapy for cervical cancer induced a profound and
long lasting (up to 9 weeks after treatment completion)
decrease in CD4+ and CD8+ T cell subsets, but not in Tregs,
hence does not seem promising for combination with
immunotherapy.53 Thus, it is important to test the effects of
RT on the immune system in each clinical setting considered
for combination of radio(chemo)therapy and immunother-
apy. Notably, while peripheral changes are easy to monitor
with routine blood sampling, they might not fully reflect the
intratumoral situation, in which several immunological para-
meters have been described to predict outcome and therapy
response. Hence, it would be interesting to also assess intra-
tumoral immune infiltrates after local radiotherapy54.

Whereas several new systemic treatment options are avail-
able for metastatic prostate cancer,55 the treatment of loca-
lized disease still consists of local therapy, in advanced stages
combined with androgen deprivation.56 The role of immu-
notherapeutic strategies in the curative setting has to be
established in the context of possible benefits of new systemic
therapies in addition to local treatment in this patient popula-
tion. The limited success of checkpoint inhibitors in prostate
cancer26 (most possibly due to low mutational burden25)
might point to a role of different immunotherapy strategies
such as vaccination19 in this tumor entity. A number of non-
mutated, but prostate or prostate carcinoma specific- and
associated-antigens are known that could be used for immu-
nizing patients.

Limited data is available on the combination of curative RT
with immunotherapy for prostate cancer. In a spontaneous
tumor model (TRAMP mice) treated with a combination of
radiation, adoptive transfer and anti-tumor vaccination, T-cell
expansion was strictly dependent on timing and sequencing of
the treatment modalities.57 Gulley et al. conducted a clinical
trial comparing standard RT with a combination of RT and
vaccination starting three months prior to RT. Vaccine-spe-
cific T cell responses were induced in most patients, along
with evidences of antigen spreading; hence, although the
study did not include patients receiving the vaccine only, it
can be concluded that RT did not (drastically) impair anti-
vaccine T cells.58 Two further studies reported preliminary
data for intraprostatic vaccination and RT.54,59 Finally, three

clinical trials for metastatic prostate cancer and one trial with
curative RT in combination with vaccination are ongoing.60

In summary, our data suggest that a favourable time window
would be to start T-cell based immunotherapy prior to or early
during the course of curative fractionated RT. We found that
four weeks after start of RT (timepoint B), T cell levels were only
slightly affected, the proportion of naïve cells was intact, the ratio
CD8+/Tregs was unchanged, and T cell proliferation was
increased. The combination of curative treatment such as RT
with immunotherapy should be most effective in high-risk
patients with a significant risk of relapse and distant metastases.
This population is offered RT to the pelvic nodal regions, thus
hypofractionated irradiation as mostly described for RT in com-
bination with immunotherapy7,61 is not an option for this
patient population. Combination of T-cell immunotherapy
with this irradiation regimen might be a promising strategy to
decrease the risk of local recurrence and metastatic spread in
high-risk prostate cancer patients.

Patients and methods

Patients and treatments

From 2011 to 2012, patients undergoing curative primary RT for
localized prostate cancer were enrolled in a prospective immu-
nomonitoring study after giving informed consent. Patients with
known autoimmune diseases or on immune modulatory drugs
like immunosuppressants or corticosteroids were excluded. In
addition, six healthy donors were recruited as controls. The
study was conducted with the formal approval of the Ethics
Committee of Human Experimentation (project 402/2010BO2)
and registered at www.clinicaltrials.gov (NCT01376674).

Among the sixty-three patients who underwent HLA
screening, twenty-five were HLA-A*02-positive and donated
50 ml of blood (in Lithium-heparin containers) between 1 to
10 days before start of therapy, four and eight weeks after
treatment start, and three months after end of treatment (flow
chart Figure 1A, timepoints A to D). Eighteen patients were
included in the final analysis (Suppl. Fig. 1A).

The mean age of this cohort was 75 years (range 65 to
82 years). Nine patients presented with intermediate risk
prostate cancer and nine patients had high-risk tumors
(detailed information in Suppl. Table 1). According to our
institutional standards, therapy consisted of 70–78 Gy in
35–39 fractions to the prostate and base of seminal vesicles
for intermediate-risk disease combined with 6 months of
androgen deprivation therapy overlapping the RT time per-
iod. This additional LHRH treatment commenced at least
6 weeks before starting RT. For high-risk patients, additional
RT to the pelvic nodal regions to 50.4 Gy in 28 fractions and
androgen deprivation therapy for 2–3 years were considered.
The six healthy donors were in the age range of the screened
patient cohort (49 to 63 years vs. 51 to 85 years) and blood
was collected at three timepoints four weeks apart.

Oncologic outcome

In our mixed population of 50% intermediate and 50% high-
risk prostate cancer patients (n = 18) with a median estimated
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follow-up of 5.1 ± 0.1 years, two of the eighteen patients
experienced a recurrence. Both had high-risk cancers at the
time of diagnosis. One patient developed lymph node metas-
tases 1.5 years after radiotherapy and was treated with several
systemic therapies and radiotherapy to bone metastases later
on. One patient developed a local recurrence 4 years after
radiotherapy and received systemic therapy. Estimated bio-
chemical-failure-free survival (BFFS) after 5 years was
89 ± 8%. As expected, high-risk patients had a worse prog-
nosis with a 5-year BFFS of 76.2 ± 14.8% versus 100% for
intermediate-risk patients, although without statistical signifi-
cance (p = 0.13, data not shown).

Cell isolation

Heparinized whole blood was obtained from the included
patients and healthy human volunteers through venepuncture
after informed consent. Peripheral blood mononuclear cells
(PBMCs) were isolated using standard density centrifugation
on Biocoll separating solution (Biochrom AG), frozen in 90%
FCS and 10% DMSO, and stored in liquid nitrogen until use.

Phenotyping of PBMCs

Frozen cells were thawed in IMDM (Lonza, Verviers, Belgium)
supplemented with 2.5% heat-inactivated (h.i.) human AB serum
(Life Technologies, Darmstadt, Germany), 1% penicillin/strepto-
mycin (Sigma-Aldrich, Steinheim, Germany), 50 µM beta-mer-
captoethanol (Merck, Darmstadt, Germany) and 3µg/ml DNase I
(Sigma-Aldrich), according to a standard protocol. In most cases,
1–2 x 106 cells were used per stain, antibody (Ab) panels and
staining protocols were established prior to the experiments.
Stain I: CD3 PaBlue (Biolegend, Fell, Germany), CD19
BrilliantViolet650 (Biolegend), CD4 APC-Cy7 (BD Biosciences,
Heidelberg, Germany), CD8 QDot605 (LifeTechnologies), CD25
APC (BD) and CD56 PE-Cy7 (BD). Stain II: CD4 APC-Cy7 (BD),
CD8 PE-Cy7 (Beckman Coulter, Krefeld, Germany), CD45RA
PaBlue (LifeTechnologies), CD28 APC (eBioscience), CCR7 PE
(BD, not used for the analysis) and four HLA-A*02 multimers:
CMV-pp65 (495–503 NLVPMVATV)QDot705 at 5 µg/ml, EBV-
BMLF1 (259–267, GLCTLVAML) QDot685 at 10 µg/ml, EBV-
LMP2 (426–434, CLGGLLTMV) QDot655 at 5 µg/ml and
Influenza-Matrix (58–66, GILGFVFTL) QDot605 at 5 µg/ml. All
monomers and multimers were produced in-house and stainings
performed as already described62,63 in PBS containing 0.02%
sodium azide, 2 mM EDTA (Roth, Karlsruhe, Germany) and 2%
or 50% h.i. foetal calf serum for the Ab or multimers, respectively.
After an incubation of 30min at room temperature (multimers) or
20 min at 4°C (Abs), cells were washed, permeabilized with
Fixation/permeabilization solution (eBioscience), followed by an
intracellular staining with Foxp3 PE and/or Ki67 AlexaFluor700
for 30 min at 4°C followed by two washes. Isotype controls were
used for CD25 APC and Ki67 AlexaFluor700, and each test con-
tained a viability marker (Live/Dead Aqua, LifeTechnologies).

Intracellular cytokine staining

For intracellular cytokine staining (ICS), PBMCs were thawed
and 1–2 x 106 cells plated in culture medium IMDM with 10%

h.i. human AB serum, 1% penicillin/streptomycin and 50 µM
beta-mercaptoethanol at 37°C and 7.5% CO2. After overnight
resting, cells were stimulated for five hours with either an
HIV-peptide (HIV-RT 476–484, ILKEPVHGV, HLA-A*02
binder) or with SEB (Sigma) at 10 μg/ml in the presence of
a CD107a PaBlue antibody (Biolegend, 2 μl/test); GolgiStop
(BD) and Brefeldin A (Sigma, 10 μg/ml) were added after one
hour. Extracellular stainings contained Abs CD4 APC-Cy 7,
CD8 QDot605 and Life/Dead Aqua. After washing and per-
meabilization with Cytofix/Cytoperm (BD), Th1 cytokines
were detected with the following specific Abs: anti IL-2 PE-
Cy7 (Biolegend), IFNγ AlexaFluor700 (BD) and TNF
BrilliantViolet650 (Biolegend) diluted in PBS containing
0.02% sodium azide, 0.5% BSA and 1% Saponin (both
Sigma). Incubations all lasted 20 min at 4°C and washing
steps were performed as described.21 After the last incubation,
stains were washed twice.

Testing and analysis strategies

All stainings were acquired on an LSR-Fortessa SORP cyt-
ometer (BD) operated through Diva version 6.1.2. Analysis
was performed using FlowJo version 9.2 for Macintosh. In the
case of limited cell numbers for certain time points, phenoty-
pical characterization was prioritized, followed by MHC-mul-
timer staining, then functional analysis.

The following gating strategy was used: time histogram,
singlets (FSC-H vs. FSC-A), living cells (Live/Dead Aqua dye
vs FSC-A), lymphocytes (FSC-A vs SSC-A). Within lympho-
cytes, T cells were defined as CD3+CD19−, B cells as
CD3−CD19+ and NK cells as CD3−CD19−. CD4+, CD8+ and
Tregs (CD4+CD25+Foxp3+) were all assessed within CD3+

lymphocytes. Percentages of multimer+ cells are given within
CD4−CD8+ lymphocytes. For the ICS experiments, cytokine
production was assessed within the CD4−CD8+ and
CD4+CD8− subsets; percentages of SEB-responding cells are
given after subtraction of the background cytokine production
(measured in the HIV control). Tests were excluded in case of
less than 100.000 total events or less than 25% viable lympho-
cytes and all dot-plots were audited by visual inspection.

Statistics

Patients and timepoints included are shown in detail in
Suppl. Table 1. Statistical analysis was performed with
Graph prism 5.04 and SPSS statistics V24. First, normal
distribution of the values was assessed using a D´Agostino
& Pearson test. Differences between timepoints A and B, A
and C, or A and D were tested for paired observations
(only) with a paired t-test or a Wilcoxon matched-pairs
test (same test for all comparisons of the same marker).
For HD PBMCs, and since the % of the different immune
subsets assessed were very similar, mean of the three time-
points tested were calculated and compared to the single
values obtained in RT patients. For comparison of data
obtained in patients vs HD (e.g. Figure 4B, timepoint C
RT patients vs HD) and between RT groups (Figure 6), a
Mann Whitney test (single group comparison) or a
Friedman test (multiple group comparison) were used. If
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multiple tests were performed in the same experiment, a
post-test correction was performed. Estimated patient sur-
vival was calculated using the Kaplan Meier method, survi-
val curves were compared by Log-rank test. Significant
differences were defined with p < 0.05 (*), p < 0.01 (**)
and p < 0.001 (***).
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