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Abstract
Radiotherapy can elicit abscopal effects in non-irradiated metastases, particularly under immune checkpoint blockade (ICB). 
We report on two elderly patients with oligometastatic melanoma treated with anti-PD-1 and stereotactic body radiation 
therapy (SBRT). Before treatment, patient 1 showed strong tumor infiltration with exhausted CD8+ T cells and high expres-
sion of T cell-attracting chemokines. This patient rapidly mounted a complete response, now ongoing for more than 4.5 years. 
Patient 2 exhibited low CD8+ T cell infiltration and high expression of immunosuppressive arginase. After the first SBRT, 
his non-irradiated metastases did not regress and new metastases occurred although neoepitope-specific and differentiation 
antigen-specific CD8+ T cells were detected in the blood. A second SBRT after 10 months on anti-PD-1 induced a radiologic 
complete response correlating with an increase in activated PD-1-expressing CD8 T cells. Apart from a new lung lesion, 
which was also irradiated, this deep abscopal response lasted for more than 2.5 years. However, thereafter, his disease pro-
gressed and the activated PD-1-expressing CD8 T cells dropped. Our data suggest that oligometastatic patients, where a large 
proportion of the tumor mass can be irradiated, are good candidates to improve ICB responses by RT, even in the case of 
an unfavorable pretreatment immune signature, after progression on anti-PD-1, and despite advanced age. Besides repeated 
irradiation, T cell epitope-based immunotherapies (e.g., vaccination) may prolong antitumor responses even in patients with 
unfavorable pretreatment immune signature.
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Background

The standard of care for metastatic melanoma is immune 
checkpoint blockade (ICB) or targeted therapy [1]. In the 
absence of brain metastases, pembrolizumab and nivolumab 
monotherapy yield durable responses in approx. 30–40% of 
patients; the complete response (CR) rate is approx. 15% 

[2, 3]. Additional radiotherapy (RT) may increase the rate 
of deep and durable responses. Preclinical work has shown 
that localized RT can induce CD8+ T cells, which contrib-
ute to the control of the irradiated tumor and sometimes 
elicit abscopal effects in non-irradiated metastases, particu-
larly when combined with ICB [4–7]. Case reports [8] and 
clinical trials have also provided evidence for RT-induced 
abscopal effects [9–14]. However, it is not fully clear how to 
best induce an RT-mediated abscopal response and whether 
pretreatment biomarkers can predict which patients respond 
to combined RT/ICB.

Melanoma has been regarded as radioresistant, and, in 
melanoma, RT is currently mainly used in the adjuvant set-
ting or to palliate symptoms [15]. Advanced age is usually a 
disadvantage for immunotherapy, mainly because of immu-
nosenescence, but anecdotal clinical experience suggests 
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that advanced age does not result in poorer responses in 
elderly patients treated with ICB [16].

Here, we report on two elderly patients with oligometa-
static melanoma who mounted a deep (long-lasting complete 
or radiologic complete) response to stereotactic body radio-
therapy (SBRT) and anti-PD-1. Patient 1 had a favorable 
pretreatment immune signature and immediately responded 
with a CR, now already lasting for more than 4.5 years. 
Patient 2 had an unfavorable pretreatment immune signature. 
Nonetheless, he showed a radiologic CR after a second (late) 
SBRT delivered after more than 10 months of progression 
on anti-PD-1 and the first SBRT. However, eventually, his 
disease progressed. Besides various potential pre- and on-
treatment biomarkers, we also characterized CD8+ T cell 
responses to melanoma differentiation antigens and neoan-
tigens. The latter could be useful for the design of addi-
tional immunotherapies that might further deepen responses, 
including patients with unfavorable immune signature.

Materials and methods

Patient study

All human samples were collected after approval by the Eth-
ics Committee of the Albert-Ludwigs University Freiburg, 
Germany (protocol no. 453/14) following written informed 
consent.

Whole‑exome sequencing, RNA sequencing, HLA 
typing, and neoepitope prediction

DNA and RNA were extracted from formalin-fixed, par-
affin-embedded tumor sections and PBMCs. Sequencing 
was performed by Personalis (Menlo Park, USA), and gene 
expression profiles and potential neoepitope lists were gen-
erated. HLA typing was also performed by next-generation 
sequencing. The neoepitopes were chosen by the rank of the 
predicted affinity using NetMHCpan 4.0, the ratio of wild-
type- and tumor-binding rank, and based on source protein 
expression. Transcripts per million base pairs were used to 
compare gene expression levels between the two patients.

Immunohistochemistry (IHC)

Tumor sections were stained with hematoxylin and eosin 
(H&E) or with primary antibodies to CD8 (clone C8/144B 
from Dako-Agilent) and PD-L1 (Ventana clone SP142 from 
Roche). IHC staining was conducted using K8020 Envi-
sion Flex (for brown stainings) or K5005 alkaline phos-
phatase detection kits (for red stainings) in a DAKO Plus 
Austostainer.

Detection of differentiation antigen‑ 
and neoepitope‑specific CD8+ T cells

PBMCs were incubated with 13 potential neoepitope pep-
tides or HLA-A2-restricted peptides derived from differ-
entiation antigens (each 10 μg/ml) plus anti-CD28 (0.5 μg/
ml) (CD28.2). The following differentiation antigen-derived 
epitopes were used: gp100209–217 (IMDQVPFSV), MART-
126–35 (ELAGIGILTV), gp100280–288 (YLEPGPVTV), and 
tyrosinase369–377 (YMDGTMSQV). From day 2 onwards, 
IL-2 (20–100 IU/ml) was added. Every 14 days, the cultures 
were restimulated with peptide-pulsed, 40-Gy-irradiated 
autologous PBMCs. Epitope-specific T cell assays were per-
formed after a 6-h restimulation with the respective peptide 
pools or with individual peptides. After 1 h, brefeldin A was 
added. Cells were then stained for surface CD8+ and intra-
cellular IFNγ and analyzed by flow cytometry.

Flow cytometry

Cells were stained with Zombie Red and then with anti-
bodies against CD3 (OK3), CD8 (SK1), PD-1 (EH12.2H7), 
CD45RA (HI100), and CCR7 (G043H7). For nuclear stain-
ing of Ki67 (Ki67), we used the eBioscience Fixation/Per-
meabilisation kit. For IFNγ (clone 4S.B3) staining, the Fixa-
tion and Permeabilization buffer from Invitrogen was used. 
Cells were analyzed on a CytoflexS cytometer (Beckman 
Coulter).

Results

Case history

Case 1 In January 2012, a 69-year-old woman was diag-
nosed with BRAF-wild-type melanoma on the upper left leg. 
The primary tumor and the sentinel inguinal lymph nodes 
were resected. The disease was staged pT2a pN1a cM0. 
From 5/2012 to 12/2012, the patient received low-dose adju-
vant IFNα therapy. In May 2015, she presented with macro-
scopic lymph node metastases in the left groin, which were 
R1-resected (Fig. 1a). In June 2015, three liver metastases, 
a muscle lesion in the upper left leg, and a lesion in the left 
groin were detected by FDG-PET/CT. Since only three body 
regions were affected, with a limited number of macroscopic 
metastases, the patient was treated with potentially curative 
SBRT to the three liver lesions (Fig. 1b, c, e). The SBRT 
(3 fractions of 15 Gy on consecutive days) was delivered 
in September 2015, 4 weeks after initiation of nivolumab 
(between the 3rd and 4th nivolumab doses) (Fig. 1a). Due 
to non-symptomatic grade 3 elevation of liver enzymes, 
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anti-PD-1 was discontinued after the 6th nivolumab infu-
sion, and systemic corticosteroids were initiated. The first 
response evaluation (12 weeks after the nivolumab initia-
tion/8 weeks after SBRT) showed a partial response of all 
irradiated and non-irradiated lesions. At 6 months after the 
nivolumab initiation/5 months after SBRT, FDG-PET/CT 
showed CR, despite early nivolumab discontinuation and 
continued corticosteroids (Fig. 1d). In March 2020, more 
than 4.5 years after the concurrent SBRT and nivolumab, 
there was still no evidence of disease.

Case 2 In September 2013, a 77-year-old man was diag-
nosed with BRAF-wild-type melanoma in the right breast 
region; the primary tumor and the sentinel lymph nodes 
in the axilla were resected. The disease was staged pT3b 
pN1a cM0. The patient refused adjuvant IFNα therapy. In 
February 2015, a solitary liver metastasis was detected, 
which was surgically resected. In July 2015, CT revealed 
three new liver metastases. Since only one organ showed 
a limited number of macroscopic metastases, potentially 
curative SBRT (3 fractions of 15 Gy every other day) was 
delivered to the two largest lesions located close together 
in a non-central liver region. The SBRT was delivered in 
September 2015, 4 weeks after the pembrolizumab initiation 
(between the 2nd and 3rd pembrolizumab doses) (Fig. 2). At 
the first response evaluation (10 weeks after the pembroli-
zumab initiation/6 weeks after SBRT), the irradiated lesions 

had regressed and the non-irradiated lesion was stable. At 
5 months after the pembrolizumab initiation/4 months after 
SBRT, FDG-PET/CT revealed progression, with a new liver 
lesion. Three months later (April 2016), a new lung lesion 
and another new liver lesion appeared; in addition, a large 
abdominal lymph node metastasis was detected (Fig. 2). 
The tumor board decided to again try to induce an abscopal 
effect by delivering a second SBRT (8 fractions of 7.5 Gy 
over 2.5 weeks) to the large lymph node metastasis and one 
liver metastasis; the three other detectable lesions (two liver 
lesions and the lung lesion) were not irradiated. The 2nd 
SBRT was delivered in June 2016, after the 14th cycle of 
pembrolizumab (Fig. 2). FDG-PET/CT in July 2016 revealed 
a CR with radiologic complete regression of all irradiated 
and non-irradiated metastases, i.e., a strong RT-induced 
abscopal effect (Fig. 2).

In September 2016, a pruriginous exanthema appeared 
which initially responded to topical steroids. In December 
2016, the skin symptoms exacerbated and histological, clini-
cal, and blood (BP180-ELISA) examinations led to the diag-
nosis of autoimmune bullous pemphigoid, likely related to 
pembrolizumab. Systemic corticosteroids were then admin-
istered for approx. 12 months, which improved the skin 
condition. Pembrolizumab was nevertheless discontinued 
in March 2017. In May 2017, FDG-PET/CT revealed a new 
lung lesion, which was treated by SBRT (Fig. 2). Afterward, 

Fig. 1   a Disease and treat-
ment course for patient 1. b 
Irradiation field. SBRT in 
September 2015 was delivered 
in 3 fractions of 15 Gy on 
consecutive days to three liver 
lesions located close together. 
c, d FDG-PET/CT before (c) 
and 5 months after the ICB 
initiation/4 months after SBRT 
(d). Irradiated lesions are high-
lighted by red circles, non-irra-
diated lesions by blue circles, 
and responding lesions by green 
circles. e FDG-PET/CT sec-
tions showing the three closely 
spaced liver lesions (numbered 
1–3) that were irradiated. ICB 
Immune checkpoint blockade, 
SBRT stereotactic body radia-
tion therapy
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all lesions were controlled at least until December 2018. 
However, FDG-PET/CT in July 2019 revealed progression 
with a new vertebral lesion (Fig. 2), several lymph node 
metastases in the cervical region, and a suspicious soft-tis-
sue lesion in the left thigh.

After multifocal progression was diagnosed in July 2019, 
the patient at first refused further therapy apart from RT of 
the symptomatic vertebral bone metastasis. According to 
the patient’s will, RT of the 3rd lumbar vertebra metasta-
sis was performed with 5 fractions of 3 Gy per week for 
2 weeks (cumulative dose 30 Gy), which led to local tumor 
control as documented by CT scans in December 2019. But 
CT scans in December 2019 revealed a further progression 

with peritoneal tumor spread, and pembrolizumab therapy 
was resumed in January 2020. Pembrolizumab therapy led to 
a decrease in the tumor marker S100 and the patient’s gen-
eral condition is now stable without symptoms of metastatic 
disease. The bullous pemphigoid has not yet recurred since 
the reinitiation of pembrolizumab.

Pretreatment immune signature

Pretreatment tumor material obtained through surgical 
resection a few weeks before the start of ICB was ana-
lyzed by bulk whole-exome sequencing (Fig. 3a, b, Sup-
plementary Fig.  1) and IHC (Fig.  3c, Supplementary 

Fig. 2   Disease and treatment 
course for patient 2 as well as 
FDG-PET/CTs and irradiation 
plans. The 1st SBRT in Sep-
tember 2015 was delivered in 
3 fractions of 15 Gy every other 
day to the two largest lesions 
located close together in a non-
central liver region. The 2nd 
SBRT in June 2016 was deliv-
ered in 8 fractions of 7.5 Gy 
over 2.5 weeks to the abdominal 
lymph node and a liver metasta-
sis. The 3rd SBRT in July 2017 
was delivered in 3 fractions of 
18.75 Gy every other day to 
the new lung lesion. Irradiated 
lesions are highlighted by red 
circles, non-irradiated lesions 
by blue circles, and responding 
lesions by green circles. ICB 
Immune checkpoint blockade, 
SBRT stereotactic body radia-
tion therapy, LN lymph node
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Fig. 2). Both patients’ tumors showed a similar mutational 
burden (Fig. 3a) in the upper-intermediate range for mela-
noma [17]. However, there were strong differences in the 
immune status of the resected tumor material. High levels 
of CD8+ T cells were found in the resected lymph node 
metastasis of patient 1; the resected liver metastasis of 
patient 2 showed a 20 times lower CD8+ T cell density 
both by RNAseq and by IHC (Fig. 3b, c, Supplementary 
Fig. 2).

Moreover, the lymph node metastasis of patient  1 
revealed an exhaustion signature (Fig. 3b) [18]. Besides 
PD-1 and PD-L1, the exhaustion markers TIM-3 and 
LAG-3 and the transcription factor TOX, which is 
required for the formation of exhausted T  cells [19], 
were expressed. Exhausted T cells secrete high levels of 
cytotoxic molecules (perforin, granzymes) and the T cell 
effector cytokine IFNγ, but not IL-2. TNFα expression 
is also usually reduced. Another typical feature is high 
expression of IFNγ-inducible T cell-recruiting chemokines 
(CXCL9, CXCL10), which were found, in addition to the 
T cell-recruiting chemokine CCL5, and CXCL13 recently 
reported to be expressed in tertiary lymphoid tissue [20]. 
Expression of indoleamine 2,3-dioxygenase (IDO1), also 
typically induced by IFNγ, was also found (Fig.  3b). 
Remarkably, there was only little evidence for the presence 

of immunosuppressive leukocytes such as CD4+ Tregs; 
immunosuppressive arginase typically expressed by immu-
nosuppressive myeloid cells was not found at all.

In contrast, the resected liver metastasis of patient 2 
showed no expression of PD-1, TIM-3, or LAG-3. How-
ever, some expression of the PD-1 ligand, PD-L1, which 
can occur dependently or independently of IFNγ [21], was 
detected (Fig. 3b, Supplementary Fig. 2). Perforin, IFNγ, 
IL-2, TNFα, and granzymes were virtually undetectable 
(Fig. 3b). In accordance with the low IFNγ expression, 
expression of IDO1, CXCL9, and CXCL10 was also low. 
However, the Treg-specific transcription factor FoxP3 was 
expressed at higher levels than in the lymph node metas-
tasis of patient 1, and expression of immunosuppressive 
arginase was also relatively high (Fig. 3b). Expression of 
TOX was low and CXCL13 was undetectable. Together, 
these findings did not show evidence for pretreatment 
tumor infiltration by exhausted T cells that could respond 
to anti-PD-1.

Both patients’ tumors showed high expression of 
β2-microglobulin (β2M) as well as expression of MHCI. 
Expression of MHC class II, typically found on profes-
sional antigen presenting cells, was higher in the lymph 
node metastasis of patient 1 (Fig. 3b).

Fig. 3   Comparative analysis of 
the pretreatment tumor immune 
signatures between patient 1 and 
patient 2. a Tumor mutational 
burden. b RNA expression of 
various proteins playing a role 
in T cell signaling, differentia-
tion, exhaustion, and cyto-
toxicity. Expression levels of 
chemokines, immunosuppres-
sive enzymes, and β2M as well 
as of MHC class I and MHC 
class II were also analyzed. 
Transcripts per million base 
pairs were used to compare 
gene expression levels between 
the two patients. c Density of 
CD8+ TILs as determined by 
IHC in pretreatment tumor tis-
sue. Mb Megabase
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Immune pharmacodynamic analyses of PBMCs

ICB can induce the proliferation of PD-1+ T cells [22, 
23]; it is unclear whether conventional treatments (includ-
ing different modes of RT) also increase it. We analyzed 
PBMCs before ICB and 7–10 days after the first SBRT. 
PBMCs of patient 2 were also analyzed before and after the 
second SBRT. After initiation of ICB and the subsequent 
first SBRT, patient 1, who rapidly developed a CR, showed 
a stronger increase in Ki67+ CD8+ T cells compared to 
the pretreatment levels (approx. 3.5-fold; post-treatment: 

20%) than patient 2 (approx. twofold; post-treatment: 12%) 
(Fig. 4a). The increase in Ki67 was mainly seen in PD-1+ 
CD8+ T cells (patient 1: post-treatment 54%; patient 2: 
24%) (Fig. 4b). The frequencies of Ki67+ cells indeed 
seemed to correlate with the treatment response. After 
the second SBRT in patient 2, which provoked the strong 
abscopal response despite resistance to long-term anti-
PD-1 therapy, the Ki67+ CD8+ T cells increased to 19%, 
and the PD-1+ CD8+ T cells expressing Ki67, to 37%, 
i.e., to a similar level as seen in patient 1 after successful 
combined SBRT/ICB. When patient 2 clearly progressed 

Fig. 4   Pharmacodynamic 
immune response to anti-PD-1 
and SBRT. a Ki67 in blood 
CD8 T cells pre and post com-
bined RT/ICB. b Ki67 in PD-1+ 
versus PD-1− CD8 T cells pre 
and post combined RT/ICB. 
c Predicted MHC I-binding 
affinity of mutated peptides 
(left); (right) HLA-A2.1-
binding affinity of the selected 
13 potential neoepitope 
peptides (pools 1–3) and four 
known epitopes derived from 
expressed melanoma differ-
entiation antigens (pool 4), 
as determined by T2 assay. In 
the assay, 10 μg/ml of each 
peptide and 3 μg/ml β2M were 
incubated with HLA-A2.1+ T2 
cells for 18 h at 37 °C. Relative 
RNA expression of the source 
proteins is indicated on top of 
the bars. d Percentage of tumor 
epitope-specific CD8+ T cells 
in PBMCs of patient 2 (from 
January 2016) based on intra-
cellular IFNγ-staining after one 
and two rounds of restimulation 
on peptide-pulsed autologous 
PBMCs. PBMCs from a healthy 
normal HLA-A2.1 + donor were 
used as control. e The CD8+ 
T cell responses in patient 2 
were mainly directed toward 
MART-126–35/HLA-A2.1 
complexes. f Development of 
lymphopenia during treatment 
in patient 2 (left). The three 
courses of SBRT are indicated 
by arrows. Proportion of CD8+ 
T cells among CD3 T cells in 
PBMCs for both patients and a 
normal donor for control (right). 
ND Normal donor
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(August 2019), the CD8+ T cells expressing Ki67 dropped 
to 9%.

We then investigated whether tumor-specific CD8+ 
T cells were detectable in the blood of patient 2 during 
progression between the first and second SBRT. Known 
HLA-A2-restricted epitopes from melanoma differentiation 
antigens, which were highly expressed in the pretreatment 
melanoma tissue, and potential neoepitopes, predicted based 
on whole-exome DNA and RNA sequencing, were selected 
(Fig. 4c left). Only a few of these potential neoepitope pep-
tides bound with high affinity to HLA-A2.1 (Fig. 4c right). 
By using peptide pools, we detected reactivity to differen-
tiation antigens and to neoepitopes (Fig. 4d). The response 
of differentiation antigen-specific CD8+ T cells, which 
mainly recognized the MART-126–35 epitope, was particu-
larly high (Fig. 4e). Tumor-specific T cells could be detected 
despite a pronounced lymphopenia, which deepened with 
each round of SBRT (Fig. 4f left, Supplementary Fig. 3). Of 
note, both patients also had an unusually low proportion of 
CD8+ T cells among the CD3+ cells in the blood (normally 
approx. 30%) (Fig. 4f right).

The ratio of Ki67+ CD8+ T cells to the tumor burden 
might be a better predictor for ICB response than Ki67+ 
T cells alone [23]. In our study, a large proportion of the vis-
ible tumor mass was irradiated in the two patients who were 
“oligometastatic” [24]. In the successful second SBRT in 
patient 2, more than 90% of the tumor mass was irradiated, 
thus leaving only a very small non-irradiated tumor mass 
(approx. 10 cm3) (Table 1).

Discussion

Clinical attempts to induce abscopal effects in metastatic 
patients have so far been based on the irradiation of one or 
two tumor nodules, with limited success. Our data suggest 

that patients with limited or oligometastatic disease, where 
a large proportion of the tumor mass can be irradiated, are 
good candidates to increase ICB response rates by RT, even 
in case of an unfavorable pretreatment immune signature, 
after progression on long-term anti-PD-1, and despite 
advanced age. We also show that deep abscopal effects 
can be achieved through a repeated irradiation, but long-
term outcomes may be worse in patients with unfavorable 
immune signature. However, even in the patient with the 
unfavorable pretreatment immune signature, tumor epitope-
specific T cells could be detected in the blood after the first 
(ineffective) attempt to induce an abscopal effect by RT, 
and this could be the basis for additional epitope-based 
immunotherapies.

Patient 1 had favorable pretreatment biomarkers. How-
ever, in sum, her tumor lesions showed a diameter of less 
than 5 cm and PD-L1 positivity, and therefore she had an 
approx. 40% chance of achieving a CR upon anti-PD-1 mon-
otherapy [25]. It is therefore unclear if the SBRT contributed 
to the CR in this patient. In contrast, patient 2 showed a 
clear RT-induced abscopal response after a second SBRT 
following progression on long-term anti-PD-1 and the first 
SBRT. This strong abscopal response occurred despite low 
CD8+ T cell infiltration, the absence of a T cell exhaustion 
and cytotoxicity signature, and the presence of immunosup-
pressive cells in the pretreatment tumor tissue.

Preclinical experiments suggest that non-ablative hypof-
ractionated RT may work best to induce abscopal responses 
[5, 6]. In our study, both patients initially received ablative 
SBRT, resulting in CR in patient 1 but no systemic regres-
sion in patient 2. The second (effective) SBRT in patient 2 
had a curative total dose but non-ablative fraction doses. 
Moreover, based on the assumption that TILs are radiosen-
sitive, it is usually assumed that repetitive tumor irradia-
tions may be detrimental. However, the systemically effec-
tive (second) SBRT in patient 2 consisted of 8 fractions 

Table 1   Irradiated (RT), non-
irradiated (abscopal), and total 
tumor load as detected by CT 
before each SBRT for both 
patients

Tumor lesions (cm)3 Patient 1 Patient 2

Aug. 2015 Sep. 2015 Apr. 2016 May 2017

Liver 1 23.60 (RT) 7.56 (RT) – –
Liver 2 4.18 (RT) 10.06 (RT) – –
Liver 3 – 8.33 16.6 (RT) –
Inguinal LN (R1 resection) Not measurable – – –
Muscle lesion 6.73 – – –
Liver 4 – – 2.93 –
Liver 5 – – 6.67 –
Abdominal LN – – 107.29 (RT) –
Lung 1 – – 0.28 –
Lung 2 – – – 0.63 (RT)
Total tumor volume 34.51 25.95 133.77 0.63
Irradiated volume 27.78 (80.5%) 17.62 (67.9%) 123.89 (92.6%) 0.63 (100%)
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distributed over 2.5 weeks. This is consistent with our recent 
preclinical work showing that such extended hypofraction-
ated RT schedules are not necessarily less effective than 
short schedules [26]. It is also consistent with a recent report 
showing that tumor-resident T cells are quite radioresistant 
[27].

RT-mediated abscopal effects depend on tumor-specific 
CD8+ T cells. Therefore, the direct RT-mediated reduction 
in the tumor mass (which is feasible in limited or oligo-
metastatic disease [24]) may be beneficial, because it likely 
facilitates T cell-mediated tumor rejection. In our patients, 
a relatively high proportion of the visible tumor mass (up 
to > 90%) was irradiated.

In accordance with the poor pretreatment immune sig-
nature, the radiologic CR in patient 2 was only transient. 
However, upon initiation of ICB and the first SBRT (August/
September 2015), patient 2 showed an increase in Ki67+ 
(i.e., activated) CD8+ T cells and of Ki67+ PD-1+ CD8+ 
T cells in the blood, which was still detected several months 
later (May 2016) despite tumor progression. In accordance 
with these findings, differentiation antigen- and neoepitope-
specific CD8+ T cells could clearly be detected during this 
period of post-treatment tumor progression (January 2016). 
The detection of tumor epitope-specific T cells could be the 
basis for additional, epitope-based immunotherapies (vac-
cination, adoptive T cell transfer) that could help to improve 
antitumor responses.

Easily detectable on-treatment changes in biomarkers are 
also of interest to identify effective treatment combinations. 
At the time point of successful systemic/abscopal response, 
both patients had high levels (approx. 40–50%) of Ki67+ 
(i.e., proliferating) PD-1+ CD8+ T cells; in patient 2, this 
increase was induced by RT despite resistance to anti-PD-1. 
Since the patient was still under PD-1 ICB, it is unclear 
whether (but possible that) the increase in Ki67+ T cells 
was induced by the tumor irradiation alone.

In both patients, a strong antitumor response was 
observed despite early ICB discontinuation and early com-
mencement of systemic corticosteroids after CR. Whereas 
the bullous disease in patient 2 was clearly related to anti-
PD-1 [28], it is unclear to which extent anti-PD-1 and liver 
SBRT contributed to the transient grade 3 transaminitis in 
patient 1 [29]. Our data also show that combined SBRT/ICB 
can be highly effective in elderly patients [30].

Future clinical trials could investigate to which extent 
(early or late) SBRT enhances ICB response rates in patients 
with oligometastatic disease where all or large parts of the 
visible tumor mass can be irradiated. The effects of repeated 
irradiations could also be addressed in such trials. Our 
study furthermore suggests that patients with poor pretreat-
ment CD8+ T cell infiltration should not be excluded from 
attempts to induce RT-mediated systemic/abscopal effects, at 
least in oligometastatic disease where all or large parts of the 

visible tumor mass can be irradiated. In addition, our data 
support the notion that old patients should not be excluded 
from attempts to induce RT-mediated abscopal effects.

Acknowledgements  Open Access funding provided by Projekt DEAL.

Author contributions  TW analyzed radiographic and NGS data and 
helped to write the manuscript; EF performed the T cell experiments 
and helped to write the manuscript; JS recruited and treated the patients 
and helped to analyze the patient data; SG and RL helped with experi-
ments; CH, DvB, FM, and ALG recruited and treated patients; NE 
analyzed NGS data; ASG performed the IHC analyses; GM helped 
with analyses; AA and JCH helped to design the study and obtained 
funding; GN designed the study, planned the experiments, analyzed 
data and wrote the manuscript; all authors were involved in critical 
revision of the manuscript.

Funding  This work was supported by the German Cancer Consortium 
(DKTK) Joint Funding PARADIGM Grant to J.H., A.A., G.N., and 
F.M.

Compliance with ethical standards 

Conflict of interest  The authors declare no potential conflict of inter-
est.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

	 1.	 Sullivan RJ, Atkins MB, Kirkwood JM, Agarwala SS, Clark JI, 
Ernstoff MS, Fecher L, Gajewski TF, Gastman B, Lawson DH, 
Lutzky J, McDermott DF, Margolin KA, Mehnert JM, Pavlick 
AC, Richards JM, Rubin KM, Sharfman W, Silverstein S, Slin-
gluff CL Jr, Sondak VK, Tarhini AA, Thompson JA, Urba WJ, 
White RL, Whitman ED, Hodi FS, Kaufman HL (2018) An 
update on the society for immunotherapy of cancer consensus 
statement on tumor immunotherapy for the treatment of cutaneous 
melanoma: version 2.0. J Immunother Cancer 6(1):44. https​://doi.
org/10.1186/s4042​5-018-0362-6

	 2.	 Hodi FS, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, 
Cowey CL, Lao CD, Schadendorf D, Wagstaff J, Dummer R, Fer-
rucci PF, Smylie M, Hill A, Hogg D, Marquez-Rodas I, Jiang 
J, Rizzo J, Larkin J, Wolchok JD (2018) Nivolumab plus ipili-
mumab or nivolumab alone versus ipilimumab alone in advanced 
melanoma (CheckMate 067): 4-year outcomes of a multicentre, 
randomised, phase 3 trial. Lancet Oncol 19(11):1480–1492. https​
://doi.org/10.1016/S1470​-2045(18)30700​-9

	 3.	 Robert C, Ribas A, Schachter J, Arance A, Grob JJ, Mortier 
L, Daud A, Carlino MS, McNeil CM, Lotem M, Larkin JMG, 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s40425-018-0362-6
https://doi.org/10.1186/s40425-018-0362-6
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/S1470-2045(18)30700-9


1831Cancer Immunology, Immunotherapy (2020) 69:1823–1832	

1 3

Lorigan P, Neyns B, Blank CU, Petrella TM, Hamid O, Su SC, 
Krepler C, Ibrahim N, Long GV (2019) Pembrolizumab versus 
ipilimumab in advanced melanoma (KEYNOTE-006): post hoc 
5-year results from an open-label, multicentre, randomised, con-
trolled, phase 3 study. Lancet Oncol. https​://doi.org/10.1016/
S1470​-2045(19)30388​-2

	 4.	 Weichselbaum RR, Liang H, Deng L, Fu YX (2017) Radiotherapy 
and immunotherapy: a beneficial liaison? Nat Rev Clin Oncol 
14(6):365–379. https​://doi.org/10.1038/nrcli​nonc.2016.211

	 5.	 Rodriguez-Ruiz ME, Vanpouille-Box C, Melero I, Formenti SC, 
Demaria S (2018) Immunological mechanisms responsible for 
radiation-induced abscopal effect. Trends Immunol 39(8):644–
655. https​://doi.org/10.1016/j.it.2018.06.001

	 6.	 Dewan MZ, Galloway AE, Kawashima N, Dewyngaert JK, 
Babb JS, Formenti SC, Demaria S (2009) Fractionated but not 
single-dose radiotherapy induces an immune-mediated abscopal 
effect when combined with anti-CTLA-4 antibody. Clin Can-
cer Res 15(17):5379–5388. https​://doi.org/10.1158/1078-0432.
CCR-09-0265

	 7.	 Park SS, Dong H, Liu X, Harrington SM, Krco CJ, Grams MP, 
Mansfield AS, Furutani KM, Olivier KR, Kwon ED (2015) 
PD-1 restrains radiotherapy-induced abscopal effect. Cancer 
Immunol Res 3(6):610–619. https​://doi.org/10.1158/2326-6066.
CIR-14-0138

	 8.	 Postow MA, Callahan MK, Barker CA, Yamada Y, Yuan J, Kitano 
S, Mu Z, Rasalan T, Adamow M, Ritter E, Sedrak C, Jungbluth 
AA, Chua R, Yang AS, Roman RA, Rosner S, Benson B, Allison 
JP, Lesokhin AM, Gnjatic S, Wolchok JD (2012) Immunologic 
correlates of the abscopal effect in a patient with melanoma. N 
Engl J Med 366(10):925–931. https​://doi.org/10.1056/NEJMo​
a1112​824

	 9.	 Kwon ED, Drake CG, Scher HI, Fizazi K, Bossi A, van den Eert-
wegh AJ, Krainer M, Houede N, Santos R, Mahammedi H, Ng S, 
Maio M, Franke FA, Sundar S, Agarwal N, Bergman AM, Ciule-
anu TE, Korbenfeld E, Sengelov L, Hansen S, Logothetis C, Beer 
TM, McHenry MB, Gagnier P, Liu D, Gerritsen WR, Investiga-
tors CA (2014) Ipilimumab versus placebo after radiotherapy in 
patients with metastatic castration-resistant prostate cancer that 
had progressed after docetaxel chemotherapy (CA184-043): a 
multicentre, randomised, double-blind, phase 3 trial. Lancet Oncol 
15(7):700–712. https​://doi.org/10.1016/S1470​-2045(14)70189​-5

	10.	 Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken 
KE, Stelekati E, Benci JL, Xu B, Dada H, Odorizzi PM, Herati 
RS, Mansfield KD, Patsch D, Amaravadi RK, Schuchter LM, Ish-
waran H, Mick R, Pryma DA, Xu X, Feldman MD, Gangadhar 
TC, Hahn SM, Wherry EJ, Vonderheide RH, Minn AJ (2015) 
Radiation and dual checkpoint blockade activate non-redundant 
immune mechanisms in cancer. Nature 520(7547):373–377. https​
://doi.org/10.1038/natur​e1429​2

	11.	 Hiniker SM, Reddy SA, Maecker HT, Subrahmanyam PB, Rosen-
berg-Hasson Y, Swetter SM, Saha S, Shura L, Knox SJ (2016) 
A prospective clinical trial combining radiation therapy with 
systemic immunotherapy in metastatic melanoma. Int J Radiat 
Oncol Biol Phys 96(3):578–588. https​://doi.org/10.1016/j.ijrob​
p.2016.07.005

	12.	 Tang C, Welsh JW, de Groot P, Massarelli E, Chang JY, Hess KR, 
Basu S, Curran MA, Cabanillas ME, Subbiah V, Fu S, Tsimberi-
dou AM, Karp D, Gomez DR, Diab A, Komaki R, Heymach JV, 
Sharma P, Naing A, Hong DS (2017) Ipilimumab with stereotactic 
ablative radiation therapy: phase I results and immunologic cor-
relates from peripheral T cells. Clin Cancer Res 23(6):1388–1396. 
https​://doi.org/10.1158/1078-0432.CCR-16-1432

	13.	 Luke JJ, Lemons JM, Karrison TG, Pitroda SP, Melotek JM, 
Zha Y, Al-Hallaq HA, Arina A, Khodarev NN, Janisch L, Chang 
P, Patel JD, Fleming GF, Moroney J, Sharma MR, White JR, 

Ratain MJ, Gajewski TF, Weichselbaum RR, Chmura SJ (2018) 
Safety and clinical activity of pembrolizumab and multisite 
stereotactic body radiotherapy in patients with advanced solid 
tumors. J Clin Oncol 36(16):1611–1618. https​://doi.org/10.1200/
JCO.2017.76.2229

	14.	 Formenti SC, Rudqvist NP, Golden E, Cooper B, Wennerberg E, 
Lhuillier C, Vanpouille-Box C, Friedman K, Ferrari de Andrade 
L, Wucherpfennig KW, Heguy A, Imai N, Gnjatic S, Emerson RO, 
Zhou XK, Zhang T, Chachoua A, Demaria S (2018) Radiotherapy 
induces responses of lung cancer to CTLA-4 blockade. Nat Med 
24(12):1845–1851. https​://doi.org/10.1038/s4159​1-018-0232-2

	15.	 Escorcia FE, Postow MA, Barker CA (2017) Radiotherapy and 
immune checkpoint blockade for melanoma: a promising com-
binatorial strategy in need of further investigation. Cancer J 
23(1):32–39. https​://doi.org/10.1097/PPO.00000​00000​00023​6

	16.	 Pawelec G (2019) Does patient age influence anti-cancer 
immunity? Semin Immunopathol 41(1):125–131. https​://doi.
org/10.1007/s0028​1-018-0697-6

	17.	 Johnson DB, Frampton GM, Rioth MJ, Yusko E, Xu Y, Guo X, 
Ennis RC, Fabrizio D, Chalmers ZR, Greenbowe J, Ali SM, Bal-
asubramanian S, Sun JX, He Y, Frederick DT, Puzanov I, Balko 
JM, Cates JM, Ross JS, Sanders C, Robins H, Shyr Y, Miller 
VA, Stephens PJ, Sullivan RJ, Sosman JA, Lovly CM (2016) Tar-
geted next generation sequencing identifies markers of response 
to PD-1 blockade. Cancer Immunol Res 4(11):959–967. https​://
doi.org/10.1158/2326-6066.CIR-16-0143

	18.	 Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, Kalia 
V, Subramaniam S, Blattman JN, Barber DL, Ahmed R 
(2007) Molecular signature of CD8+ T cell exhaustion during 
chronic viral infection. Immunity 27(4):670–684. https​://doi.
org/10.1016/j.immun​i.2007.09.006

	19.	 Khan O, Giles JR, McDonald S, Manne S, Ngiow SF, Patel KP, 
Werner MT, Huang AC, Alexander KA, Wu JE, Attanasio J, 
Yan P, George SM, Bengsch B, Staupe RP, Donahue G, Xu W, 
Amaravadi RK, Xu X, Karakousis GC, Mitchell TC, Schuchter 
LM, Kaye J, Berger SL, Wherry EJ (2019) TOX transcriptionally 
and epigenetically programs CD8(+) T cell exhaustion. Nature 
571(7764):211–218. https​://doi.org/10.1038/s4158​6-019-1325-x

	20.	 Thommen DS, Koelzer VH, Herzig P, Roller A, Trefny M, 
Dimeloe S, Kiialainen A, Hanhart J, Schill C, Hess C, Savic 
Prince S, Wiese M, Lardinois D, Ho PC, Klein C, Karanikas V, 
Mertz KD, Schumacher TN, Zippelius A (2018) A transcription-
ally and functionally distinct PD-1(+) CD8(+) T cell pool with 
predictive potential in non-small-cell lung cancer treated with 
PD-1 blockade. Nat Med 24(7):994–1004. https​://doi.org/10.1038/
s4159​1-018-0057-z

	21.	 Wei Y, Zhao Q, Gao Z, Lao XM, Lin WM, Chen DP, Mu M, 
Huang CX, Liu ZY, Li B, Zheng L, Kuang DM (2019) The local 
immune landscape determines tumor PD-L1 heterogeneity and 
sensitivity to therapy. J Clin Investig 129(8):3347–3360. https​://
doi.org/10.1172/JCI12​7726

	22.	 Im SJ, Hashimoto M, Gerner MY, Lee J, Kissick HT, Burger MC, 
Shan Q, Hale JS, Lee J, Nasti TH, Sharpe AH, Freeman GJ, Ger-
main RN, Nakaya HI, Xue HH, Ahmed R (2016) Defining CD8+ 
T cells that provide the proliferative burst after PD-1 therapy. 
Nature 537(7620):417–421. https​://doi.org/10.1038/natur​e1933​0

	23.	 Huang AC, Postow MA, Orlowski RJ, Mick R, Bengsch B, Manne 
S, Xu W, Harmon S, Giles JR, Wenz B, Adamow M, Kuk D, 
Panageas KS, Carrera C, Wong P, Quagliarello F, Wubbenhorst 
B, D’Andrea K, Pauken KE, Herati RS, Staupe RP, Schenkel JM, 
McGettigan S, Kothari S, George SM, Vonderheide RH, Amara-
vadi RK, Karakousis GC, Schuchter LM, Xu X, Nathanson KL, 
Wolchok JD, Gangadhar TC, Wherry EJ (2017) T-cell invigora-
tion to tumour burden ratio associated with anti-PD-1 response. 
Nature 545(7652):60–65. https​://doi.org/10.1038/natur​e2207​9

https://doi.org/10.1016/S1470-2045(19)30388-2
https://doi.org/10.1016/S1470-2045(19)30388-2
https://doi.org/10.1038/nrclinonc.2016.211
https://doi.org/10.1016/j.it.2018.06.001
https://doi.org/10.1158/1078-0432.CCR-09-0265
https://doi.org/10.1158/1078-0432.CCR-09-0265
https://doi.org/10.1158/2326-6066.CIR-14-0138
https://doi.org/10.1158/2326-6066.CIR-14-0138
https://doi.org/10.1056/NEJMoa1112824
https://doi.org/10.1056/NEJMoa1112824
https://doi.org/10.1016/S1470-2045(14)70189-5
https://doi.org/10.1038/nature14292
https://doi.org/10.1038/nature14292
https://doi.org/10.1016/j.ijrobp.2016.07.005
https://doi.org/10.1016/j.ijrobp.2016.07.005
https://doi.org/10.1158/1078-0432.CCR-16-1432
https://doi.org/10.1200/JCO.2017.76.2229
https://doi.org/10.1200/JCO.2017.76.2229
https://doi.org/10.1038/s41591-018-0232-2
https://doi.org/10.1097/PPO.0000000000000236
https://doi.org/10.1007/s00281-018-0697-6
https://doi.org/10.1007/s00281-018-0697-6
https://doi.org/10.1158/2326-6066.CIR-16-0143
https://doi.org/10.1158/2326-6066.CIR-16-0143
https://doi.org/10.1016/j.immuni.2007.09.006
https://doi.org/10.1016/j.immuni.2007.09.006
https://doi.org/10.1038/s41586-019-1325-x
https://doi.org/10.1038/s41591-018-0057-z
https://doi.org/10.1038/s41591-018-0057-z
https://doi.org/10.1172/JCI127726
https://doi.org/10.1172/JCI127726
https://doi.org/10.1038/nature19330
https://doi.org/10.1038/nature22079


1832	 Cancer Immunology, Immunotherapy (2020) 69:1823–1832

1 3

	24.	 Pitroda SP, Chmura SJ, Weichselbaum RR (2019) Integration of 
radiotherapy and immunotherapy for treatment of oligometastases. 
Lancet Oncol 20(8):e434–e442. https​://doi.org/10.1016/S1470​
-2045(19)30157​-3

	25.	 Robert C, Ribas A, Hamid O, Daud A, Wolchok JD, Joshua 
AM, Hwu WJ, Weber JS, Gangadhar TC, Joseph RW, Dronca 
R, Patnaik A, Zarour H, Kefford R, Hersey P, Zhang J, Anderson 
J, Diede SJ, Ebbinghaus S, Hodi FS (2018) Durable complete 
response after discontinuation of pembrolizumab in patients with 
metastatic melanoma. J Clin Oncol 36(17):1668–1674. https​://doi.
org/10.1200/JCO.2017.75.6270

	26.	 Zhang X, Niedermann G (2018) Abscopal effects with hypofrac-
tionated schedules extending into the effector phase of the tumor-
specific T-cell response. Int J Radiat Oncol Biol Phys 101(1):63–
73. https​://doi.org/10.1016/j.ijrob​p.2018.01.094

	27.	 Arina A, Beckett M, Fernandez C, Zheng W, Pitroda S, Chmura 
SJ, Luke JJ, Forde M, Hou Y, Burnette B, Mauceri H, Lowy I, 
Sims T, Khodarev N, Fu YX, Weichselbaum RR (2019) Tumor-
reprogrammed resident T cells resist radiation to control tumors. 
Nat Commun 10(1):3959. https​://doi.org/10.1038/s4146​7-019-
11906​-2

	28.	 Naidoo J, Schindler K, Querfeld C, Busam K, Cunningham J, Page 
DB, Postow MA, Weinstein A, Lucas AS, Ciccolini KT, Quigley 

EA, Lesokhin AM, Paik PK, Chaft JE, Segal NH, D’Angelo SP, 
Dickson MA, Wolchok JD, Lacouture ME (2016) Autoimmune 
bullous skin disorders with immune checkpoint inhibitors target-
ing PD-1 and PD-L1. Cancer Immunol Res 4(5):383–389. https​
://doi.org/10.1158/2326-6066.CIR-15-0123

	29.	 De Ruysscher D, Niedermann G, Burnet NG, Siva S, Lee AWM, 
Hegi-Johnson F (2019) Radiotherapy toxicity. Nat Rev Dis Prim-
ers 5(1):13. https​://doi.org/10.1038/s4157​2-019-0064-5

	30.	 Wieland A, Kamphorst AO, Adsay NV, Masor JJ, Sarmiento J, 
Nasti TH, Darko S, Douek DC, Xue Y, Curran WJ, Lawson DH, 
Ahmed R (2018) T cell receptor sequencing of activated CD8 T 
cells in the blood identifies tumor-infiltrating clones that expand 
after PD-1 therapy and radiation in a melanoma patient. Cancer 
Immunol Immunother 67(11):1767–1776. https​://doi.org/10.1007/
s0026​2-018-2228-7

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Affiliations

Tsubasa Watanabe1,2 · Elke Firat1 · Jutta Scholber1 · Simone Gaedicke1 · Corinne Heinrich3 · Ren Luo1,4 · 
Nicolas Ehrat1 · Gabriele Multhoff5,6 · Annette Schmitt‑Graeff7 · Anca‑Ligia Grosu1,8 · Amir Abdollahi9,10 · 
Jessica C. Hassel11 · Dagmar von Bubnoff12 · Frank Meiss3 · Gabriele Niedermann1,8

1	 Department of Radiation Oncology, Faculty of Medicine, 
University of Freiburg, Robert‑Koch‑Strasse 3, 
79106 Freiburg, Germany

2	 Institute for Integrated Radiation and Nuclear Science, Kyoto 
University, Osaka, Japan

3	 Department of Dermatology and Venerology, Faculty 
of Medicine, University of Freiburg, Freiburg, Germany

4	 Faculty of Biology, University of Freiburg, Freiburg, 
Germany

5	 Department of Radiation Oncology, Technical University 
Munich, Munich, Germany

6	 German Cancer Consortium (DKTK), Partner Site Munich, 
and German Cancer Research Center, Heidelberg, Germany

7	 Institute of Pathology, Faculty of Medicine, University 
of Freiburg, Freiburg, Germany

8	 German Cancer Consortium (DKTK), Partner Site Freiburg, 
and German Cancer Research Center, Heidelberg, Germany

9	 Department of Radiation Oncology, Heidelberg University 
Medical School, Heidelberg Institute of Radiation Oncology 
(HIRO), National Center for Radiation Research in Oncology 
(NCOR), Heidelberg, Germany

10	 German Cancer Consortium (DKTK), Partner Site 
Heidelberg, and German Cancer Research Center, 
Heidelberg, Germany

11	 Skin Cancer Center, Department of Dermatology 
and National Center for Tumor Diseases (NCT), University 
Hospital Heidelberg, Heidelberg, Germany

12	 Department of Dermatology, Allergy, and Venereology, 
University of Lübeck, Lübeck, Germany

https://doi.org/10.1016/S1470-2045(19)30157-3
https://doi.org/10.1016/S1470-2045(19)30157-3
https://doi.org/10.1200/JCO.2017.75.6270
https://doi.org/10.1200/JCO.2017.75.6270
https://doi.org/10.1016/j.ijrobp.2018.01.094
https://doi.org/10.1038/s41467-019-11906-2
https://doi.org/10.1038/s41467-019-11906-2
https://doi.org/10.1158/2326-6066.CIR-15-0123
https://doi.org/10.1158/2326-6066.CIR-15-0123
https://doi.org/10.1038/s41572-019-0064-5
https://doi.org/10.1007/s00262-018-2228-7
https://doi.org/10.1007/s00262-018-2228-7

	Deep abscopal response to radiotherapy and anti-PD-1 in an oligometastatic melanoma patient with unfavorable pretreatment immune signature
	Abstract
	Background
	Materials and methods
	Patient study
	Whole-exome sequencing, RNA sequencing, HLA typing, and neoepitope prediction
	Immunohistochemistry (IHC)
	Detection of differentiation antigen- and neoepitope-specific CD8+ T cells
	Flow cytometry

	Results
	Case history
	Pretreatment immune signature
	Immune pharmacodynamic analyses of PBMCs

	Discussion
	Acknowledgements 
	References




