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A B S T R A C T

Background: Despite remarkable clinical efficacy, little is known about the system-wide immunological alter-
ations provoked by PD1 blockade. Dynamics of quantitative immune composition and functional repertoire 
during PD1 blockade could delineate cohort-specific patterns of treatment response and therapy-induced 
toxicity.
Methods: We longitudinally assessed therapy-induced effects on the immune system in fresh whole blood using 
flow cytometry-based cell quantifications, accompanied by analyses of effector properties of all major immune 
populations upon cell-type specific stimulations. 43 cancer patients undergoing PD1 blockade were recruited 
with assessments performed pre-treatment and before cycles 2/4/6, which resulted in the collection of more than 
30,000 cytometric data values.
Results: We observed no intrinsic immune pattern correlating with clinical outcome before PD1 blockade initi-
ation, but cohort-specific immune alterations emerged during therapy. The most striking evolving changes in 
therapy responders were an increase in activated T and NK cell subsets, which showed high IFNγ and TNFα 
expression upon ex vivo stimulation. Patients affected by severe immune-related adverse events (s-irAE) pre-
sented with an analogously increased number of activated CD4 + and CD8 + T cells compared to patients with 
no/mild irAE, but lacked the functional divergences observed between responders versus non-responders. 
Instead, their monocytes showed discriminatory functional deficits with less IL10 production upon 
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stimulation, which led to an abrogated inhibition of T cell proliferation in vitro and thus may account for the 
observed T cell expansion in patients with s-irAE.
Conclusion: Our holistic explorative approach allowed the delineation of clinically relevant cohorts by treatment- 
triggered immune changes, potentially enabling better patient stratification and further revealed new mecha-
nistic insights into the pathogenesis of s-irAE.

1. Introduction

Immune checkpoint blockade (ICB) can achieve remarkable long- 
term responses [1,2]; however, a significant group of patients does not 
benefit from ICB treatment due to primary resistance or becoming 
resistant following initial response [3]. A second major challenge for the 
successful application of ICB is the occurrence of treatment-induced 
autoimmune toxicities directed against non-malignant tissues. Patients 
undergoing anti-PD1/PDL1 therapy are reported to develop 
immune-related adverse events (irAE) with severe and life-threatening 
irAE observed in 15–20 % of patients [4–6]. The cumulative number 
of irAE is constantly increasing due to approvals of ICB for additional 
indications and as combination treatment. IrAE can affect any organ 
system and can show erratic kinetics of appearance.

Our understanding of the underlying mechanisms of action of ICB in 
the context of PD1/PDL1 blockade is still incomplete. Coordinated in-
teractions across various leukocyte populations and multiple tissues 
accompanied by immune activation in the periphery seem to be a crucial 
prerequisite for the initiation of effective ICB-triggered anti-tumor re-
actions [7,8]. In addition to re-activation and rejuvenation of 
pre-existing terminally differentiated or ‘exhausted’ tumor-infiltrating 
lymphocytes (TILs) [9], PD1 blockade may also lead to expansion of 
novel T cell clonotypes from tumor-extrinsic sources and clonal 
replacement of tumor-specific TILs [10]. Such peripherally expanded 
clones, also detectable in peripheral blood from patients [11,12], indi-
cate the importance of system-wide off-TME effects of ICB in explaining 
the highly variable clinical outcomes in patients including treatment 
response/failure as well as development and severity of irAE. To date, 
the role of myeloid lineage cells in the context of PD1/PDL1 blockade 
has been underappreciated, but recently emerged as a key element in 
tumor growth control [13,14] and myeloid cell-specific PD1 ablation 
was revealed to mediate better antitumor protection than T cell-specific 
ablation [15]. In addition, consistent with a previous observation that a 
decrease of IL10 coincides with the onset of irAE in an anti-CTLA4 
treated patient [16], Nunez et al. [17] also observed reduced serum 
IL10 levels as potential indicator of heightened risk of developing irAE.

Peripheral leukocytes in patients undergoing PD1 blockade have 
been mostly analyzed according to their phenotypical characteristics, 
which only allows for an imprecise assessment of the effector repertoire 
and the reactivity of specific immune cell populations and their func-
tional shifts during ICB. We established a flow cytometry-based immune 
screening platform to quantify the major leukocyte populations in fresh 
peripheral blood and assess directly ex vivo their functionality upon 
activation of various cell type-specific signalling pathways. Determining 
the reactivity of T, B, NK cells, monocytes, and DCs by measuring 
multiple effector functions, such as expression of activation markers, 
production of cytokines, and phagocytic activity, upon stimulation with 
various pre-defined reagents, enabled a more comprehensive analysis of 
ICB-induced functional alterations. Screening tumor patients prior to 
treatment and during PD1 blockade allowed us for the first time to assess 
dynamic changes in the reactive capacity of immune cells (i.e., immune 
cell function) in the context of quantitative immune cell trends and 
thereby the immune cellular network. This enabled us to investigate 
associations between the entirety of quantitative and qualitative im-
mune cell parameters with clinical response and the development of 
irAE, whereby we focused on severe irAE requiring at least temporary 
ICB discontinuation and systemic glucocorticoid treatment. The aim of 
this explorative study was the longitudinal capture of treatment- 

triggered immune changes for the deeper and improved understanding 
of the functional mechanisms at play regarding ICB efficacy and auto-
immune toxicity. The concrete objectives of these analyses focused on 
the comparison of baseline characteristics as well as treatment-induced 
dynamic changes of circulating immune cell populations between re-
sponders and non-responders on the one hand and patients developing 
severe irAEs and those who did not on the other.

2. Materials and methods

2.1. Study design

The study was approved by the Ethics Committee of Charité-Uni-
versitätsmedizin Berlin. Informed consent from all study participants 
was obtained regarding the prospective blood sampling and review of 
clinical data. In total 43 patients with head and neck squamous cell 
carcinoma (HNSCC), renal cell carcinoma (RCC), non-small cell lung 
cancer (NSCLC), carcinoma of unknown primary (CUP), melanoma, 
urothelial carcinoma, or colon cancer undergoing anti-PD1 treatment at 
our institution were recruited to the study between January 2019 and 
April 2021. The general and individual clinical characteristics of the 
study cohort are summarized in Table 1 and Tab. S1. Only ICB therapy- 
naïve patients were included. Peripheral blood samples from patients 
were collected once before the initiation of ICB treatment (C1) and three 
times during treatment, before the 2nd (C2), 4th (C4), and 6th (C6) 
application of therapy according to the drug-dependent dosing schemes. 
Additionally, nine healthy individuals were added to the study as an age- 
matched control group. In a similar manner blood samples from the 
healthy controls were obtained at four time points in a two-week cycle. 
Symptoms of acute infection at the moment of blood sampling were 
ruled out. Data on the incidence, timing, and management of irAE in the 
ICB-treated patients were collected. The irAE development and the 
required immunosuppressive treatment regimens were documented by 
the treating physicians and graded according to the National Cancer 
Institute’s Common Terminology Criteria for Adverse Events (CTCAE; 
version 5.0). A summary of the irAE observed in our study cohort is 
presented in Tab. S4. Observed irAE were classified as severe in the case 
of CTCAE grade > 2 requiring at least temporary ICB discontinuation 
and application of high-dose systemic steroids. Initial treatment 
response was determined in accordance with iRECIST criteria [18] and 
clinical assessment between week 8 and 16 of ICB treatment. “Re-
sponders” (R) were defined as patients with stable disease, complete, or 
partial response regardless of response duration, whereas patients with 
progressive disease were categorized as “non-responders” (NR). Data on 
initial treatment response, best overall response, and time to disease 
progression of the study participants are presented in Tab. S1.

2.2. Antibodies and stimulation reagents

An overview of the applied fluorochrome-conjugated antibodies can 
be found in Tab. S5. All antibodies were titrated beforehand for optimal 
staining resolution.

Fresh whole blood samples were stimulated within our functional 
assay as described below. An overview of the stimulation agents, the 
applied concentrations, as well as their functions and company details 
can be found in Tab. S6. The concentration of each stimulation reagent 
was determined according to previously performed dose–response 
curves with several concentrations. Brefeldin A (Sigma-Aldrich, USA) 
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was used for the intracellular staining in the functional assay (Fig. S3) as 
a blocker of protein secretion as described below.

2.3. Flow cytometry of major immune cell populations and 
subpopulations

Two samples of 100 µl fresh heparinized whole blood were directly 
stained with either 18 fluorochrome-conjugated antibodies for the 
quantification of the major blood leukocyte populations or 11 
fluorochrome-conjugated antibodies for the quantification of T cell 
subpopulations. The staining was performed in darkness at room tem-
perature for 15 min. Afterwards 1 ml of erythrocyte lysis buffer (Qiagen, 
Germany) was added, and the samples were incubated for another 
30 min in darkness on ice with intermittent vortexing. After 30 min 900 
µl of PBS + 0.2 % BSA were added, and the samples were immediately 
measured using a CytoFLEX LX cytometer (Beckman Coulter, USA). In-
strument performance was monitored daily with CytoFLEX daily QC 

fluorospheres (Beckman Coulter, USA). A defined volume of 500 µl per 
sample was measured, allowing for calculation of cells per µl whole 
blood. Flow cytometry data was analyzed using CytExpert Software 
Version 2.4 (Beckman Coulter, USA). Evaluated cell populations are 
summarized in Tab. S2/S3 and the applied gating schemes are shown in 
Fig. S1A-B.

2.4. Flow cytometric assessment of immune cell functions

300 µl of fresh heparinized whole blood was used per stimulation 
sample. According to manufacturer’s instructions of the DurActive 1 
stimulation tubes from Beckman Coulter, the PI stimulation was per-
formed with only 50 µl of whole blood. The monocytes and DCs stim-
ulation samples (see Fig. S3) as well as the PI (PMA/ionomycin) 
stimulation sample for T cells were cultured for 4 h at 37◦C in the 
presence of 20 μg/ml brefeldin A (Sigma-Aldrich, USA). All other sam-
ples were stimulated for 22 h at 37◦C and brefeldin A was added 3 h after 
stimulation start. 30 ng/ml phorbol-12-myristat-13-acetat (PMA) and 
1 μg/ml ionomycin (Sigma-Aldrich, USA) were added 4 h before the end 
of the stimulation period into all whole blood B-cell stimulation samples 
as well as the corresponding control sample as an efficient B-cell trigger.

After the stimulation period 3 ml of erythrocyte lysis buffer (Qiagen, 
Germany) were added and the samples were incubated for 20 min in 
darkness on ice with intermittent vortexing. Next, cells were washed 
with PBS and staining of surface antigens was carried out for 10 min in 
the presence of 1 mg/ml beriglobin (Sanofi, France). To exclude dead 
cells, aqua fluorescent reactive dye (Invitrogen, USA) was added 
together with one of four cell-type specific antibody mixes for T cells, B 
cells, NK cells, and monocytes plus DCs. Fixation and permeabilization 
were performed with IC (intracellular) fixation and permeabilization 
buffer (Invitrogen, USA) according to the manufacturer’s protocol and 
intracellular staining was carried out in the presence of beriglobin for 
25 min in the dark at room temperature with one of the four cell-type 
specific antibody mixes (Fig. S3). Samples were measured on a Cyto-
FLEX LX cytometer (Beckman Coulter, USA) and analyzed by using 
CytExpert Software Version 2.4. Evaluated immune functions are sum-
marized in Fig. S3 and the applied gating scheme for all four antibody 
panels is shown in Fig. S1C-G.

2.5. IL10 ELISA

IL10 levels in ICB patient sera pre- and on-treatment diluted 1:1 in 
PBS were assessed using the Human IL-10 ELISA Kit (RayBiotech, USA) 
according to the manufacture’s protocol. In order to detect IL10 pro-
duced by monocytes of irAE and n-irAE patients, CD14+ monocytes were 
isolated from PBMCs by positive selection using the EasySep human 
CD14 Positive Selection Kit II (Stemcell Technologies, Canada) and 
cultivated for 24 h in RPMI (Thermo Fisher, Germany) supplemented 
with 5 % human Ab serum (PAN-Biotech, Germany) and 1 % penicillin/ 
streptomycin (Sigma Aldrich, USA). Afterwards, secreted IL10 in the cell 
culture was analyzed by ELISA MAX Deluxe Set human IL-10 (Biolegend, 
USA).

2.6. T cell proliferation assay

Supernatant from CD14+ monocytes of irAE and n-irAE ICB patients 
was generated after isolation and 24 h incubation as described previ-
ously. On the next day, autologous PBMCs were labeled with 0.5 µM 
CFSE (Biolegend, USA) and stimulated with 2.5 µg peptide/ml CEFX 
Ultra SuperStim Pool (JPT, Germany) and 1 µg/ml αCD28 in the pres-
ence or absence of 1:3 diluted monocyte supernatant. After 4 d incuba-
tion, proliferation of CD8+ T cells was analyzed by flow cytometry.

2.7. Data analysis and statistics

Flow cytometry data analysis was performed using R (v.4.0.0) 

Tab. 1 
Overview of general patient characteristics. Information about sex, age, tumor 
type, PD1 blockade therapy as monotherapy or combination treatment, prior 
therapies, current line of treatment, as well as observed irAE and initial treat-
ment response according to iRECIST criteria [22] and clinical assessment by 
week 16 upon treatment initiation is presented in the table.

Number %

Sex
Male 33 76.7
Female 10 23.3
Age
≤ 50 6 14.0
50–70 23 53.4
≥ 70 14 32.6
Tumour Type
HNSCC 20 46.5
RCC 13 30.2
NSCLC 4 9.3
Other (CUP, melanoma, urothelial/colon carcinoma) 6 14.0
Therapy
Nivolumab 23 53.5
Pembrolizumab 12 27.9
Ipilimumab/Nivolumab 4 9.3
Pembrolizumab/Chemotherapy 3 7.0
Pembrolizumab/TKI 1 2.3
Prior Radiotherapy
Yes 18 41.9
No 25 58.1
Prior Chemotherapy
Yes 17 39.5
No 26 60.5
Prior TKI
Yes 11 25.6
No 32 74.4
Prior EGFR Inhibitors
Yes 10 23.3
No 33 76.7
Number of Prior Treatment Regimens
0 14 32.6
1 13 30.2
2 13 30.2
3 3 7.0
Severe irAE (> Grade 2)
Yes 8 18.6
No 35 81.4
Number of Severe irAE (> Grade 2)
0 35 81.4
1 6 14.0
2 1 2.3
≥3 1 2.3
Initial Treatment Response
Complete Response 0 0.0
Partial Response 17 39.6
Stable Disease 4 9.3
Progressive Disease 22 51.1
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including the following packages tidyverse, reshape2, ggrepel, ggpubr, 
gridExtra, scales, Rtsne, pheatmap, viridis, RColorBrewer, survival, 
survminer, sjPlot, enrichplot, and clusterProfiler.

In stimulation experiments, frequencies of activated immune cells 
were background-corrected using unstimulated control samples.

Due to the high coefficient of correlation between CD3, CD4, and 
CD8 cell counts observed in the whole blood leukocyte and T cell FACS 
panels (Fig. S2), the mean of these values was calculated to simplify 
further analysis.

Parameters were removed 1) in case of a relative coefficient of 
variance above 0.1 in one of two experiments performed in quadrupli-
cate or 2) in case of a higher averaged intra-visit variance in the healthy 
controls (HC) compared to the ICB patients (Fig. S4).

To obtain information on the longitudinal alterations induced by 
successive ICB antibody administrations, the longitudinal data were 
condensed into a single value (slope) by calculating the median of the 
three time points during therapy for each parameter and subtracting this 
median from the pre-treatment value. These integrated values (abbre-
viated as delta-median or Δ median) represented the longitudinal slope 
of each parameter, thus showing either increase or decrease of the 
specific parameter during therapy.

In several analyses, certain related functional parameters were 
pooled by averaging z-score standardized values of the major immune 
cell populations with the same effector read out or with the same 
stimulation (Fig. S3). In this way, we were able to assess the general 
therapy-induced changes in the responsiveness of defined leukocyte 
populations to a specific stimulus on the one hand (e.g., PI, LPS) and the 
general therapy effect on certain effector functions such as TNFα or IL10 
production on the other.

Apart from the analysis of the components of variance, for all the 
statistical analyses non-parametric tests were used as specifically 
mentioned in the figure legends, since more than half of the tested pa-
rameters appeared to not be normally distributed as tested by the Sha-
piro-Wilk’s method. Except for GSEA, adjustment for multiple testing 
was not performed to avoid higher risk for false negatives (type II er-
rors), while accepting an increased risk for false positives (type I errors) 
in such an explorative study [19]. Generally, false negatives (type II 
errors) massively increase by adjustments for multiple testing if the 
number of parameters is substantially higher than the number of donors 
(p > > N) and if a less powerful non-parametric test has to be chosen. 
The only test in which we used parametric ANOVA test was for the 
calculation of the components of variance due to absence of alternative 
applicable non-parametric methods to calculate the variance distribu-
tions. For simplification, we performed the explorative analysis for all 
parameters including the non-normally distributed parameters to obtain 
a general impression of the differences between count and functional 
parameters regarding inter-individual vs. intra-individual inter-visit 
variance.

We employed the principles of GSEA to determine the therapy 
duration with the biggest system-wide immune differences between R 
and NR, as well as irAE and non-irAE. To do so, the differences between 
all three on-treatment measurements (C2, C4, C6) and the pre-treatment 
baseline (C1) were calculated for each count and pooled functional 
parameter. As a next step for all three parameter-specific delta values 
(C2ΔC1, C4ΔC1, C6ΔC1) a Wilcoxon signed rank test was performed. 
Finally, all obtained p values were ranked and the weighted Kolmo-
gorov–Smirnov statistic/test was performed by using the elapsed ther-
apy time sets (C2ΔC1, C4ΔC1, C6ΔC1) instead of gene sets in the 
analysis. In contrast to other statistical tests, here we adjusted the p 
value by the false discovery rate, since in this setting the number of 
variable sets was very low compared to the number of ranks.

3. Results

3.1. An immune screening platform allows for assessment of 46 cell count 
and 81 functional whole blood parameters per time point

To assess the dynamic alterations of immune responses to PD1 
blockade, we collected blood from patients undergoing ICB in a longi-
tudinal manner – one pre-treatment (C1), and three on-treatment sam-
ples, before the second (C2), forth (C4), and sixth (C6) administration 
(Figure 1). In total, 43 patients treated with PD1 inhibitors (nivolumab 
or pembrolizumab) were included in the study (Table 1/S1).

Therapy-induced changes were quantified longitudinally in fresh 
whole blood samples using two phenotypic panels (Tab. S2/S3). The 
applied gating hierarchy and the extracted count parameters are sum-
marized in Fig. S1A-S1C and Tab. S2/S3. High coefficients of correlation 
were observed for parameters (e.g., CD3, CD4, and CD8) measured in 
parallel by both panels, confirming the robustness of the flow- 
cytometric assays (r = 0.96, p < 2.2x10− 16; Fig. S2). Additionally, we 
assessed functional immune shifts during ICB through selected immune 
cell-type specific physiological stimulations. To minimize possible 
interference as a consequence of cell preparation, freezing and thawing 
procedures, we used fresh whole blood samples. Multiple stimulation 
reagents such as Toll-like receptor (TLR) agonists (R848, LPS, CpG), 
superantigens (SEB, TSST-1), mitogens (PMA/Ionomycin (PI)), peptide 
pools, and combinations of cytokines were applied, which enabled the 
triggering of a wide spectrum of signaling pathways with differing 
activation strengths and response dynamics (Fig. S3). Subsequent 
assessment of the responses of T, B, NK, and monocytes plus DCs were 
performed via four lineage-specific flow-cytometric panels covering 
activation marker expression, cytokine production, and phagocytotic 
function (Fig. S3; gating hierarchy Fig. S1D-G).

The initial processing of the acquired data consisted of 52 cell count 
and 123 functional parameters per time point and patient, resulting in 
30,878 data points in total for all enrolled patients. After filtering (see 
details in Supplementary Methods and Fig. S4) 46 cell count and 81 
functional parameters distributed over all immune cell populations were 
included in the further analysis (Figure 1B).

3.2. The quantitative and functional immune status of cancer patients is 
already different before ICB treatment compared to healthy controls (HC)

By comparing each parameter between HC and ICB patients at 
baseline (C1), HC showed significantly higher average lymphocyte 
blood cell counts, especially for B cells (p = 0.003), CD4+ T cells 
(p = 0.005), and their related subsets (Fig. S5A). In contrast, ICB pa-
tients displayed significantly higher levels of granulocytes (p = 0.025) 
which mainly stemmed from higher neutrophil counts (p = 0.003) 
compared to HC. To increase the robustness of the functional values and 
reinforce general trends, related functional parameters were pooled 
together by averaging the z-score standardized values of functional pa-
rameters from a single immune cell population according to the same 
effector read-out or the same stimulation. In this manner, the pooled 
functional parameters would sum up a population-specific effector 
function (e.g., average IL17A expression in CD4+ T cells upon different 
stimulations; CD4_IL17) or a population-specific response to a certain 
stimulation (e.g., B cell response to stimulation with ODN; B_ODN). We 
observed that ICB patients generally responded with higher expression 
of CD4+ T cell-derived IL17A (p = 0.002), monocyte-derived IL10 
(p = 0.016), and DC-derived IL1β (p = 0.029) and that their CD8+ T 
cells were more reactive to super-antigens (p = 0.008; CD8_ST28 
[SEB+TSST-1 and αCD28 antibody]) compared to HC (Fig. S5B). In 
contrast, HC responded with more NK cell-derived IFNγ (p = 0.011) and 
their B cells displayed substantially higher responsiveness to demethy-
lated DNA, ODN (p = 0.0002). While not all contributing single func-
tional parameters were significant on their own, there was a universal 
trend among all parameters of the same functional pool. This 
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comparison between HC and ICB patients implies an already altered 
immune system in patients prior to ICB initiation.

We grouped patients with stable disease, complete, and partial 
response into “responders” (R) and patients with progressive disease 
into “non-responders” (NR) according to iRECIST [19] and clinical 
assessment by the initial staging upon ICB initiation. No parameter 
showed a significant difference between responders and non-responders 
at baseline (Fig. S6). Considering the clinical significance of severe and 
life-threatening irAE, we divided our patient cohort into patients 
affected by severe irAE (s-irAE) defined as CTCAE grade > 2 requiring at 
least temporary ICB treatment discontinuation and systemic immuno-
suppressive treatment, patients affected by no irAE or only mild irAE 
defined as CTCAE grade 1–2. Notably, in a similar baseline patient 
analysis with patients grouped according to the occurrence of s-irAE, we 
observed a tendency towards higher B cell counts, including naïve B 
cells as well as total B cells, in patients with s-irAE although not reaching 
statistical significance (p = 0.06, p = 0.07, respectively) (Fig. S7).

3.3. Response to ICB is associated with increase in activated T and NK 
cell subsets and a shift towards IFNγ and TNFα production

We compared the parameter variation over time between HC and 
patients undergoing PD1 blockade by retrieving the median relative 
coefficient of variation of all parameters for each patient (Fig. S4B). ICB 
patients exhibited on average higher variation compared to HC, 
particularly those who underwent combination therapy (Figure 2A). 
Based on the longitudinal variation differences we excluded patients 
undergoing combination therapy from our further analysis to solely 
focus on the anti-PD1 antibody-mediated effects. Applying the same 
approach, we showed that the median variation did not differ between 
ICB patients according to treatment response, indicating a similar 
magnitude of PD1-induced changes in the circulating immune cells 
during ICB with respect to overall variation of the assessed immune 
parameters (Figure 2B).

To study the underlying immune dynamics during ICB in R versus NR 
and to reveal how the subsequent application cycles affect immune cells, 
we utilized the statistical principles of gene set enrichment analysis. By 
the first follow-up staging upon ICB initiation, 48 % of patients were 

categorized as R according to clinical assessment and iRECIST criteria 
[19]. For the enrichment analysis, we first calculated the individual 
differences of C1 to all other visits, performed a non-parametric statistic 
based on the classification R versus NR, and then ranked all p values as 
for enrichment analysis. Instead of gene sets, we grouped the parameters 
in the elapsed therapy time sets: C2ΔC1, C4ΔC1, C6ΔC1; and subse-
quently performed enrichment statistics to detect in which therapy 
period the biggest differences were present (Figure 2C). Hereby, the 
calculated differences according to response were greatest between 
pre-treatment (C1) and before the sixth ICB application (C6), indicating 
effects on circulating immune cells that increase cumulatively with the 
duration of therapy, rather than, for example, a significant change after 
the first application.

Different therapy-induced effects between R and NR were observed 
in the count as well as in the pooled functional parameters. All signifi-
cant parameters but one (pooled CD40L-stimulated B cells) showed an 
increase in R compared to NR during the assessed therapy period. 
Substantial increases in the absolute cell counts were observed mainly in 
the NK cell compartment (NK bright, total NK, and activated CD38+ NK 
cells), as well as in two CD8+ T cell subpopulations (CD8+ TEMRA and 
CD8+ CD28-), which widely embody the same type of CD8+ T cells 
measured in two different staining panels (Figure 2D). Both phenotypes 
are associated with either functional exhaustion or recent in vivo acti-
vation and differentiation into effector T cells, with both explanations 
being conceivable under ICB. However, our functional analysis also 
revealed a substantial increase in IFNγ and TNFα production by CD8+ T 
cells in R (Figure 2E), which would strongly support the notion that 
these cells are not exhausted but rather freshly in vivo differentiated 
effector T cells. Consistent with the quantitative and qualitative changes 
in the CD8+ T cell compartment, we also detected an increased NK cell- 
derived IFNγ as well as a generally higher responsiveness of NK cells 
towards the TLR agonist R848 in R. In addition, CD4+ T cell-derived 
TNFα in R was significantly increased, which together with the 
elevated TNFα level by CD8+ T cells may contribute to higher TNFα- 
associated T cell-mediated anti-cancer responses that are associated 
with enhanced efficacy of immunotherapies [20].

Overall, the results of our ex vivo assessment of the reactivity and 
functional qualities of peripheral immune cells of ICB-treated patients 

Fig. 1. Study overview. (A) Diagram summarizing the cancer status of the recruited donors and displaying the blood taking and corresponding process for immune 
cell analysis. (B) Overview of the assessed immune parameters and pipeline for analysis of the flow cytometric data.
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complement the common view that ICB treatment results in rejuvena-
tion of an antitumor response mediated in particular by activated T and 
also NK cells.

Fig. 2. Immune dynamics during PD1 blockade therapy in responding (R) versus non-responding (NR) patients. (A) The average variation across all parameters 
during the assessed time period was compared between healthy controls (HC, n = 9) and cancer patients treated with anti-PD1 antibodies alone (MonoTx, n = 35) 
and patients receiving PD1 blockade therapy in combination with other anti-cancer treatments (CombTx, n = 8). (B) Comparison of parameter variation during 
MonoTx based on therapy response. (C) “Gene” set enrichment plots adapted to display the enrichment of differences over therapy time between R (n = 17) and NR 
(n = 18) patients. The p values were obtained by non-parametric comparison of all delta-values of C2, C4, and C6 to C1 of each individual parameters between the 
two patient grouping. (D-E) Box-Whisker-Plots of all count parameters and (D) all pooled functional parameters comparing R and NR (E) are displayed. Statistical 
analysis: (A-B) Kruskal-Wallis test with Dunn’s multiple comparisons post-hoc test and Benjamini-Hochberg p value adjustment; (C) Kolmogorow-Smirnow test with 
Benjamini-Hochberg p value adjustment due to multiple comparisons (D-E) Mann-Whitney test; p < 0.05 = *, p < 0.01 = ** , p < 0.001 = ** *.
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3.4. Severe irAE are associated with increase in activated CD8+ and 
CD4+ T cell subsets and decreased IL10 production by monocytes upon 
stimulation

By applying the same approach, we analyzed the immune profile 
differences related to s-irAE, defined as CTCAE grade > 2 requiring ICB 
discontinuation and application of immunosuppressive treatment 
(n = 6), by comparing these patients and those who did not develop irAE 
(n = 24) or only developed mild irAE with CTCAE grade 1–2 (n = 5) 
(Tab. S4). Using our adapted parameter enrichment analysis, as 
described above, the largest differences between s-irAE and no/mild 
irAE patients were analogously detected at C6 (Figure 3B). In all affected 
patients, s-irAE occurred after the last immunological assessment.

Next, we compared the count and pooled functional parameters be-
tween s-irAE and no/mild irAE patients via standard univariate analysis. 
The top four significant count parameters were CD8+ T cell sub-
populations including effector (CD8+ TEMRA and CD8+ CD28-), acti-
vated (CD39+), and effector memory like CD8+ T cells (Figure 3C). The 
significantly higher increase of activated T cells in patients affected by s- 
irAE compared to no/mild irAE was also detectable in the subset of 
CD39+ CD4+ T cells. A tendency towards a similar simultaneous in-
crease of related effector differentiated CD4+ T cell subsets was also 
noticeable, although insignificant (CD4+ EM, p = 0.06; CD4+ TEMRA, 
p = 0.09). In addition, an increase of NK cells and their related sub-
populations (dim and bright NK cells) was detected in s-irAE-affected 
patients. A further detailed comparison of the statistically significant 
count parameters between the subgroups of patients with severe/mild/ 
no irAE showed a higher immunological similarity between the patients 
with no and only mild irAE (Fig. S8) supporting our decision to focus on 
the clinically more relevant cohort of patients affected by s-irAE. In 
contrast to our analysis regarding treatment response, no significant 
parallel increase in the related functional parameters of NK (IFNγ) and T 
cells (TNFα, IFNγ) was detected in irAE patients (Figure 3D), but instead 
more IL17A-expressing CD4+ T cells paralleled the expansion of CD4+ T 
cells. Significance was not reached, however IL17A-expressing CD4+ T 
cells have been already described as a relevant mediator for irAE 
[21–23]. The only significantly different pooled functional parameter 
between s-irAE and no/mild irAE was the increased responsiveness of 
monocytes to zymosan-mediated stimulation in no/mild irAE patients. 
The same trend of increased monocytic responsiveness to zymosan was 
detectable in all related single functional parameters (Figure 3E). In 
particular, IL10 expression upon zymosan stimulation was significantly 
lower in patients with s-irAE compared to patients with no/mild irAE. 
Considering the lower production of IL10 by monocytes and the 
observed increase in activated T cell subsets in the irAE-affected patient 
cohort as well as the immunosuppressive role of IL10, we hypothesized 
that the diminished IL10 production by monocytes may result in 
excessive and uncontrolled expansion of activated T cells including 
irAE-inducing, autoreactive, and possibly IL17A-expressing T cells.

3.5. Monocyte-derived IL10 inhibits T cell proliferation

Due to the described significantly lower expression of IL10 by 
monocytes upon stimulation among patients with s-irAE compared to 
no/mild irAE patients, we wanted to study in more detail this novel 
effect of ICB treatment. Since zymosan is known to bind to TLR2/6 as 
well as to Dectin-1 [24], we assumed that in the context of ICB treatment 
instead of zymosan, endogenous ligands of both receptors may provoke 
increased IL10 expression that should be detectable in the patients IL10 
serum levels. Consistent with this assumption, serum IL10 levels 
increased during ICB in no/mild irAE patients, whereas patients with 
s-irAE lacked this IL10 rise (Figure 4A). This difference is thus in line 
with the presented functional data regarding the ex vivo stimulated 
monocytes (Figure 3D). Furthermore, serum IL10 levels correlated 
negatively with CD8+ T cell expansion dynamics during therapy in ICB 
patients, supporting the idea that IL10 expression by monocytes 

co-controls T cell expansion during ICB treatment, with high IL10 levels 
keeping autoreactive T cells in check and suppressing irAE development 
(Figure 4B). To further underline that monocyte-derived IL10 contribute 
to the observed IL10 serum level differences between s-irAE and no/mild 
irAE patients, we cytometrically enriched monocytes and assessed the 
monocytic IL10 production in the supernatant after 24 h culture. 
Consistent with the different IL10 serum levels we also measured higher 
IL10 levels in the supernatant of monocytes from no/mild irAE 
compared to s-irAE patients (Figure 4C). Notably, IL10 is known to be a 
crucial factor for T cell expansion in T cells [25,26]. Finally, to 
demonstrate that IL10 alone can significantly influence the proliferation 
of antigen-specific T cells and could therefore be responsible for the 
increased T cell expansion observed in patients with s-irAE in our study, 
we stimulated autologous patient-derived T cells with a peptide pool mix 
containing peptide antigens from various pathogens in the presence or 
absence of monocytic supernatant impacting proliferation of 
CFSE-labeled T cells (Figure 4D). Addition of monocytic supernatant 
from patients with no/mild irAE - containing significantly more IL10 
than supernatants from s-irAE-affected patients as seen in Figure 4C - 
strongly inhibited the T cell proliferation with a drop from 19.5 % to 
8.1 %. In contrast, the supernatant derived from patients with s-irAE did 
not show any effect on the T cell proliferation.

This evidence supports our previously formulated hypothesis that 
monocyte-derived IL10 is a critical factor in the control and inhibition of 
T cell expansion, particularly of IL17A-producing autoreactive T cells 
(Figure 4E), in the context of ICB treatment.

4. Discussion

Longitudinal analysis of therapy-induced dynamics and shifts of 
phenotypes and functions in immune cells is essential for a deeper 
mechanistic understanding of ICB allowing an assessment detached from 
inter-individual immune variances.

The comparison between R and NR patients revealed a disparate 
pattern of IFNγ and TNFα production by CD8+, CD4+, and NK cells after 
stimulation, with an increase in R patients during therapy. These 
elevated cytokine levels in R support the concept that PD1 blockade 
rejuvenates T cell responses, especially those of CD8+ T cells [27,28]. 
Our data also suggest that the reinvigoration/activation of CD4+ T and 
NK cells and their subsequent production of IFNγ and TNFα may addi-
tionally be decisive for the response to treatment. Our assumption is 
supported by other studies, which consider these populations as major 
players in the context of immunotherapies [29–32]. Although both cy-
tokines can promote tumorigenesis under certain circumstances, an in-
crease of IFNγ and TNFα levels in the TME as well as in the periphery has 
been reported as positive prognostic factors in two studies, which can be 
linked with the observed increase of these effector molecules in T and 
NK cells [20, 33, 34]. Besides this elevated cytokine production, we 
further detected significant corresponding increases of the absolute 
count of conventional CD4+ T cells (excluding Tregs) and NK cells as 
well as CD28- CD8+ T cells and TEMRA CD8+ T cells in R. This suggests 
that the functional shifts observed in R, are at least partly explained by 
the expansion of the specific populations. Although CD28- CD8+ and 
TEMRA CD8+ T cells are often associated with an exhausted T cell status, 
these phenotypes can also be displayed by recently activated and 
proliferating T cells, often referred to as effector T cells, which would 
also explain the detected increase of the antitumor effector cytokines 
IFNγ and TNFα among T cells [35,36]. Based on our explorative data, we 
propose that dynamic immune changes that occur early on during ICB, 
may be a promising predictive marker for treatment response, although 
this needs to be validated in a larger and more homogeneous cohort 
regarding tumor entities and taking into account variables e.g., prior 
treatment regimens and individual risk factors.

We further observed a pronounced increase in the frequency of 
effector lymphocyte subsets such as CD8+ T cells, activated CD4+ T cells 
(in particular CD39+ CD4+ T cells), and NK cells in patients with s-irAE 
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Fig. 3. Immune dynamics during PD1 blockade therapy in patients with severe vs. no/mild irAE. (A) The average variation across all parameters during the assessed 
time period was compared between healthy controls (HC, n = 9), patients with severe (n = 6) and no/mild (n = 29) irAE treated with anti-PD1 antibodies alone. (B) 
“Gene” set enrichment plots adapted to display the enrichment of differences over therapy time between patients with severe and no/mild irAE. The p values were 
obtained by non-parametric comparison of all delta-values of C2, C4, and C6 to C1 of each individual parameters between the two patient groups (C-D) Box-Whisker- 
Plots of all count parameters and (C) all pooled functional parameters comparing severe irAE and no/mild irAE (D) are displayed. (E) Box-Whisker plots of all single 
functional parameter divided into patients with severe irAE and no/mild irAE contributing to the Mo-ZYM pooled parameter. Statistical analysis: (A) Kruskal-Wallis 
test with Dunn’s multiple comparisons post-hoc test and Benjamini-Hochberg p value adjustment; (B) Kolmogorow-Smirnow test with Benjamini-Hochberg p value 
adjustment due to multiple comparisons (C-E) Mann-Whitney test; p < 0.05 = *, p < 0.01 = ** , p < 0.001 = ** *.
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Fig. 4. Differences in the expression of IL10 by monocytes among ICB patients affect T cell expansion. (A) Side by side comparison of changes in the IL10 serum 
levels in available samples during therapy between severe irAE (n = 5, due to missing C1 serum sample from patient ICB004) and no/mild irAE patients (n = 19) 
displayed as paired dot-plot. (B) The relation of IL10 serum levels versus the change of CD8+ T cell counts upon treatment shown as a scatter plot (n = 17). (C) The 
Whisker-Box plot summarizes the IL10 secretion of monocytes from severe vs. no/mild irAE patients measured after 24 h cultivation in the supernatant by ELISA. (D) 
Peptide stimulated and CFSE-labelled T cells of ICB treated patients were flow cytometrically measured after 4 days. The dot-plots show the CFSE-labeling of 
CD3+CD8+CD4- gated lymphocytes from one representative s-irAE and no/mild irAE patient (n = 3). IL10 concentration in the supernatant of the added monocyte 
cultures are indicated above the respective plot.(E) Graphical summary created with BioRender.com of the hypothesis how differences in monocyte-derived IL10 
influence irAE development. Statistical analysis: (A) Wilcoxon signed rank test (B) spearman correlation (C) Mann-Whitney test; p < 0.05 = *, p < 0.01 = ** .
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compared to no/mild irAE. This effect was independent of therapy 
response. Remarkably, the pronounced effector lymphocyte increase 
surpassed the magnitude of the analogous increase observed in R. Based 
on the wide spectrum of ICB-induced inflammatory adverse events, the 
pathogenesis of irAE is likely to be multifactorial, but the currently 
predominant explanatory paradigm focuses on T as well as B cell- 
mediated autoimmune processes [37,38]. Notably, the observed differ-
ences between R and NR regarding the effector cytokines IFNγ and TNFα 
were not prominent in the irAE comparison. However, we found a ten-
dency towards higher production of the autoimmune- and 
irAE-associated cytokine IL17A upon stimulation of CD4+ T cells in 
patients affected by s-irAE compared to no/mild irAE, although not 
significant. Although statistically not significant, we observed a ten-
dency towards an increased number of effector memory CD4+ T cells in 
patients affected by s-irAE.

Furthermore, the analysis of s-irAE vs. no/mild irAE patients also 
elucidated a general ICB-induced increase in the responsiveness of 
monocytes to a TLR2/6- and dectin-1-dependent zymosan stimulation, 
which was absent in patients affected by s-irAE. Several endogenous 
TLR2 ligands (e.g., HMGB1, HSP60, HSP70) have already been 
described to be elevated in cancer patients [39–41] and together with 
PD1 blockade may result in activated monocytes that enhance 
lymphocyte-mediated antitumor responses and/or off-tumor autoim-
mune inflammation processes leading to irAE. Our data revealed in 
particular that IL10 expression in monocytes was diminished in s-irAE 
patients during ongoing ICB treatment, with IL10 known to be able to 
reduce T cell proliferation [25, 26, 42]. The presented data regarding the 
higher IL10 serum levels in no/mild irAE patients as well as the higher 
supernatant IL10 levels from monocytes derived from these patients 
compared to patients affected by s-irAE further support the hypothesis 
that the IL10 production by monocytes could be relevant to the pre-
vention of irAE onset. Additionally, we observed a moderate negative 
correlation of CD8+ T cell expansion and IL10 serum levels. The same 
inverse relationship we also found for IL10 and the T cell subsets that 
were different between s-irAE and no/mild irAE (Figure 3C), e.g. acti-
vated (CD39+), effector (CD8+ TEMRA and CD8+ CD28) and effector 
memory like CD8+ T cells, CD39+ CD4+ T cells, but probably due to 
higher variance in these smaller subsets compared to total CD8+ T cell 
counts the correlations were not significant with the exception of CD39+

CD4+ T cell expansion and serum IL10 (data not shown). We further 
confirmed through in vitro proliferation experiments that the differences 
of IL10 production by monocytes from s-irAE and no/mild irAE patients 
can impact the antigen-driven expansion of T cells. Moreover, in line 
with the observed decrease of IL10 production by monocytes in patients 
with s-irAE and trend towards an increase of IL17A-expressing T cells, 
several other studies could show that IL10 has a strong impact on IL17A 
expression by T cells, which are generally seen as one of the main 
pathological drivers in autoreactive adaptive immune responses as Tc17 
cells in multiples sclerosis [43] or Th17 cells in psoriasis [44] and as 
reported in ICB patients suffering from irAE [21, 22, 42]. Although we 
could confirm with patient material that monocytes-derived IL10 affects 
T cell proliferation, its direct effect on the promotion of autoreactive and 
IL17A-expressing T cells has to be proved in future studies. Baseline IL10 
levels in patients undergoing ICB treatment were further shown to be 
correlated with irAE occurrence in two retrospective studies [45,46]. 
However, to our knowledge, the impact of monocyte-derived IL10 
during ICB therapy on irAE development has not been reported yet and 
is adding to the concept that ICB affects the innate immune system in a 
way that may be crucial to the clinical outcome of patients in terms of 
toxicities [13, 14, 16].

The patient cohort size of our study was limited due to the depen-
dence of the reported functional assays on fresh blood samples, with 17 
stimulations being performed in parallel per patient and time point. 
Nevertheless, we were able to include 43 patients in this prospective 
study and conduct pre- and on-treatment whole blood analyses resulting 
in the collection of more than 30,000 cytometric data values. Using fresh 

samples allowed us to keep stimulation conditions as physiological as 
possible as well as to avoid freezing and thawing procedures, which are 
known to result in distorted and biased outcomes especially regarding 
monocytic effector functions [47–49]. The prospective character of the 
study further did not allow a more balanced patient distribution 
regarding treatment response and toxicity. The patient population 
studied here represents a heterogenous cohort regarding tumor entities 
as well as prior treatment regimens and individual risk factors. A further 
disbalance can be observed in the sex distribution of our patient cohort. 
We did not perform adjustment for multiple testing with the goal of 
avoiding higher risk for false negatives (type II errors). This led to the 
deliberate acceptance of an increased risk for false positives (type I er-
rors). Our study primarily focused on s-irAE development due to its 
profound and direct clinical relevance. Although frequent, mild irAE do 
not require ICB discontinuation or systemic immunosuppressive treat-
ment, thus largely making them irrelevant regarding the patient’s 
prognosis – in stark contrast to s-irAE. The limited sample size of our 
study additionally constrained our ability to investigate the association 
between immunological signatures and organ-specific irAE affection.

5. Conclusion

In summary, our explorative study combining phenotypic and 
functional analyses allowed a holistic system-wide examination of PD1 
blockade-induced dynamic immune alterations and revealed expected 
as well as novel effects of ICB on circulating immune cell populations, 
which shed additional light on the mechanisms of action of PD1 
blockade as well as the associated mechanisms behind PD1 blockade- 
induced autotoxicity. Our data underpin the association between 
circulating monocytes and the pathogenesis of s-irAE by showing a novel 
mechanism based on reduced monocytic IL10 expression in the context 
of s-irAE as part of a complex multifactorial immunological process. 
Since cohort-specific immune changes occurred only as therapy pro-
gressed, our data also highlight the importance of longitudinal immune 
monitoring of patients undergoing PD1 blockade therapy. Further vali-
dation of immune markers associated with treatment response and/or 
occurrence of severe treatment-related toxicities in larger patient co-
horts may thus impact clinical practice and help guide and complement 
risk stratification of patients undergoing ICB therapy.
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