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ABSTRACT
In patients with melanoma brain metastases (MBM), a combination of radiotherapy (RT) with immune 
checkpoint inhibitors (ICI) is routinely used. However, the best sequence of radio-immunotherapy (RIT) 
remains unclear. In an exploratory phase 2 trial, MBM patients received RT (stereotactic or whole-brain 
radiotherapy depending on the number of MBM) combined with ipilimumab (ipi) ± nivolumab (nivo) in 
different sequencing (Rad-ICI or ICI-Rad). Comparators arms included patients treated with ipi-free 
systemic treatment or without RT (in MBM-free patients). The primary endpoints were radiological and 
immunological responses in the peripheral blood. Secondary endpoints were progression-free survival 
(PFS) and overall survival (OS). Of 106 screened, 92 patients were included in the study. Multivariate 
analysis revealed an advantage for patients starting with RT (Rad-ICI) for overall response rate (RR: p = .007; 
HR: 7.88 (95%CI: 1.76–35.27)) and disease control rate (DCR: p = .036; HR: 6.26 (95%CI: 1.13–34.71)) with 
a trend for a better PFS (p = .162; HR: 1.64 (95%CI: 0.8–3.3)). After RT plus two cycles of ipi-based ICI in both 
RIT sequences, increased frequencies of activated CD4, CD8 T cells and an increase in melanoma-specific 
T cell responses were observed in the peripheral blood. Lasso regression analysis revealed a significant 
clinical benefit for patients treated with Rad-ICI sequence and immunological features, including high 
frequencies of memory T cells and activated CD8 T cells in the blood. This study supports increasing 
evidence that sequencing RT followed by ICI treatment may have better effects on the immunological 
responses and clinical outcomes in MBM patients.
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Introduction

Almost 40–50% of advanced melanoma patients will even
tually develop brain metastases which is associated with 
a grim prognosis.1,2 The standard of care for melanoma 
brain metastasis (MBM) includes radiotherapy (RT) with 
stereotactic radiation (SRS) or whole-brain radiation 
(WBRT), combined with systemic therapy. Among avail
able systemic agents, immune checkpoint inhibitors (ICIs) 
such as anti-CTLA4 and anti-PD1 have been shown to 
induce intracranial response rates comparable to those 
initially reported for extracranial responses.3–6 Radiation 
therapy, through a range of diverse mechanisms, can 
stimulate anti-tumor immune responses, which can be 
enhanced by immune checkpoint inhibition.7–13 RT 
increases tumor antigen visibility and drives immune 
infiltration into the tumors. Besides, RT upregulates 
PDL1 expression on tumor cells14 and CTLA4 expression 
on T cells15,16 which are known to downregulate immune 
responses and can be selectively targeted by ICIs, hence, 

providing a rationale to combine RT and ICI treatments 
for maximum clinical benefit. In addition, there is 
increasing preclinical and clinical evidence for the collec
tive effects of combining RT with ICIs.17–19 However, it is 
unclear whether the sequence of ICI and RT (i.e., RT 
before ICI or ICI before RT) may influence the effective
ness of either treatment.

Systemic immune responses are required for an effec
tive anti-tumor response to immunotherapy, especially 
circulating T lymphocytes are the key players in response 
against radiation-experienced tumor cells.20,21 The com
bined effect of RT and ICI on peripheral T cells remains 
widely unclear, even though a better understanding may 
lead to improved patient care. Hence, this study aimed to 
explore the sequence of combinational treatment, i.e., RT 
before ICI or ICI before RT on anti-tumor and peripheral 
T cell responses in melanoma patients with brain 
metastases.
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Methods

Patient selection

This is a single-center, prospective, observational, non- 
randomized phase 2 study with seven different patient cohorts. 
Patients with histologically confirmed stage IV melanoma with 
MRI-imaging confirmed cerebral metastases (exception: ICI 
control arm), ≥18 years of age and Karnofsky Performance 
Score ≥60, were eligible for the study. Relevant exclusion cri
teria represent previous RT of the brain, patients not yet 
recovered from acute toxicities of prior therapies, secondary 
malignancy, pregnancy, and inclusion in another clinical trial. 
The study recruited patients between June 2013 and 
September 2018. Patients were followed up until data cutoff 
in May 2021. All patients declared written informed consent 
before study procedures. The study was approved by the ethical 
committee of the Medical Faculty of Heidelberg (S-246/2012).

Study design

Patients were grouped into different treatment cohorts accord
ing to (i) the number of MBM and the respective choice of 
radiation (SRS; 1–3 lesions or WBRT; 4 or more lesions), (ii) 
the planned systemic treatment (ipi ± nivo or other systemic 
therapy) and (iii) based on the treatment sequence (RT fol
lowed by ICI (Rad-ICI) or one cycle ICI, then RT, then ICI 
continuation (ICI-Rad)). There was no randomization of 
patients for treatment sequencing, but cohort grouping was 
based on the routinely planned appointments for radiation and 
ICI therapy (Figure 1). The main focus of the analysis was on 
the four cohorts of patients receiving ICI and RT in different 
sequencing and with either SRS or WBRT. Patients with MBM 

that were planned after RT for non-ipi-based systemic therapy 
and patients without MBM planned for ipi ± nivo without RT 
served as control cohorts, mainly for immunological analysis in 
the peripheral blood. Fifteen patients were planned for each 
treatment cohort, adding up to 105 patients. However, because 
of different treatment regimens (ipi ± nivo) over recruitment 
was accepted to adjust.

Treatments

Radiation therapy (RT)
Radiation was performed according to standard operating pro
cedures of the Department of Radiation Oncology at 
Heidelberg University. SRS was applied in 1 fraction per lesion 
with single doses of 18–20 Gy/70-80% isodose, depending on 
size (volume) and location of the lesions. 3 patients received 
a hypofractionated radiation with 30 Gy in 6 fractions a 5 Gy as 
SRS in 1 fraction was not feasible. For WBRT, a total dose of 
30 Gy in 3 Gy fractions or 40 Gy in 2 Gy fractions (1 patient) 
was applied.

Systemic therapy
Indication for systemic therapy was made by the Section of 
Dermato-Oncology of the Department of Dermatology at the 
National Center for Tumor Diseases, Heidelberg University 
Hospital, according to institutional standards. In short, 
patients with MBM received ipi ± nivo (based on approval 
situation) either starting before (1 cycle) or after RT – depend
ing on the time of appointment for the radiation. ICI treatment 
was administered with the approved doses, ipi 3 mg/kg body 
weight ± nivo 1 mg/kg every three weeks for four cycles, then 
continued with nivo monotherapy 3 mg/kg every two weeks for 

Figure 1. Flow diagram of the ELEKTRA trial.
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the ipi-nivo combination group. Weekly blood draws were 
performed for safety. In case of severe adverse events, therapy 
was interrupted or discontinued based on local standard oper
ating procedures. Patients with MBM who were ipi- 
experienced already and planned for another systemic treat
ment after RT were included in the RT control groups. All 
systemic therapies were continued till disease progression if the 
treatment was tolerated well (except ipi monotherapy with 
max. four cycles).

Study endpoints
The primary endpoints were radiological tumor response 
according to RECIST 1.1 and systemic immunological 
response measured by FACS analysis of T cell subsets and 
Elispot against melanoma-associated antigens. Secondary end
points were progression-free survival (PFS), and overall survi
val (OS).

Assessment of tumor response and patient survival

Radiographic imaging was performed by MRI of the brain and 
CT of the neck, chest, and abdomen every 12 weeks from the 
start of ICI/RT treatment. Imaging response was evaluated in 
adaption to the Response Evaluation Criteria in Solid Tumors 
1.1. (RECIST 1.1)22. The response rate (RR) was defined as the 
percentage of patients achieving a partial (PR) or complete 
response (CR) over the course of treatment. The disease con
trol rate (DCR) was defined as the portion of patients achieving 
either stable disease (SD), PR, or CR as the best response. 
Secondary endpoints were progression-free survival (PFS) 

and overall survival (OS), which were defined as the time 
from treatment start to the time of progression or death, 
respectively. In patients with no events of progression or 
death, the date of the last contact was used for censored 
calculation.

Assessment of immunologic response

Blood sampling
For evaluation of immunologic response, 60 ml of peripheral 
blood was taken at baseline, before and after radiation, after 2 
and 4 cycles of systemic therapy/at first staging (V1-5, 
Figure 2a). Pre- and on-treatment samples were collected in 
EDTA-coated tubes and processed according to standard NCT 
biobank protocols. In short, for PBMC isolation, samples were 
layered on top of a Ficoll-Hypaque density gradient solution 
(Biocoll, Biochrom). After centrifugation, the ring of PBMCs 
was collected, washed twice, resuspended in PBS, counted, 
resuspended in freezing medium (70% FCS, 20% X–VIVO 
20, 10% DMSO), and frozen at −80°C before subsequent sto
rage in liquid nitrogen until analysis.

Immunophenotyping via flow cytometry
Cells washed in PBS with 2% FCS (FACS buffer) were incu
bated with a human Fc receptor blocking reagent (KIOVIG, 
100 mg/ml infusion solution, normal human immunoglobulin, 
Baxter). Live/Dead cell viability dye (Thermo Fisher Scientific) 
was used to distinguish live and dead cells. Cells were then 
stained with the following extracellular fluorescent-labeled 
antibodies according to the T cell panel: Panel 1: CD3, CD4, 

Figure 2. Clinical results of the ELEKTRA trial (a) Schematic representation of Radioimmunotherapy (RIT) treatment with Rad-ICI (yellow) or ICI-Rad (green) sequence in 
MBM patients. V1-V5 in the diagram represents study visits and displays the respective time points of immunological evaluation. (b) Overall responses (left) and 
intracranial responses (right) in MBM patients who received Rad-ICI or ICI-Rad treatment sequence. The red bars represent patients with disease progression (PD), gray 
bars represent stable disease (SD) and green bars represent a partial or complete response (PR/CR). The numbers at the top edge of the bars represent the number of 
patients in the respective group (c) Kaplan Meier curves for progression-free survival (PFS; left) and overall survival (OS; right) of MBM patients considering Rad-ICI (red 
line) or ICI-Rad (blue line) treatment sequence. p-values refer to the log-rank test.
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CD25, CD127, CD45RA, or Panel 2: CD3, CD4, CD25, CD127, 
leukocyte alkaline phosphatase (LAP), inducible co-stimulator 
(ICOS) (Supplementary Table S1). Following surface staining, 
cells were washed twice with FACS buffer and incubated with 
fixation/permeabilization buffer (Invitrogen) at 4°C for 30 min
utes. Cells were then washed in permeabilization buffer and 
were intracellularly stained for FoxP3 and Ki67 (Panel 1) or 
FoxP3 alone (Panel 2) for 30 minutes at 4°C. After washing, the 
cells were analyzed on a BD FACS Canto II (BD Biosciences) 
with single-stained antibody-capturing beads used for com
pensation (CompBeads, BD Biosciences). Data were analyzed 
using FlowJo software version 10 (Tree Star, Ashland, 
OR, USA).

IFN-gamma elispot analysis
The quantitative evaluation of antigen-specific T cells secreting 
interferon-γ (IFN-γ) was performed as described previously23 

with modifications. After thawing and overnight rest, the aver
age yield of viable cells, as determined by Trypan blue (Sigma 
Aldrich) viability staining, amounted to 66%. Thawed PBMCs 
were cultured for 2 hours, after which non-adherent cells were 
washed off and cultured in X–VIVO 20 medium (Biozym) 
supplemented with 100 U/ml interleukin (IL)-2 (Novartis) 
and 60 U/ml IL-4 (Miltenyi Biotec). The adherent cells were 
cultured with 560 U/ml of recombinant human granulocyte 
monocyte colony-stimulating factor (GM-CSF) (Genzyme) 
and 500 U/ml IL-4 (Miltenyi Biotec). One day ahead of pur
ification (after 6–7 days of culture), both cell fractions were 
cultured in cytokine-free media (X–VIVO 20, Biozym). 
Dendritic cells were enriched by negative selection using the 
Pan Mouse IgG Dynabeads (Thermo Fisher Scientific), coupled 
to mouse anti-human CD56 (clone: C218, Beckman Coulter) 
as well as CD3 and CD19 Dynabeads (both Thermo Fisher 
Scientific). T cell purification was performed using the 
UntouchedTM Human T Cell system (Thermo Fisher 
Scientific). ELISpot plates (Human IFN-y ELISpot PLUS 
(ALP), Mabtech) were blocked, with complete RPMI medium 
(Sigma), containing 10% FCS (Biochrom), for 30 minutes at 
room temperature. Dendritic cells were plated in triplicates 
and loaded with 10 mg/ml of five melanoma-associated anti
genic peptides, each24 (Melan-A, Tyrosinase, Na17A, p53, 
MDM2) and a pool of all 5, all of which embed described 
immunogenic HLA-A2-restricted epitopes as indicated in sup
plementary table S2 and likely to contain several epitopes 
restricted to other HLA-I and – II-alleles as predicted by 
common public databases. All test peptides were produced by 
the Peptide Synthesis Facility of the DKFZ. Lyophilized syn
thetic 50 amino acid long peptides were solved in distilled 
water containing 10% DMSO. Peptide purity was >98%. 
A pool of the pp65 protein of human cytomegalovirus 
(PepTivator CMV pp56, Myltenyi Biotec), mixed with the 
hexon protein of human adenovirus 5 (PepTivator AdV5 
Hexon, Myltenyi Biotec), as well as PHA (Lectin from phaseo
lus Vulgaris, Sigma-Aldrich), were used as positive controls. 
Human Normal Immunoglobulin (KIOVIG, Baxter) was used 
as a negative control. After 14 h of antigen pulsing, purified 
T cells were added to each well in a 5:1 ratio for an additional 
46-h co-culture. IFNγ spots were developed using an enzyme- 
coupled detection antibody system utilizing a biotinylated anti- 

IFNγ antibody (clone 7_B6-1 diluted 1:1000, Mabtech), strep
tavidin ALP (diluted 1:1000, Mabtech), and NCT/BCIP sub
strate kit (Mabtech). Plates were analyzed using an automated 
ELISpot reader and ImmunoSpot Software V 5.0 (CTL Europe) 
using the following settings: Minimum Spot size 0.0051 mm2; 
Maximum Spot Size: 9.6466 mm2; Spot Separation: 3; Diffuse 
Processing: normal; Background Balance: 0–80. Wells with too 
many spots (too numerous to count – TNTC) were defined as 
800 spots. Individuals were considered responders if the spot 
numbers in the triplicate test wells significantly (two-tailed 
t-test with p < .05) exceeded the numbers in the negative 
control.

Statistical analysis
Chi-square test and MWU-test were used to compare the 
differences in clinicopathological characteristics of patients 
among the Rad-ICI and ICI-Rad sequence groups. 
Differences between the clinical variables and treatment 
response were assessed by univariable regression analysis. As 
this is a non-randomized trial, multivariable regressions were 
performed to adjust for potential confounders based on uni
variable regression analysis. Only baseline variables that 
achieved a significance level of p < .05 in the univariate analysis 
were included in the multivariate model. Kaplan–Meier analy
sis and the log-rank test were used for survival analysis, and the 
hazard ratio (HR) was determined through a Cox proportional 
hazard regression model. The dynamics of peripheral T cell 
subsets at different time points of treatment were analyzed 
using paired T-test, whereas the kinetics and magnitude of 
tumor antigen-specific T cells in the blood were analyzed 
using two-way ANOVA. p values were considered significant 
with values of p < .05. All statistical analyses were performed 
using IBM SPSS Statistics (version 26) and GraphPad Prism 8 
(version 8).

Predictive modeling with LASSO
A logistic Lasso regression analysis was performed to analyze 
the impact of different immunological parameters on predict
ing the remission or progression of patients. Evaluable data for 
analysis of immunologic response consisted of 256 samples 
from 76 individuals with visits ranging from 1 to 5. Every 
sample is characterized by 47 different immunological markers 
and 11 clinical features (Supplementary Table S3). A logistic 
LASSO regression model for binary class prediction (progres
sion or non-progression) was trained as implemented in the 
R package glmnet (version 3.0–2).25 We predicted clinical 
responses for the features of all visits separately and combined 
them using majority voting to obtain a single prediction per 
patient. LASSO regression involves a shrinkage parameter that 
calibrates overfitting-reducing L1-regularization. To tune λ, we 
use Leave-One-Out Cross-Validation to find the value λmin, 
which minimizes the cross-validation prediction error. The 
corresponding model for λmin was then used to predict clinical 
outcomes in all patients, again in Leave-One-Out Cross- 
Validation. Seven individuals, each with data from two visits 
only, were labeled as “ties” as majority vote prediction was not 
unique. This resulted in a prediction accuracy of 75.4%, sug
gesting that clinical and immunological markers predict the 
outcome. Beyond prediction of outcome, LASSO regression 
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trained on all samples identified the small subset of features 
that allowed for the prediction. Moreover, it scored every 
feature according to its impact on prediction. Features with 
positive scores S are associated with progression, whereas fea
tures with negative scores are associated with non-progression. 
All further statistical analyses were performed using the free 
software R (Version 3.6.2).26

Results

Patient characteristics

In total, 106 patients were recruited in this trial with 
a median age of 61 years, 71% male. Of these, 14 patients 
(13%) were screen failures (Supplementary Fig. 1). 42/92 
(46%) revealed up to 3 MBM and received SRS, 29/92 
(32%) had at least 4 MBM and received WBRT, 21/92 
(23%) were included without MBM and did not receive 
any RT (control group ”ICI” no MBM). During the course 
of the trial, the approval status changed from ipi mono
therapy to ipi-nivo combination therapy. Mainly based on 
this, 42/92 (46%) of patients received ipi monotherapy and 
30/92 (33%) ipi-nivo combination therapy. 20/92 (22%) of 
patients received RT, either SRS or WBRT, without ipi- 
based systemic therapy (control group “Rad”). Here, the 
group was heterogeneous with 6/92 (7%) receiving anti- 
PD-1 monotherapy, 6/92 (7%) BRAF/MEK inhibition, 2/ 
92 (2%) dacarbazine chemotherapy, 1/92 (1%) MEK inhi
bitor monotherapy, and 5/92 (5%) without any systemic 
treatment after RT. Of the 50 patients receiving both RT 
and ipi, 19 started with RT (38%, “Rad-ICI” group), and 31 
started with ipi-based ICI (62%, “ICI-Rad” group) 
(Supplementary Fig.1; Figure 2a). For exploratory efficacy 
analysis, these two groups receiving both RT and ipi-based 
immunotherapy (RIT) were included. The median interval 
between the start of radiation and initiation of ICI treat
ment was 19 days (95% CI: 13–22) in the Rad-ICI group 
and 10 days (95% CI: 8–14) in the ICI-Rad group.

Because this was a non-randomized observational trial, the 
RIT treatment groups were analyzed for differences in patients’ 
baseline characteristics (Table 1).

Significantly, more patients in the Rad-ICI group 
received ipi+nivo combination therapy (58%) compared to 
the ICI-Rad group ((19%); p = .005). Furthermore, there 
was a tendency of patients receiving more often ipi+nivo 
combination therapy in the WBRT group (46%) than in the 
SRS group ((23%); p = .090). Hence, patients with the ipi- 
nivo combination started more often with radiation and 
tendentially received more often WBRT because of at least 
4 MBM.

Radiological response and survival of RIT sequence 
treatments

Univariate analysis revealed better overall response rates (RR) 
and disease control rates (DCR) in patients who started with 
RT and then received ipi ± nivo (Rad-ICI: RR 53% and DCR 
63%) compared to the patients who started with one cycle of 

ICI followed by RT (ICI-Rad: RR 13% and DCR: 26%)(RR: 
p = .005; HR: 7.22 (95%CI: 1.81–28.8); DCR: p = .01; HR: 4.71 
(95% CI: 1.37–16.2))(Figure 2b; Table 2). However, as the Rad- 
ICI group consisted of more patients with ipi-nivo combina
tion therapy than the ICI-Rad group (Table 1), this effect might 
have just been based on the systemic treatment regimen. 
Matching to this, patients receiving combination ICI therapy 
achieved a numerically better RR (p = .11) and significantly 
better DCR (p = .042) than patients with ipi monotherapy. 
Therefore, multivariate analysis was performed, which demon
strates that the Rad-ICI sequence remains a significant factor 
associated with better responses (RR and DCR) when adjusted 
for potential confounding factors such as ICI regimen and 
tumor load measured by serum lactate dehydrogenase (LDH) 
(p < .05; Table 2).

Accordingly, intracranial response rates (defined for the 
whole brain and not only for the irradiated metastases) 
were higher in patients who received the Rad-ICI treatment 
sequence (RR 53% and DCR 68%) compared to the group 
of patients who received the ICI-Rad sequence (RR 23% 
and DCR 48%) (RR: p = .014; HR: 5.24 (95%CI: 1.40– 
19.65); DCR: p = .059; HR: 4.04 (95%CI: 0.95–17.27)) 
(Figure 2b); Supplementary Table S4). Apart from the RIT 

Table 1. Clinical baseline characteristics and treatment outcomes of MBM patients 
treated with radiation and immunotherapy (RIT) sequences.

MBM Patients with RIT Sequence (50) 
n (%)

Rad-ICI (19) ICI-Rad (31) p-value

Clinical characteristics
Age (Median)

< 61 Years 9 (47) 15 (48) 0.944
> 61 Years 10 (53) 16 (52)

Gender
Male 15 (79) 22 (71) 0.532
Female 4 (21) 9 (29)

LDH
Elevated 5 (26) 12 (39) 0.369
Normal 14 (74) 19 (61)

Prior Systemic treatment
Yes 3 (16) 7 (23) 0.560
No 16 (84) 24 (77)

Type of Radiation
SRS 8 (42) 18 (58) 0.273
WBRT 11 (58) 13 (42)

Type of ICI
Ipilimumab 8 (42) 25 (81) 0.005
Ipilimumab + Nivolumab 11 (58) 6 (19)

Clinical outcome
Response Brain

PD 3 (16) 14 (45) 0.035
SD 3 (16) 8 (26)
PR/CR 10 (53) 7 (23)
NA 3 (16) 2 (6)

Response Overall
PD 7 (37) 22 (71) 0.011
SD 2 (10) 4 (13)
PR/CR 10 (53) 4 (13)
NA 1 (3)

irAEs
Yes 7 (37) 14 (45) 0.563
No 12 (63) 17 (55)

PFS (Months)
Median (95% CI) 5 (2–30) 2 (2–3) 0.019

OS (Months)
Median (95% CI) 15 (4–38) 11 (5–23) 0.834
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sequence, the response rates in the brain were significantly 
better in patients who received ipi-nivo combination ther
apy (RR: p = .042) compared to ipi monotherapy and in 
patients with normal LDH (RR: p = .041). However, we did 
not observe any significant impact of the type of radiation 
patients received on intracranial responses (RR: p = .465; 
DCR: p = .609), having in mind that patients with WBRT 
had more brain metastases. In multivariate analysis, how
ever, the RIT sequence remained the only significant factor 
for both intracranial RR and DCR (p = .092 and p = .098, 
respectively) (Supplementary Table S4).

Concerning patient survival, the patient group treated by 
the Rad-ICI sequence experienced a significantly better pro
gression-free survival (PFS) compared to patients treated by 
the ICI-Rad sequence (p = .035; HR: 2.02 (95% CI: 1.0–3.88); 
Figure 2c). RIT sequence remained a trending factor associated 
with PFS when adjusted for ICI treatment (p = .162; HR: 1.64 
(95% CI: 0.8–3.3)(Supplementary Table S5). However, there 
was no difference in overall survival (OS) between the groups 
(p = .586, HR: 1.207 (95% CI: 0.614–2.371); Figure 2d).

Immunological response of RIT sequence treatments

Immune monitoring included the analysis of T cell subsets in the 
peripheral blood using Flow cytometry (FACS) at several time 
points from baseline till the first staging 12 weeks after treatment 
initiation (V(visit)1-V5, Figure 2a). Results from the FACS ana
lysis showed that after the first cycle of ipi-containing ICI treat
ment, a temporarily significant increase (p < .05) in the 
frequencies of activated T cells measured by the proliferation 
marker Ki67, and the activation marker ICOS (CD45RA-Ki67 
+ CD4+, CD45RA-Ki67+ CD8+, ICOS+CD4+, and ICOS+CD8 
+) was detectable, including regulatory T cells (Tregs; CD3+ CD4 
+ CD25+ CD127-FOXP3+) (Supplementary Fig. 2). Interestingly, 
although we noticed WBRT tendency to reduce the total number 
of circulating lymphocytes in the blood (Supplementary Fig. 3), 
similar to ipi, we observed an increase in activated lymphocytes 
upon WBRT (Supplementary Fig. 2). However, in line with 
a previous report27 we found no differences in peripheral 
immune responses upon SRS. After two cycles of ICI treatment 
in both Rad-ICI and ICI-Rad treatment groups, the frequencies of 
CD45RA-Ki67+ and ICOS+ subsets of CD4 and CD8 T cells 
remained elevated compared to baseline, irrespective of radiation 
modality (p < .05; Figure 3a-f; timepoint after two cycles of 
ICI = V4 in ICI-Rad group and V3 in Rad-ICI group (compare 
Figure 2a)). At this time point, we also observed an increase in the 
frequencies of activated Ki67+ Tregs in the ICI-Rad group 
(p = .037) but not in the Rad-ICI group (p = .230; Figure 3e), 
conversely, an increase in circulating CD8 T cells (%CD3+ CD4-) 
was observed in the Rad-ICI group (p = .009), but not the ICI- 
Rad group (p = .702; Supplementary Figure 4). At the time of first 
follow-up imaging after three months, there was a significant 
increase in the frequencies of CD45RA-CD4-Ki67+ (CD8) and 
CD3+ CD4+ ICOS+ (CD4) T cells in the Rad-ICI group (p = .049 
and p = .016) but not in the ICI-Rad group (p = .386 and 0.537; 
Figure 3b, c). However, it is important to remember that more 
patients received ipi-nivo combination therapy in the Rad-ICI 
group than the ICI-Rad group. Therefore, a comparison between 
systemic therapy modalities (ipi monotherapy vs. ipi-nivo com
bination) within the ICI-Rad and Rad-ICI groups was performed 
and revealed a transient increase of activated Tregs after two 
cycles of ipi monotherapy within the Rad-ICI group 
(Supplementary Fig. 5 f). In contrast, significantly more activated 
CD4 and CD8 T cells (Supplementary Fig. 5b, d) were found 
three months after treatment initiation at the time point of the 
first follow-up imaging in the Rad-ICI group when ipi-nivo 
combination therapy was applied. The sample sizes were too 
small to compare the immune profile between responders and 
non-responders in the respective groups.

ELIspot analysis to test for T cell reactivity against mela
noma-specific antigens revealed a significant increase in 
tumor-antigen specific reactivity of IFN-γ secreting T cells 
following radiation and after two cycles of ICI in both the Rad- 
ICI (p < .01; Figure 4a) and the ICI-Rad (p < .05; Figure 4b) 
groups. This increase was consistently found in patients with 
partial or complete remission (n = 7) or stable disease (n = 1) 
but not in patients with disease progression (n = 4) 
(Supplemental Figure. 6). Although not statistically significant, 

Table 2. Univariate and multivariate analysis for overall responses in RIT treated 
MBM patients.

Overall Response Rate (RR)

Parameters Univariable Regression
Multivariable 

Regression

HR (95% CI) p HR (95% CI) p
Age
(<61 Vs >61 Years) 0.42 (0.12–1.50) 0.181
Gender
(Male Vs Female) 0.42 (0.08–2.21) 0.303
Prior Systemic 

Treatment
(No Vs Yes) 1.09 (0.24–5.0) 0.911
LDH
(Normal Vs Elevated) 0.10 (0.01–0.87) 0.037 0.09 (0.01–0.88) 0.038
Type of ICI Treatment
Ipi Vs IpiNivo 2.89 (0.79–10.5) 0.108
Type of Radiation
SRS Vs WBRT 1.19 (0.34–4.11) 0.786
irAEs
No Vs Yes 1.69 (0.48–5.92) 0.410
RIT Sequence
ICI-Rad Vs Rad-ICI 7.22 (1.81–28.8) 0.005 7.88 (1.76– 

35.27)
0.007

Overall Disease Control Rate (DCR)
Age
(<61 Vs >61 Years) 0.33 (0.1–1.0) 0.07 0.19 (0.04–1.02) 0.053
Gender
(Male Vs Female) 0.66 (0.17–2.57) 0.55
Prior Systemic 

Treatment
(No Vs Yes) 0.96 (0.23–3.95) 0.95
LDH
(Normal Vs Elevated) 0.12 (0.02–0.61) 0.01 0.07 (0.01–0.49) 0.008
Type of ICI Treatment
Ipi Vs IpiNivo 3.83 (1.09– 

13.45)
0.04 1.66 (0.3–9.3) 0.562

Type of Radiation
SRS Vs WBRT 0.88 (0.28–2.75) 0.82
irAEs
No Vs Yes 1.34 (0.42–4.26) 0.62
RIT Sequence
ICI-Rad Vs Rad-ICI 4.71 (1.37–16.2) 0.01 6.26 (1.13– 

34.71)
0.036
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the same trend of increased antigen reactivity was observed in 
the Rad group at the corresponding time point (Figure 4c). 
However, we did not observe any such activity in the ICI alone 
group (Figure 4d). Interestingly, at the time of imaging, T cell 
reactivity significantly decreased in the Rad-ICI and Rad 
groups but not in the ICI-Rad and ICI groups (Figure 4). 
Overall, pooled virus-specific memory T cell frequencies fol
lowed a similar, though less pronounced kinetic as pooled 
tumor antigen-specific ones.

Clinical and blood parameters associated with treatment 
outcome

Lasso regression analysis revealed the impact of different clin
ical and T cell parameters on disease control versus disease 
progression on the prediction of outcome in melanoma 
patients (Figure 5 and supplementary table S3). Among them, 
we found that the treatment with ipi monotherapy (S = 0.493), 
the extent of change in the number of activated Tregs over 
baseline Tregs (S = 0.484), ICI-Rad treatment sequence 
(S = 0.477), and the frequency of Tregs (CD25+ FoxP3+; 
S = 0.469) had the greatest influence on the prediction of 
disease progression. Whereas, anti-PD1 treatment 
(S = −0.889), the frequency of memory T cells (CD45RA-; 
S = −0.558), the Rad-ICI treatment sequence (S = −0.467), 
and the rate of change in the number of activated CD8 

T cells over baseline Tregs (S = −0.465) were the most pre
dictive parameters associated with disease control. A difference 
in the frequencies of peripheral T cell subsets according to the 
response could be detected early after two cycles of ICI treat
ment. Higher frequencies of CD8 memory T cells (p = .012; 
Figure 5b) and a striking increase in activated CD8 memory 
T cells and ICOS+ CD8 T cells after two cycles of ICI treatment 
were noticed in disease control patients (p < .0001 and p = .001; 
Figure 5c, d). At the same time, an increase in activated CD4 
+ Treg cells was seen in patients with disease progression 
(p = .0096; Figure 5e).

Discussion

The main goal of our prospective trial was to explore immu
nologic parameters in MBM patients treated with different 
treatment sequencing of ipi ± nivo and radiation and investi
gate clinical outcomes. In addition, we recruited patients with 
different numbers of brain metastases to find differences 
between SRS and WBRT in the interaction with ICI therapy. 
Our study further supports growing data that for advanced 
melanoma patients with brain metastases, a sequence of com
binational treatment starting with radiation followed by ipi- 
based ICI treatment (Rad-ICI) might result in better responses 
and PFS than the sequence starting with ICI followed by 
radiation (ICI-Rad). This was corroborated by immunological 

Figure 3. Longitudinal analysis of circulating T cell subsets plotted as the percentage of live single CD3 + T cells (a)activated CD4+ cells (b) activated CD8+ cells (c) ICOS 
+CD4+ cells (d) ICOS+CD8+ cells (e) activated Tregs (f) ICOS+Tregs. V1-V5 in the graphs represents the respective time points of immunological evaluation, as shown in 
Figure 2a. V1: baseline; V2: after the first dose of ICI (ICI-Rad) or after radiation (Rad-ICI); V3: after radiation (ICI-Rad) or after 2 cycles of ICI (Rad-ICI); V4: After two cycles of 
ICI (ICI-Rad) or after imaging (Rad-ICI); V5: after imaging (ICI-Rad). Each dot represents a measured value from a single patient at the given time point. The lines represent 
the mean with upper and lower 95% confidence intervals. Statistical comparisons between time points were made using the paired T-test. p-values < 0.05 were 
considered significant (****p < .0001, **p < .01, *p < .05). ns stands for no statistical significance.
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data showing that especially in the Rad-ICI group ipi-nivo 
combination therapy leads to a significant increase in activated 
CD4 and CD8 T cells in the peripheral blood. Even though ipi 
leads to an increase in activated CD4 and CD8 T cells in all 
groups, ELIspot analysis showed that patients with clinical 
remission or stable disease after treatment with 
a combination of RT and ICI therapy developed a transient 
increase in T cell reactivity against melanoma antigens which 
was not significant in patients treated with ICI alone. This 
transient increase in responding patients must be interpreted 
with caution as the underlying data are derived from a few 
patients only, and potential causes can only be speculated. On 
the one hand, activation and proliferation of melanoma- 
reactive T cells can be boosted by ICI treatment as this removes 
inhibitory signals upon antigen recognition, finally supporting 
tumor remission. Subsequent reduction of melanoma reactive 
T cells could thus result from i) the omission of the ICI 
stimulus and/or ii) from a reduced antigen load due to tumor 
shrinkage. On the other hand, recent studies in models of 

chronic viral infection suggest that PD1 blockade may also 
cause long term adverse effects on the memory T cell pool: 
while exhausted T cells regain function after PD1 inhibition, 
the pool of earlier induced resting, antigen-specific memory 
CD8 T cells decreased.28 The latter hypothesis is supported by 
our observation that virus-reactive T cells diminished after ICI 
therapy to a higher degree than tumor antigen reactive ones in 
responding patients.

Several preclinical and clinical studies have demonstrated 
promising synergy between RT and ICI.17–19 However, for the 
design of beneficial Radio-Immunotherapy (RIT), the appro
priate timing of RT and ICI might be important to optimize 
treatment response.29–35 Kiess et al. investigated 46 patients 
with MBM who received SRS during, before, or after ipi treat
ment. OS seemed to be better if the RT was done before or 
under ipi therapy compared to RT after ipi. However, RT after 
ipi most likely occurs because of disease progression in the 
brain, and this result might therefore just correlate with ipi 
resistance.29 Ipi resistance is also likely to be the reason for 

Figure 4. Longitudinal monitoring of IFNγ ELISpot responses to tumor-specific antigens. The magnitude of IFNγ ELISpot responses to 5 tumor-related proteins (Melan-A, 
Tyrosinase, NA17-A, p53, MDM2) at indicated times during the treatment (a) Rad-ICI (b) ICI-Rad (c) Rad (d) ICI, expressed as log fold change in the average of spot- 
forming cells (SFC) over baseline values. Statistical comparisons between indicated time points were made using the two-way ANOVA. The lines represent the mean 
with the standard error of mean. p-values < 0.05 were considered significant (****p < .0001, ***p < .001 **p < .01, *p < .05). ns stands for no statistical significance.
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a worse clinical outcome with the sequence ipi-RT in another 
retrospective analysis34 as the time interval from ipi to RT was 
up to 21 months, hence probably at disease progression. 
Similarly, in a case review of 16 patients who received WBRT 
plus SRS with ipi, it was found that receiving SRS before ipi was 
associated with improved survival compared with receiving ipi 
first.31 In another study, improved OS was observed among 
MBM patients who started ipi within 14 days after SRS com
pared to those who started ipi therapy later32 suggesting the 
close temporal proximity of this sequence is most important 
for maximal efficacy. This goes in line with our positive results 
of the Rad-ICI group, where ipi ± nivo treatment was started at 
a median of 19 days after RT. However, we only found a benefit 
in intracranial and overall response rates as well as progres
sion-free survival but not overall survival for the sequencing 
starting with radiation compared to the ICI-Rad sequence. In 
both groups, an increase in tumor antigen reactivity of IFN-γ 
secreting T cells, suggesting an increase of more specifically 
tumor-reactive T cells, was found after the second ipi ± nivo 
cycle. At the time of first tumor imaging three months after 
treatment start, the observed reduction in tumor antigen reac
tivity of IFN-γ secreting T cells was accompanied by an 
increase in ICOS+CD4 + T cells compared to baseline in the 
Rad-ICI group but not in the ICI-Rad group. It was previously 
shown that the ICOS pathway is required for optimal anti- 
tumor responses mediated by anti-CTLA4 therapy, and hence 

increased numbers of these cells might indicate the enhanced 
efficacy of anti-CTLA4 in this group.36 Collectively, the overall 
weight of evidence supports the framework that the efficacy of 
the combination of therapies is likely optimized when given the 
sequence starting with radiation followed by ipi-based ICI 
(Rad-ICI) with relatively close proximity. This may be due to 
radiating tumors before ICI treatment may increase the antigen 
presentation and prime tumor-specific T cells, which can be 
effectively reactivated by ICI treatment upon exhaustion. 
Whereas, with the ICI-Rad sequence, the tumor-specific 
immune responses activated by ICI treatment may have been 
hampered by the immunosuppressive effect of the following 
RT leading to the reduced clinical responses observed in this 
group. In addition, the application of ICI after RT might foster 
a potential abscopal effect of the RT. In line with this, in a lung 
cancer trial PFS and OS rates were improved in patients who 
had received photon radiotherapy prior to immunotherapy.37 

However, it is important to note, that different sites of radia
tion might have different effects. In an investigation of 40 
patients with solid tumors an increase in activated memory 
CD4 and CD8 T cells was only seen after SRS to parenchymal 
sites and not to bone and brain.27 Larger clinical trials are 
required to verify these findings, especially involving anti- 
PD1 therapy. This accounts not only for melanoma but also 
different tumor types and different irradiation sites and mod
alities using ICI and radiation as standard of care.

Figure 5. Clinical and T cell parameters associated with treatment response. (a) Cross-Validation plot for Lasso regression (Lambda path for all n = 58 features). The plot 
displays the Cross-Validation error according to the log of the shrinkage parameter λ. The dashed lines indicate the log λ values corresponding to the λmin (left dashed 
line) and λ1se (right dashed line). λmin represents the value for which the model yields the lowest cross-validation mean squared error, hence minimizing the prediction 
error. The numbers on top represent the number of non-zero regression coefficients in the model (= the number of included features). From left to right along the x-axis, 
with increasing λ, fewer variables are included in the model since the penalty for inclusion of features is weighted more heavily. In other words: the log(λ) value at λmin 

corresponds to the most accurate model with the best predictive ability and the optimal/sparse set of features (n = 24). (b-e) Comparisons between T cell subsets (b) 
memory CD8 cells (c) activated memory CD8 cells (d) ICOS+ CD8 cells (e) activated Tregs at different time points in patients with progressive disease (PD) or disease 
control (DCR). The difference in the means of PD and DCR groups was assessed using an unpaired t-test, and p values were corrected for multiple comparisons using the 
Holm-Sidak method. The difference between the two-time points (baseline vs. two ICI cycles) was performed using 2-way ANOVA (Turkey‘s Multiple comparisons test). 
Adjusted p values were labeled on the top of the graphs (red for progression and green for disease control). The lines represent the mean with the standard error of the 
mean. p-values < 0.05 were considered significant.
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Among the T cell subsets, CD8  T cells play a central 
role in anti-tumor immunity, whereas Tregs contribute to 
the immunosuppressive capacity and dampen the anti- 
tumor immune response. Consequently, increased ratios 
of Tregs over CD8 T cells within the tumor microenvir
onment are one of the major factors which facilitate 
immune evasion and tumor growth38–41,42. In our study, 
patients treated in the Rad-ICI group showed reduced 
Treg activity, with no significant increases induced after 
radiation and ipi-based ICI therapy, while in the ICI-Rad 
group, Tregs were activated after the first dose of ICI 
already. Even though, in the Rad-ICI group, more 
patients were treated with ipi-nivo combination therapy, 
which might suppress activation of Treg, this might be 
a radiation-induced effect also. Accordingly, the Lasso 
analysis showed the change in numbers of activated 
Tregs over baseline Tregs in the patients’ blood had the 
greatest influence on progression, whereas the rate of 
change in numbers of activated CD8 T cells over baseline 
Tregs was one of the best parameters associated with 
disease control. Targeting Tregs in combination with 
ICIs could overcome Treg-mediated resistance and 
increase the sensitivity of tumor cells to therapy, thereby 
enhancing tumor regression. Several clinical trials are 
underway to examine the therapeutic efficacy of different 
ICI combinations exceeding the ipi-nivo combination43,44. 
Interestingly, another significant parameter in the Lasso 
analysis associated with non-progression was the number 
of CD45RA-memory T cells. In line with this, Wistuba- 
Hamprecht et al. found a correlation of high frequencies 
of CD8+ effector memory T cells at baseline with 
response to ipilimumab and OS45. This might give the 
impression that these are mainly melanoma-specific, but 
this has not been investigated yet. In addition to the 
analysis of defined immune cell subsets, analyzing 
immune signatures consisting of several markers46 or 
using radiomic-based signatures such as the CD8 T-cells 
associated radiomics signature described47 might give 
further insights and help to understand the influence of 
RIT sequences on the immune response46.

This study was performed as an exploratory study and 
provides a rationale for combining RT with ICI therapy 
with a possible superiority for sequences starting with 
radiation followed by ICI therapy. However, there are 
many limitations associated with the study. Firstly, the 
limited number of patients in each treatment group and 
the non-randomized nature reduced the validity of statis
tical analyses. Also, the study covered a long time span 
with subsequent changes in standard of care. This 
resulted in the heterogeneity of patients between the 
groups and novel sub-groups, limiting statistical analyses. 
In addition, the impact of this study is reduced by the 
lack of examination of the tumor microenvironment 
(TME). As a result, we do not have insight into how RT 
may influence the immune landscape of TME based on 
the timing of the RIT sequence. Nevertheless, our current 
study contributes to increasing evidence that sequencing 
RT followed by ICI treatment may have better effects on 
the immunological tumor response and clinical outcomes 

of patients with MBM. Still, larger clinical studies to 
validate this are necessary.
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