
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
4
8
3
5
0
/
1
7
7
8
7
2
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
1
7
.
2
.
2
0
2
3

Clinical and Translational Article

Immune signatures predict development of
autoimmune toxicity in patients with cancer
treated with immune checkpoint inhibitors

Immune checkpoint inhibitors have revolutionized cancer treatment; however,

they are associated with potentially life-threatening immune-related toxicities. In a

prospective multi-center study of patients with melanoma and NSCLC, Nuñez

et al. identified immune signatures occurring early after the start of treatment

potentially predicting the onset of adverse events.
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Berner, Ekaterina Friebel, ...,

Martin Früh, Burkhard Becher,

Lukas Flatz

becher@immunology.uzh.ch (B.B.)

lukas.flatz@med.uni-tuebingen.de (L.F.)

Highlights

Systemic immune signatures

shortly after the start of ICI

therapy are linked to irAEs

ICI-treated patients with cancer

with irAEs show an expansion of

Ki-67+ T cell subsets

IFN-g and IFN-g-related proteins

CXCL9/10/11 are increased in ICI-

treated patients with irAEs

Early blood ICI immune signatures

may provide a predictive

biomarker profile for irAEs
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Immune signatures predict development
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CONTEXT AND SIGNIFICANCE

ICIs have significantly improved

the treatment of a wide range of

cancers. However, ICIs can cause

life-threatening autoimmune side

effects. There are currently no

biomarkers to predict which

patients are more likely to

develop such side effects.

Researchers at the University of

Zurich, the Kantonsspital St.

Gallen, and the University of

Tübingen have identified early

changes occurring in the blood of

patients with cancer treated with

ICIs. These changes predict the

development of autoimmune

toxicity. These findings will allow

us to determine which patients are

likely to benefit most from ICI

therapy and those requiring

intensive monitoring. Thus, the

findings here may help improve

care for patients with cancer by

providing timely and life-saving

management strategies for

patients at high risk.
SUMMARY

Background: Immune checkpoint inhibitors (ICIs) are among the most
promising treatment options for melanoma and non-small cell lung can-
cer (NSCLC). While ICIs can induce effective anti-tumor responses, they
may also drive serious immune-related adverse events (irAEs). Identi-
fying biomarkers to predict which patients will suffer from irAEs would
enable more accurate clinical risk-benefit analysis for ICI treatment and
may also shed light on common or distinct mechanisms underpinning
treatment success and irAEs.
Methods: In this prospective multi-center study, we combined a multi-
omics approach including unbiased single-cell profiling of over 300 pe-
ripheral blood mononuclear cell (PBMC) samples and high-throughput
proteomics analysis of over 500 serum samples to characterize the
systemic immune compartment of patients with melanoma or NSCLC
before and during treatment with ICIs.
Findings: When we combined the parameters obtained from the multi-
omics profiling of patient blood and serum,we identifiedpotential predic-
tive biomarkers for ICI-induced irAEs. Specifically, an early increase in
CXCL9/CXCL10/CXCL11 and interferon-g (IFN-g) 1 to 2 weeks after the
start of therapy are likely indicators of heightened risk of developing irAEs.
In addition, an early expansion of Ki-67+ regulatory T cells (Tregs) and
Ki-67+ CD8+ T cells is also likely to be associated with increased risk of
irAEs.
Conclusions: We suggest that the combination of these cellular and
proteomic biomarkers may help to predict which patients are likely to
benefit most from ICI therapy and those requiring intensive monitoring
for irAEs.
Funding: This work was primarily funded by the European Research
Council, the Swiss National Science Foundation, the Swiss Cancer
League, and the Forschungsförderung of the Kantonsspital St. Gallen.
Med 4, 1–17, February 10, 2023 ª 2023 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Immune checkpoint inhibitors (ICIs) are a first-line treatment for many cancers,

including melanoma and non-small cell lung cancer (NSCLC).1–7 The potential ben-

efits of ICI treatment for patients with cancer come at the cost of autoimmune side

effects, known as ICI-induced immune-related adverse events (irAEs). The frequency

of irAEs depends on the ICI used but can be as high as 70%.8,9 irAEs can affect virtu-

ally any organ in the body10 and typically emerge during the first few weeks of ICI

therapy; however, they might occur at any point during treatment or up to several

months after ICI discontinuation.11 Severe irAEs (grades 3–4) require hospitalization,

the pausing or discontinuation of therapy, and administration of immunosuppres-

sants; in some cases, irAEs can cause death.10,12 While there is evidence of an asso-

ciation between irAEs and the anti-tumor effects of ICIs,13 the mechanisms behind

their toxicity and how/whether those mechanisms can be distinguished from the

anti-tumor response are poorly understood. Recent studies have investigated

biomarkers for irAEs in melanoma14,15; however, analyses incorporating systematic

approaches combining multi-omics cytometry and proteomics, as well as relevant

studies in other cancer types, are lacking. Despite ongoing efforts, there currently

are not any validated biomarkers available to predict which patients are more likely

to develop irAEs.16,17 In this study, we sought to identify changes in immune cell

populations and cytokines over time in patients with melanoma and NSCLC treated

with ICIs and to identify potential predictive biomarkers of future autoimmune

toxicity.
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RESULTS

The presence of ICI-induced irAEs correlated with improved patient survival

We recruited a prospective cohort comprising a group of 43 patients with melanoma

and a group of 101 patients with NSCLC, all of whom were due to start treatment

with ICIs. We took blood samples pre-therapy, 1 to 2 weeks after the start of therapy,

and at the start of every cycle of therapy, as well as at the onset of irAEs. In addition,

we collected data on the type and severity of patients’ irAEs and their clinical

progress during therapy (Table S1). Across the cohort, there were patients who

experienced ICI-related toxicity (‘‘Tox’’ subgroups), accompanied or not by tumor

responsiveness to treatment (responders ‘‘Rs’’ and non-responders ‘‘NRs,’’ respec-

tively), as well as patients who did not experience toxicity (‘‘No Tox’’ subgroups),

but whose tumors either did or did not respond to this treatment. Specifically, within

our group of patients with melanoma, we found that 63% experienced at least one

irAE (Table S1), among which 19 out of 27 (70%) had ICI-responsive tumors

compared with only five out of 16 patients (31%) in the No Tox subgroup, showing

that irAEs were more frequent in Rs to treatment (X2 = 6.23, p = 0.01) (Figure S1A).

Although only 45% of patients with NSCLC experienced an irAE, similarly, 31 out of

the 45 patients in the Tox subgroup (69%) were Rs, while in the No Tox subgroup,

only 18 out of 56 patients (32%) were Rs, confirming again that irAEs were more

frequent in Rs (X2 = 13.49, p = 0.0002) (Figure S1B). Of note, the occurrence of irAEs

in our cohorts is particularly high due to the strong focus on detecting and

monitoring such AEs.

Among the patients with melanoma, the most frequent irAEs were autoimmune

skin toxicity (21%), colitis (16%), arthritis (12%), vitiligo (12%), and hepatitis (12%)

(Figure S1C). Among the patients with NSCLC, the most frequent irAEs were auto-

immune skin toxicity (21%), pneumonitis (10%), arthritis (9%), colitis (8%), and

thyroiditis (8%) (Figure S1D). In line with previous studies and the findings

above,9,18,19 we found that patients in both groups experiencing irAEs had
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Figure 1. Frequencies of CD45+ cells before therapy and over time in ICI-treated patients with melanoma or NSCLC

(A) Graphical representation of the experimental approach for the discovery cohort. Patients with NSCLC or melanoma were retrospectively divided

into treatment responders with ICI toxicity (Tox Rs), no toxicity responders (No Tox Rs), and no tox non-responders (No Tox NRs). Cryo-preserved

samples from four time points per patient were selected for analysis.

(B) Uniform manifold approximation and projection (UMAP) showing the FlowSOM-guided manual metaclustering of CD45+ cells in PBMCs. Cells were

proportionally combined from patients with melanoma and those with NSCLC at different time points to create the UMAP map.

(C) Heatmap showing the median intensity of marker expression (value range: 0–1) for the annotated CD45+ subsets.

(D and E) Violin plots depict the frequencies of the indicated populations among total CD45+ cells in the studied groups at T1 (pre-therapy) and T2 (1 to

2 weeks after the start of therapy). p values calculated using the Kruskal-Wallis test (KWT) indicate differences between the six groups of patients. Mann-

Whitney-Wilcoxon test was performed to compare patients with the same cancer type (only statistically significant p values are displayed; p < 0.05).

(F) Violin plots show the frequency of Tregs among total CD45+ cells over time in patients with and without toxicity. Lines that sloped down were plotted

in red. Only statistically significant p values are displayed (p < 0.05, Mann-Whitney-Wilcoxon test, paired).
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significantly better overall survival (OS) (melanoma: hazard ratio [HR] = 0.46 [95%

confidence interval (CI), 0.20–1.1], p = 0.034; NSCLC: HR = 0.29 [95% CI,

0.18–0.47], p < 0.0001) (Figures S1E and S1F) and progression-free survival (PFS)

(melanoma: HR = 0.53 [95% CI, 0.23–1.2], p = 0.084; NSCLC: HR = 0.28 [95% CI,

0.17–0.46], p < 0.0001) than those without (Figures S1G and S1H). These data

confirmed previous findings showing that development of ICI-induced irAEs is asso-

ciated with improved patient survival.

Canonical blood leukocyte frequencies pre-ICI therapy were similar between

patients with the same type of cancer, independent of irAE development

We then asked whether we could detect any pre-treatment differences between the

systemic immune compartments of patients who later went on to develop irAEs and

those that did not. From our prospectively recruited patient cohort, we selected a

representative discovery cohort consisting of patients for whom blood draws pre-

therapy and throughout therapy were available. The discovery cohort consisted of

three subgroups of patients with melanoma or NSCLC: patients with responding tu-

mors who developed irAEs (Tox Rs, n = 25), patients with responding tumors who did

not develop irAEs (No Tox Rs, n = 10), and patients with non-responding tumors who

did not develop irAEs (No Tox NRs, n = 17) (Figure S1I; Table S1). The Tox NR sub-

group (patients with non-responding tumors who developed irAEs) was excluded in

the discovery cohort due to incomplete datasets. We analyzed over 200 cryopre-

served samples of peripheral blood mononuclear cells (PBMCs) and 172 serum sam-

ples taken immediately before the start of ICI therapy (T1); we also collected samples

for later analysis at 1 or 2 weeks after the start of ICI therapy (T2), at a time point

corresponding to 1 month before the onset of the first irAE in affected patients

(T3), and at the onset of the first irAE (T4). For patients without irAEs, we selected

samples for T3 and T4 that corresponded as closely as possible to the timing of

T3 and T4 of patients with irAEs (Figure 1A).

We first compared the frequencies of the main cell types present in PBMCs from

patients with melanoma or NSCLC prior to the start of ICI treatment using high-para-

metric mass and flow cytometry to identify the major leukocyte (CD45+) populations

(Figures 1B and 1C). Within patient subgroups with the same cancer type, we found

comparable levels of CD3+ T cells, monocytes, CD4+ conventional T cells (Tconvs),

regulatory T cells (Tregs), and CD8+ T cells (Figure 1D), as well as of CD4� CD8�

T cells, gdT cells, B cells, CD38+ cells, and other myeloid cells (Figure S1J). However,

we did find differences between the two cancer types, including a higher frequency

of CD3+ T cells and a lower proportion of monocytes in patients with melanoma

compared with those with NSCLC (Figure 1D). In addition, in the NSCLC group,

we uncovered significantly higher frequencies of natural killer (NK) cells in NSCLC

Tox R patients compared with No Tox R patients, as well as higher frequencies of

NK cells in melanoma Tox R patients compared with No Tox NR patients (Figure 1D).
4 Med 4, 1–17, February 10, 2023
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Figure 2. Expansion of proliferating (Ki-67+) T cell subsets in patients with irAEs

(A) UMAP map showing the FlowSOM-guided manual metaclustering of CD3+ cells in PBMCs. Cells were proportionally combined from patients with

melanoma and those with NSCLC at different time points to create the UMAP map.

(B) Heatmap showing the median intensity of marker expression (value range: 0–1) for the annotated T cell subsets.

(C–E) Paired violin plots show the relative frequencies of the indicated cell populations before and during ICI treatment. Lines that sloped down were

plotted in red. Only statistically significant p values are displayed (p < 0.05, Mann-Whitney-Wilcoxon test, paired).

(F) The heatmap summarizes the mass and flow cytometry results of some of the identified CD3+ populations, showing their relative expression levels of

activation markers and cytokines.

(G) Pearson correlation between the relative frequencies of Ki-67+CD38+CD8+ cells among CD3+ cells and days to the beginning of toxicity, showing

that patients with higher frequencies of Ki-67+CD38+CD8+ cells at T3 and T4 developed toxicity sooner after the first dose of ICI therapy.

(H) Violin plots showing the differences in fold change of cell population frequency between T2/T1 in the patient groups. 0, no toxicity; G, grade. Only

statistically significant p values are displayed (p < 0.05, Mann-Whitney-Wilcoxon test, non-paired).
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After the first 1 to 2 weeks of treatment, we saw that the patients with melanoma in

the Tox R subgroup had significantly lower frequencies of CD3+ T cells and higher

frequencies of monocytes compared with those in themelanomaNo Tox R subgroup

(Figure 1E). We also found that the difference in frequencies of NK cells between

NSCLC Tox Rs and No Tox Rs at T1 (Figure 1D) was preserved at T2 (Figure 1E).

All other cell populations had comparable frequencies in Tox and No Tox subgroups

at T2 (Figure S1K). Next, we extended our analysis to compare T1–T4 samples be-

tween patients with and without irAEs. We found that NSCLC Tox R patients ex-

hibited a significant increase in relative frequency of Tregs 1 to 2 weeks after the start

of therapy—a trend that we also found in melanoma Tox Rs. This was not observed in

patients who did not develop irAEs, regardless of their future response to therapy. In

patients with NSCLC, the frequency of Tregs then decreased from T2 to T3 (Fig-

ure 1F). As we observed most differences in the T cell compartment, and because

T cells are the main target of ICIs, with their activity predicting response to ICI ther-

apy,20–23 hereafter, our cellular analyses focused on T cell subsets.

Patients with cancer treated with ICIs developing irAEs showed an early

expansion of proliferating T cell subsets

Within the CD4+ and CD8+ T cell compartment of PBMC samples from patients with

melanoma or NSCLC, we identified naive, central memory (CM), effector memory

(EM), and terminally differentiated effector memory cells re-expressing CD45RA

(EMRA) (Figure 2A). We also identified several subsets distinguished by their expres-

sion of CD103, as well as by their proliferative state, as assessed through CD38 and

Ki-67 expression; lastly, we identified gdTCR andCD3+CD4�CD8�T cells (Figures 2A

and 2B).We uncovered several significant changes occurring within the T cell subsets

of the Tox and No Tox subgroups across time points (Figures S2A and S2B). Among

these changes, the most striking were in proliferating (Ki-67+) subsets, which signifi-

cantly expanded mainly in the Tox R subgroups from T1 to T2 in patients with

melanoma and NSCLC: the proliferating subpopulations included CD8+ CD38+

Ki-67+ T cells (Figure 2C), CD4+ CD38+ Ki-67+ Tconvs (Figure 2D), and Ki-67+ Tregs

(Figure 2E).

We next asked whether the expansion of proliferating T cell subsets differed in

patients receiving monotherapy (anti-PD-1 alone) versus those receiving combina-

tion therapy (anti-CTLA4 + anti-PD1). Of note, for the combination treatment, the

analysis could only be performed for Tox R subgroups as patients in the No Tox

subgroups in our cohort were not treated with combined ICIs (Figure S2C). When

analyzing the treatments individually, we could still observe an expansion of prolifer-

ating T cell subsets from T1 to T2 in the Tox R subgroups, although this specific strat-

ification into smaller patient subgroups made robust statistical analysis challenging

(Figures S2D and S2E). Taken together, these data showed that an early expansion

of proliferating T cell subsets occurred in the Tox R subgroups during ICI therapy.
6 Med 4, 1–17, February 10, 2023
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Patients with expanding CD8+ CD38+ Ki-67+ T cells were more likely to

develop irAEs early in their treatment

We next assessed the functionality of the T cells from the discovery cohort samples

by activating them ex vivowith PMA/ionomycin and then detecting cytokine produc-

tion by flow cytometry. Figure 2F shows the combined activation status and cytokine

secretion profiles of these proliferating T cell subsets. CD4+ CD38+ Ki-67+ T cells

and Ki-67+ Tregs expressed high levels of CCR4, ICOS, and CD28. CD8+ CD38+

Ki-67+ T cells showed high intensities of 2B4, Eomes, and interferon-g (IFN-g).

When we looked at the relationship between days to the start of toxicity and the fre-

quency of CD8+ CD38+ Ki-67+ T cells, we found that patients with higher frequencies

of these cells at T3 or T4 (time point of autoimmune toxicity) were likely to develop

autoimmune toxicity sooner (Figure 2G), supporting the possible role of this T cell

subset in the development of irAEs. We next analyzed the fold change in the fre-

quency of proliferating T cell subsets among patients with different grades of irAEs

from T1 to T2. We found that patients experiencing one or more grade 3 irAEs had a

significantly higher relative increase from T1 to T2 in the frequency of CD8+ CD38+

Ki-67+ cells and Ki-67+ Tregs compared with patients not experiencing irAEs, as

shown by the T2:T1 fold change. Patients experiencing grade 3 irAEs also had a

significantly higher relative increase in Ki-67+ Tregs from T1 to T2 compared with pa-

tients experiencing only grade 1 irAEs (Figure 2H). These data suggested that an

early expansion of the identified proliferating T cell subsets is associated with the

development of higher-grade irAEs.
Patients developing irAEs showed an early increase in the expression of

proteins associated with the IFN-g signaling pathway

Serum biomarkers are especially desirable as blood can be obtained easily with min-

imal discomfort to the patient, and serum analysis can be conducted rapidly, accu-

rately, and inexpensively. Therefore, alongside our single-cell immunoprofiling, we

measured the expression of 92 proteins (Olink inflammation panel) in 172 serum

samples from the two patient groups of our discovery cohort. We found that pre-

therapy protein expression was markedly different between patients with melanoma

and those with NSCLC (Figure S3A), but no significant differences were found

among subgroups with and without irAEs at T1 in the two cancer types (see data

and code availability in the STAR Methods). However, when we analyzed the protein

expression kinetics, we found a significant increase in the expression of proteins

associated with the IFN-g signaling pathway in Tox R patients from T1 to T2 (just 1

to 2 weeks after the start of ICI therapy), including increases in CXCL9, CXCL10,

CXCL11, FGF5, and IFN-g (EnrichR; Table S2). We did not observe any significant

increase in the expression of these proteins in the No Tox subgroups (Figures S3B

and S3C). When we compared the fold change in expression of these proteins

from T1 to T2 among the different subgroups, we found that in patients with mela-

noma, Tox Rs had a significantly higher relative increase in several of these proteins

from T1 to T2 compared with both No Tox Rs and No Tox NRs (Figure S3D). This dif-

ference was not significant in patients with NSCLC (Figure S3E). In both cancer types,

the serum proteins with the highest fold change in expression from T1 to T2 were

CXCL9, CXCL10, CXCL11, and IFN-g (Figures 3A and 3B).

To exclude that the observed differences were due to the type of ICI therapy, we also

analyzed the expansion of these cytokines in patients with melanoma treated with

monotherapy (anti-PD-1), and we again observed a significant expansion of cyto-

kines from T1 to T2 in this stratified Tox R subgroup (Figure S3F). In the melanoma

group, we also noted a broader increase in proteins from T1 to T2: the expression
Med 4, 1–17, February 10, 2023 7
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Figure 3. Serum proteomics and predictive biomarkers for autoimmune toxicity in ICI-treated patients with cancer (discovery cohort)

(A and B) Violin plots show the most significant differences in fold change between T1/T2 in the abundance of the analyzed serum proteins in patients

with melanoma (A) or NSCLC (B). Only statistically significant p values are displayed (p < 0.05, Mann-Whitney-Wilcoxon test, non-paired).

(C and D) Multi-variate Cox regression analysis shows potential biomarkers of future autoimmune toxicity in patients with melanoma (C) and NSCLC (D).
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of several cytokines (e.g., tumor necrosis factor [TNF], interleukin-18 [IL-18], IL-8,

OSM, and IL-10) and chemokines (e.g., MCP3, MCP4, CCL3, CCL4, CX3CL1,

CXCL6, CXCL10, and CCL19) markedly increased in the Tox R subgroup. These in-

creases in protein levels from T1 to T2 were not observed in the melanoma No Tox

subgroups (Figure S3G). These findings therefore demonstrated that the early

increase in IFN-g-related proteins in serum during ICI therapy was specifically

associated with the Tox R subgroup.

A potential biomarker profile to predict the development of ICI-irAEs in

patients with cancer

Next, to analyze the predictive value of the change in parameters obtained by

cytometry and proteomics from T1 to T2, we employed logistic regression to create

a receiver operating characteristic curve (ROC), which showed that the early expan-

sion of IFN-g-driven cytokines and of Ki-67+ T cell subsets provided a good predic-

tion model that allowed us to distinguish between patients who later developed

irAEs and those that did not (Figures S3H and S3I). Then, to better understand the

relationship between the parameters analyzed and the time to irAE onset, we

used a Cox proportional-hazards (Coxph) model with which we identified several

variables that could predict the later occurrence of ICI-induced irAEs: overall, pa-

tients exhibiting an early increase in expression of individual IFN-g-driven cytokines
8 Med 4, 1–17, February 10, 2023
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and proliferating T cell subsets were at significantly increased risk of developing

irAEs early in treatment (Table S3). Moreover, in the multi-variable analysis, we

found that an increase in serum CXCL10 from T1 to T2 was associated with

higher risk of early development of irAEs in both the melanoma and NSCLC groups,

while expansion of Ki-67+ Tregs and CD8+ Ki-67+ CD38+ T cells between T1 and T2

was significantly associated with higher risk of autoimmune toxicity in patients

with melanoma and NSCLC, respectively. On the other hand, an increase in IL-10

levels between these time points was associated with reduced risk of irAE develop-

ment (Figures 3C and 3D). We also found that pre-therapy and on-therapy fre-

quencies in monocyte, NK cell, and B cell subsets, as well as in other proteins

analyzed, were not associated with the development of autoimmune toxicity

(Table S4).

To more clearly determine whether these signatures were specifically associated

with irAEs or also with response to ICI therapy, we compared the fold change

from T1 to T2 of serum proteins between Rs and NRs. In patients with melanoma,

Rs had a significantly higher expansion of IL-17A and IFN-g. However, none of the

chemokines (including CXCL9, CXCL10, and CXCL11) found to be expanded in

the Tox R subgroup were expanded in the R subgroup, showing that this chemokine

signature was more likely associated with the development of irAEs (Figures S3J and

S3D). Instead, in patients with NSCLC, the T1 to T2 fold change in serum proteins

between Rs/NRs was similar to that observed between Tox R versus No Tox NR

patients (Figures S3E and S3K). As above, we generated an ROC to determine

whether the early expansion of IFN-g-driven cytokines and Ki-67+ T cell subsets

found to be associated with autoimmune toxicity was also associated with response

to ICI therapy. We found that patients with melanoma who had increasing levels of

IFN-g-driven cytokines and elevated frequencies of proliferating T cells were more

likely to respond to ICI therapy, in line with previous studies24,25 (Figure S3L). This

shows that the immune signatures of response and autoimmune toxicity are likely

to be at least in part overlapping; this was less apparent in patients with NSCLC

(Figure S3M). When we used a Coxph model to analyze the predictive value of the

parameters for response to ICI therapy, some were significant in the univariate anal-

ysis, although none of the significant parameters associated with response were also

associated with autoimmune toxicity (Table S4). Similarly, in the multi-variable anal-

ysis, none of the parameters that were associated with the early development of

irAEs were also associated with OS in ICI therapy in the melanoma or NSCLC groups

(Figures S3N and S3O), showing that the immune signatures identified were more

strongly associated with the development of irAEs than with response to ICI therapy.

In summary, these data showed that the identified immune signatures occurring

early during ICI therapy were more strongly associated with irAEs than with response

to therapy, although they were partially overlapping.

Cytokine signatures were predictive of ICI-induced irAEs in patients with

melanoma

To validate our biomarker findings and more clearly define the immune signatures

relating to autoimmune toxicity versus response to ICI therapy, we used spectral

multi-color flow cytometry and proteomics to analyze an independent multi-center

validation cohort of ICI-treated patients with melanoma or NSCLC recruited from

two centers in Switzerland and three centers in Germany. In this validation cohort,

we were able to include a Tox NR subgroup (patients not responding to ICI therapy

but developing irAEs), which was not available for the discovery cohort. The

validation cohort consisted of 98 Tox R, 63 Tox NR, 43 No Tox R, and 33 No Tox

NR patients (Table S1). We first analyzed the T cell subsets in 108 PBMC samples
Med 4, 1–17, February 10, 2023 9



Figure 4. Spectral cytometry, serum proteomics, and predictive biomarkers for autoimmune toxicity in ICI-treated patients with cancer (validation

cohort)

(A) Graphical representation of the experimental approach. Patients with NSCLC or melanoma were retrospectively divided into treatment responders

with ICI toxicity (Tox Rs), no toxicity responders (No Tox Rs), no tox non-responders (No Tox NRs), and toxicity responders (Tox Rs). Cryo-preserved

samples from two time points per patient were selected for analysis.
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Figure 4. Continued

(B) UMAP map showing the FlowSOM-guided manual metaclustering of CD3+ cells in PBMCs. Cells were proportionally combined from patients with

melanoma and those with NSCLC at different time points to create the UMAP map.

(C) Paired violin plots show the relative frequencies of the indicated cell populations before and during ICI treatment. Lines that sloped down were

plotted in red (Mann-Whitney-Wilcoxon test, paired).

(D and E) Violin plots showing the protein expansion in fold change from T1 to T2 in Tox and No Tox patients with melanoma (D) and NSCLC (E). Only

statistically significant p values are displayed (p < 0.05, Mann-Whitney-Wilcoxon test, non-paired).
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(Figure 4A). Figures 4B and S4A show the identified T cell populations that were

compared among the different subgroups as well as their expression markers. As

in the discovery cohort, we found that Tox R patients with melanoma and NSCLC

had an expansion of CD8+ CD38+ Ki-67+ T cells, CD4+ CD38+ Ki-67+ T convs, and

Ki-67+ Tregs from T1 (pre-therapy) to T2 (1 to 2 weeks after start of therapy) (Fig-

ure 4C). Similarly, we detected a significant expansion in these T cell subsets at T2

in Tox NR patients but not in No Tox R or No Tox NR patients (Figures 4C and

S4B), showing that the early expansion of these proliferating T cell subsets was asso-

ciated with ICI-induced irAEs. Furthermore, we confirmed the previous proteomics

findings by analyzing 362 additional serum samples (Figure S4C), showing that in

melanoma Tox R and Tox NR subgroups, an early increase in CXCL9, CXCL10,

CXCL11, and IFN-g represented a signature predicting the later development of

ICI-induced irAEs, independent of later response to ICI therapy (Figures 4D, S4D,

and S4F). Although similar differences between Tox and No Tox patients were

also observed in patients with NSCLC (Figures 4E, S4E, and S4G), additional valida-

tion would be required to confirm their predictive power in this subgroup. Overall, in

this multi-center study, we analyzed over 500 serum samples and over 300 PBMC

samples from 235 patients (Figure S4C). Our results gave important insights into

the underlying immunological mechanisms of irAE-induced immune responses

and provided the first evidence for a clinically feasible means by which to identify

those patients most at risk of developing irAEs during treatment with ICIs.
DISCUSSION

irAEs pose significant clinical challenges in the management of patients with cancer

who are being treated with ICIs.26 Although the mechanisms leading to ICI-induced

irAEs are not well understood, there are several hypotheses, including antigen mim-

icry between tumor- and self-antigens27,28; breach of self-tolerance; tissue damage

due to cytokine dysregulation; off-target effects in organs bearing the targeted

immune checkpoint; microbiome alterations29; and tumor neoantigenicity.30 What

remains largely unknown is which immune cell subsets and soluble mediators are

responsible. Importantly, biomarkers to predict which patients are more likely to

develop ICI-irAEs are lacking.

In this study we combined clinical data with multi-parameter flow and mass cytom-

etry (CyTOF) and serum proteomics to search for immune signatures that preceded

the development of irAEs in ICI-treated patients with cancer. The most striking

differences were observed at the early time points, specifically from baseline (pre-

therapy) to 1 to 2 weeks after the start of treatment. Analyzing these samples,

we identified dynamic changes occurring in the blood shortly after the initiation of

ICI therapy that were significantly associated with the later development of

irAEs, and these were found most strongly in patients with melanoma. In line with

previous data in patients with melanoma and lung cancer whose tumors respond

well to ICI therapy,24,25 we found an increase in the frequency of proliferating

Ki-67+ CD8+ CD38+ and CD4+ CD38+ T cells shortly after starting ICI therapy, as

well as of expanding Ki-67+ Tregs, in patients later developing irAEs. Although

Tregs suppress inflammation and autoimmunity and are thought to be primarily
Med 4, 1–17, February 10, 2023 11
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pro-tumorigenic,31,32 it is likely that Treg expansion follows the general immune acti-

vation induced by ICIs in patients who develop irAEs and whose tumors often

respond well to therapy.33 Despite the differences in the time taken for individual pa-

tients to manifest their first irAE, our findings suggest that it is these early immune

changes in the first 1 to 2 weeks of therapy that are linked to whether or not patients

will eventually experience ICI-related toxicity. The differences observed in the time

to AE therefore do not affect the main conclusions.

Importantly, when we combined the parameters obtained from the multi-omics

profiling of our discovery and validation cohorts, we were able to identify poten-

tial predictive biomarkers for ICI-induced irAEs. We propose that the analysis of

serum proteins combined with the detection of proliferating T cell subsets 1 to

2 weeks after the start of therapy can help identify those patients at higher risk

of later ICI toxicity: specifically, increased CXCL9 and CXCL10 and reduced

IL-10 shortly after the start of therapy are likely indicators of heightened risk

of developing irAEs. Serum biomarkers are particularly interesting in the

clinical setting, and a recent study has shown the relevance of early proteomic

changes in ICI-treated patients.34 In addition, an early expansion of Ki-67+ Tregs

and Ki-67+ CD8+ T cells is also likely to be associated with increased risk of irAEs.

Interestingly, while similar trends were seen in patients with melanoma and those

with NSCLC, these biomarkers were more strongly associated with the develop-

ment of irAEs in melanoma and require further investigation and validation in

NSCLC.

A key aim of this study was to begin to distinguish immune signatures that are

related to response to therapy versus those that predict toxicity. Indeed, it is well

known that patients developing irAEs are more likely to respond well to therapy,9

and here, too, we see evidence of a partial overlap of response- and irAE-related

markers. However, we found that the early expansion of proliferating T cell subsets

and the early increase in IFN-g-related proteins were more strongly associated with

autoimmune toxicity than with response to ICI therapy. CXCL9 and CXCL10 are pro-

duced by several cell types in response to IFN-g and regulate immune cell migration,

differentiation, and activation35 and are known to be required for anti-tumor immune

responses during ICI treatment.36 Here, we see that the early increase in such serum

proteins that are associated with the IFN-g signaling pathway in patients with irAEs

may be linked to the expansion of Ki-67+ CD8+ T cells, which abundantly express the

CXCL9/CXCL10 receptor known as CXCR3.37 Likewise, the reduction in IL-10 may

also be associated with a proliferative CD8+ T cell phenotype. Indeed, IL-10 is an

anti-inflammatory cytokine that suppresses T cell activation38 and was shown to

inhibit proliferation and survival of IL-10R+ tumor-associated CD8+ T cells in patients

with melanoma.39 In addition, one other study found that a decrease in IL-10 in pa-

tients with melanoma treated with anti-CTLA-4 was associated with irAEs.40

Although we found that patients with irAEs had higher pre-therapy frequencies of

NK cells, changes in NK cells during therapy were not associated with the develop-

ment of autoimmune toxicity.

Overall, these findings show that while neither changes in T cell subsets nor serum

biomarkers alone are sufficient to predict either response or toxicity during ICI

therapy, combining these two information streams represents a powerful risk-

assessment tool for early identification of those patients at highest risk of irAEs.

While the identification of early on-treatment immunological markers may not

prevent the development of irAEs, as the occurrence of autoimmune toxicity is

often associated with tumor responsiveness, the primary aim should rather be to
12 Med 4, 1–17, February 10, 2023
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improve patient care by allowing more effective monitoring and timely interven-

tion with effective and life-saving management strategies. Further studies will be

required to better dissect the immune signatures in patients whose tumors are

responsive in the absence of irAEs and those in which the autoimmune toxicity

comes hand in hand with tumor response. In summary, these findings shed light

on the pathomechanisms of irAEs and identify candidate biomarkers for ICI-

irAEs that may help to monitor patients at higher risk of developing such autoim-

mune toxicities.

Limitations of the study

The main limitation was the heterogeneity of the cohort, which included patients

with different ICI treatments (monotherapy and combination therapy) and different

ICI-induced irAEs. In particular, most patients without irAEs were treated with mono-

therapy, while patients with irAEs were treated with monotherapy or combination

therapy. We performed subgroup analyses to take this into account; however, sub-

dividing these smaller groups of patients made robust statistical analysis chal-

lenging, and further studies are needed to dissect this point completely. In addition,

patients developed different numbers of irAEs and at different time points. Although

most irAEs occurred within a median time of around 40 days from the start of ICI

treatment, the interval of irAE development varied among patients (Table S1),

making predicting the timing of emergence of toxicity impossible. However, the

advantage of our experimental design is that by focusing on early time points, the

later heterogeneity of the cohort that later emerged does not represent a confound-

ing factor for our analyses and did not prevent us from identifying predictors of

irAEs. A second limitation was the relatively low patient number in some of the

patient subgroups, mainly the No Tox R subgroup; this is mainly due to the clinical

reality that the majority of patients who respond to ICI therapy experience some

form of irAEs. A third limitation was related to the finding that the identified immune

signatures, while being more strongly associated with ICI-induced irAEs, were also

associated with response to ICI therapy, although we were able to go some way

toward dissecting these effects.
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N.G., Alvisi, G., Mazza, E.M.C., Becher, B.,
and Lugli, E. (2019). Development,
application and computational analysis
of high-dimensional fluorescent
antibody panels for single-cell
flow cytometry. Nat. Protoc. 14,
1946–1969. https://doi.org/10.1038/
s41596-019-0166-2.
Med 4, 1–17, February 10, 2023 17

https://doi.org/10.1002/cncr.21854
https://doi.org/10.1002/cncr.21854
https://doi.org/10.1093/annonc/mdx225
https://doi.org/10.1093/annonc/mdx225
https://doi.org/10.1002/cyto.a.22778
https://doi.org/10.1002/cyto.a.22778
https://doi.org/10.1016/j.cell.2020.04.055
https://doi.org/10.1016/j.cell.2020.04.055
https://doi.org/10.1002/cyto.a.23904
https://doi.org/10.1002/cyto.a.23904
https://doi.org/10.1038/<?show $6#?>s41596-019-0166-2
https://doi.org/10.1038/<?show $6#?>s41596-019-0166-2


ll
OPEN ACCESS
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anti-human GZMB AF700 BD Bioscience Cat# 560213; RRID: AB_1645453

anti-human Ki-67 BV480 BD Bioscience Cat# 566109; RRID: AB_2739511

Streptavidin BB630 BD Bioscience customized

anti-human CD8 BV570 Biolegend Cat# 301038; RRID: AB_2563213

anti-human CD56 PE/Dazzle� 594 Biolegend Cat# 362544; RRID: AB_2565922

anti-human CD69 BV421 Biolegend Cat# 310930; RRID: AB_2561909

anti-human CD103 Biotin Biolegend Cat# 350220; RRID: AB_2629646

anti-human CXCR3 BV650 Biolegend Cat# 353729; RRID: AB_2562628

anti-human PD1 BV605 Biolegend Cat# 329924; RRID: AB_2563212

anti-human CCR7 BV785 Biolegend Cat# 353229; RRID: AB_2561371

anti-human CD4 Spark Blue 550 Biolegend Cat# 344656; RRID: AB_2819979

anti-human CD45 Percp Biolegend Cat# 304026; RRID: AB_893337

anti-human CD45RO APC Biolegend Cat# 304210; RRID: AB_314426

anti-human CD38 APC-Fire 810 Biolegend Cat# 303550; RRID: AB_2860784

anti-human CD127 BV510 Biolegend Cat# 351332; RRID: AB_2562304

anti-human T-bet BV711 Biolegend Cat# 644820; RRID: AB_2715766

anti-human TCF1 Alexa 488 Cell Signaling Cat# 6444; RRID: AB_2797627

anti-human CD45RA Pe-Cy5.5 ThermoScientific Cat# MHCD45RA18; RRID: AB_10372221

anti-human CD95 PE-Cy5 ThermoScientific Cat# 15-0959-42; RRID: AB_11042290

anti-human KLRG1 PerCP-eFluor 710 ThermoScientific Cat# 46-9488-42; RRID: AB_2573889

anti-human CD19 Super Bright 436 ThermoScientific Cat# 62-0199-42; RRID: AB_2637386

anti-human CD14 Qdot800 ThermoScientific Cat# Q10064; RRID: AB_2556449

anti-human Eomes APC-eFluor780 ThermoScientific Cat# 47-4877-42; RRID: AB_2573982

anti-human FOXP3 Pe-Cy7 ThermoScientific Cat# 25-4777-42; RRID: AB_2573450

Biological samples

PBMCs from cancer patients Kantonsspital St Gallen N/A

Serum from cancer patients Kantonsspital St Gallen N/A

Serum from cancer patients University Hospital Zurich N/A

Serum from cancer patients Uniklinikum Erlangen N/A

Serum from cancer patients Ludwig Maximilian University of Munich N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Serum from cancer patients Krankenhaus Nordwest Frankfurt N/A

Serum from cancer patients University Hospital Essen N/A

Critical commercial assays

Olink Inflammation panel Olink Proteomics N/A

Chemicals, peptides, and recombinant proteins

RPMI 1640 Seraglob Cat# M3413; RRID: N/A

PBS Homemade N/A

Human TruStain FcX BioLegend Cat# 422302; RRID:AB_2818986

Benzonase nuclease Sigma-Aldrich Cat# E1014-25KU; RRID: N/A

Fetal bovine serum GIBCO Cat# A3160802; RRID: N/A

Penicillin Streptomycin GIBCO Cat# 15140-148; RRID: N/A

GlutaMAX GIBCO Cat# 35050-038; RRID: N/A

Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat# P1585-1MG; RRID: N/A

Ionomycin Sigma-Aldrich Cat# I0634-1MG; RRID: N/A

1x Brefeldin A (Golgi Plug) BD Bioscience Cat# 555029; RRID:AB_2869014

1x Monensin (Golgi Stop) BD Bioscience Cat# 554724; RRID:AB_2869012

Zombie NIR� Fixable Viability Kit Biolegend Cat# 423106; RRID: N/A

Zombie Aqua� Fixable Viability Kit Biolegend Cat# 423102; RRID: N/A

Deposited data

Mass cytometry data This study https://zenodo.org/record/7079638

Flow cytometry data This study https://zenodo.org/record/7079638

Spectral flow cytometry data This study https://zenodo.org/record/7079638

Olink inflammation panel data This study https://zenodo.org/record/7079638

Software and algorithms

Affinity designer Affinity https://affinity.serif.com/de/designer/

Dplyr https://cran.r-project.org/web/packages/
dplyr/index.html

FlowJo V10.6.2. Tree Star https://www.flowjo.com/

FlowSOM https://github.com/SofieVG/FlowSOM

flowStats https://www.bioconductor.org/packages/
release/bioc/html/flowStats.html

ggplot2 https://cran.r-project.org/web/packages/
ggplot2/index.html

Hmisc https://cran.r-project.org/web/packages/
Hmisc/index.html

Pheatmap https://cran.r-project.org/web/packages/
pheatmap/index.html

R studio https://www.rstudio.com/

R version 3.6.1 https://www.r-project.org/

Stats https://CRAN.R-project.org/package=STAT

UMAP https://github.com/lmcinnes/umap

Flowcore https://www.bioconductor.org/packages/
devel/bioc/vignettes/flowCore/inst/doc/
HowTo-flowCore.pdf

Finalfit https://cran.r-project.org/web/packages/
finalfit

Forestplot https://cran.r-project.org/web/packages/
forestplot

pROC https://cran.r-project.org/web/packages/
pROC

Other

Automated cell counter Bio-Rad N/A

Helious CyTOF2 Fluidigm N/A

FACSymphony BD Bioscience N/A

Cytek Aurora Cytek Biosciences N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead con-

tact, Lukas Flatz (lukas.flatz@med.uni-tuebingen.de).
Materials availability

This study did not generate new, unique reagents.

Data and code availability

The codes that support these findings have been previously described.41,42

All data is available in a public repository (https://zenodo.org/record/7079638).

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples: participant information on gender and age was self-reported.

Information on gender, race and socioeconomic status was not collected. Patient

information including gender and age are reported in Table S1.
METHOD DETAILS

Clinical samples

A prospective cohort study (Immunomonitoring of Immunotherapy (IMIT) study) of

patients with NSCLC or melanoma who received ICI treatment was conducted

across four different centers in Switzerland (Kantonsspital St Gallen, Spital Grabs,

Spital Wil, and Spital Flawil) from July 1, 2016, to January, 2021. The study received

approval from the Ethics Committee of Eastern Switzerland (Ethikkommission

Ostschweiz, EKOS 16/079) and was conducted in accordance with the Declaration

of Helsinki guidelines. Informed consent was obtained from all patients.

Patients received either nivolumab (240 mg every 2 weeks), pembrolizumab (200 mg

every 3 weeks), ipilimumab (3 mg/kg every 3 weeks), atezolizumab (1200 mg every

3 weeks) or a combination of nivolumab and ipilimumab (1 mg/kg nivolumab and

3 mg/kg ipilimumab every 3 weeks, followed by nivolumab monotherapy 240 mg

every 2 weeks) (Table S1). PBMCs and serumwere collected at baseline (pre-therapy)

and at every time point of ICI administration, and when patients experienced irAEs.

For themajority of patients, blood samples taken at the onset of irAEs were collected

prior to the initiation of systemic steroids. Median patient follow-up time was

618 days (mean was 703 days) and ranged from 40 days to 1689 days. All irAEs

were diagnosed according to standard ESMO clinical practice guidelines.41

The prospective patient cohort consisted of 101 patients with NSCLC and 43

patients with melanoma. In the NSCLC group, 32 patients (32%) experienced com-

plete or partial remission (CR/PR), 23 patients (23%) had stable disease (SD) and 44

patients (44%) had progressive disease (PD). In the melanoma group, 20 patients

(48%) experienced CR/PR, 7 patients (17%) experienced SD and 15 patients (36%)

had PD. The median time to tumor response evaluation was 12 weeks after the start

of ICI treatment. Patients were divided into responders and non-responders, ac-

cording to the following criteria: patients experiencing partial remission at the first

CT scan occurring three months after therapy start, and patients with stable tumors

for at least six months after therapy start were considered responders; patients with
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progressive tumors at the first CT scan and those with stable disease that experi-

enced progression within six months of start of therapy were considered non-re-

sponders (Table S1). For the PBMC and serum analyses samples from four different

time points were used: pre-therapy (T1), one to two weeks after the start of therapy

(T2), one month before the onset of the first autoimmune toxicity (T3) and the time

point of the first autoimmune toxicity (T4). For patients not experiencing irAEs, T3

and T4 were selected in order to match T3 and T4 of patients experiencing irAEs

as close as possible.

A prospective validation cohort was then recruited to confirm the main findings

(Table S1). This validation cohort was recruited from two centers in Switzerland

(St. Gallen and Zurich) and four centers in Germany (Frankfurt, Essen, Munich and

Erlangen). As for the discovery cohort, the studies received ethical approval (Ethik-

kommission Ostschweiz, EKOS 16/079; KEK Zurich, BASEC-Nr. PB_2017-00494;

Landesärztekammer Hessen, MC 288/2015; WBE/SCABIO, 11-4715; Ethikvotum

München, 20-1122; Ethikvotum 195_20B Erlangen) and were conducted in accor-

dance with the Declaration of Helsinki guidelines; informed consent was obtained

from all patients. Median patient follow up time was 413 days (mean was

544 days) and ranged from 16 days to 1677 days. The median time to tumor

response evaluation was 12 weeks after the start of ICI treatment. For patients

receiving adjuvant therapy, response was defined as no relapse during 12 months

of adjuvant therapy, while no response was defined as relapse during this time.

Ex vivo reactivation of PBMCs

Cryopreserved PBMCs from melanoma and NSCLC patients were stored in liquid

nitrogen. Cells were first thawed in a 37�C water bath for 4 min and then gently re-

suspended in 1 mL of prewarmed complete medium [RPMI1640 (PAN biotech), 10%

FCS (Biochrom), 13penicillin/streptomycin (Life Technologies)] supplemented with

1:10,000 benzonase (Sigma-Aldrich). Cell count was calculated using an automated

cell counter (Bio-Rad). PBMCs were then transferred into conical tubes containing

10 mL of complete medium, and centrifuged (7 min at 300 rcf, 24�C).

Cell stimulation and flow cytometry data acquisition

For the discovery cohort, PBMCs (106 cells/ml) were stimulated for 5 h with

100 ng/mL of PMA and 1 mg/mL ionomycin in the presence of 1 mL/mL GolgiPlug/

GolgiStop (BD Biosciences). For both the discovery and validation cohort, cells

were washed with PBS, and non-specific antibody binding was blocked using human

TruStain FcX (Biolegend). Then, PBMCs were incubated for 25 min at 4C with the

antibodies listed in STAR Methods section (Flow Cytometry or Spectral Flow Cytom-

etry). Prior to intracellular labeling, cells were fixed and permeabilized with fixation/

permeabilization solution (Thermo Fisher), according to the manufacturer’s instruc-

tions. Cells were then incubated overnight at 4C with the antibodies listed in STAR

Methods section. For the discovery and validation cohort, data were acquired with a

BD Bioscience FACSymphony or Cytek Aurora flow cytometer, respectively, and

analyzed using FlowJo Software (version 10, TreeStar Inc.).

Cellular barcoding and mass cytometry acquisition

A unique three-out-of-nine metal barcode scheme was used to perform the living

cell barcode.42,43 The metals 104Pd, 105Pd, 106Pd, 108Pd, 110Pd, 113In, 115In

and 181Ta (Trace Sciences International) were conjugated to purified human anti-

CD45 antibody (Biolegend) in-house using the Maxpar X8 Chelating Polymer Kit

(Fluidigm), according to the manufacturer’s instructions. In addition, a yttrium

(CD45 89Y) (Fluidigm) pre-conjugated anti-human antibody was used. The cells
e5 Med 4, 1–17.e1–e7, February 10, 2023
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were then incubated on ice in RPMI-1640 supplemented with 5% FCS and a unique

combination of metal-labeled anti-CD45 antibodies. The samples were then washed

twice in PBS and pooled for antibody surface labeling. Then, PBMCs were incubated

for 25 min with the antibodies listed STAR Methods section. Prior to intracellular la-

beling, cells were fixed and permeabilized with fixation/permeabilization solution

(Thermo Fisher), according to the manufacturer’s instructions. Cells were then incu-

bated for 25 min with the antibodies listed in STAR Methods section. The cells were

then incubated in 4% PFA (Electron Microscopy Sciences) overnight. Before acquisi-

tion, cells were resuspended in 1:3000 Cell-IDTM Intercalator-Ir (Fluidigm) +Maxpar

Fix and Perm Buffer (Fluidigm). The cells were then washed with 1x PBS and ddH2O

and diluted to 1.5–106 cells/ml in ddH2O containing 10% EQ Four Element Calibra-

tion Beads (Fluidigm). Data were acquired with a Helious CyTOF2 (Fluidigm) and

analyzed using FlowJo Software (version 10, TreeStar Inc.).

High-dimensional flow cytometry and mass cytometry analysis

High dimensional mass cytometry (CyTOF) data were acquired in two batches.

For high-dimensional flow cytometry analysis, raw datasets were compensated,

doublets were excluded using Gaussian discrimination based on FSC-A and

FSC-H, followed by dead cell exclusion using Zombie Aqua expression assessed

by with. For high-dimensional CyTOF, raw datasets were normalized using the

MATLAB version of the Normalizer tool. Cells were gated on positive Event length

and DNA using 191Ir and 193Ir channels by manual gating, followed by cell dead

discrimination based on 195Pt expression. Doublets were excluded using Gaussian

discrimination channels including Center, Offset, Width and Residual. Next, data

were concatenated and de-barcoded using boolean gating.

Live cell data from high-dimensional flow cytometry and CyTOF data from every

individual patient were manually exported from FlowJo and uploaded into Rstudio

(R software environment, version R4) using ‘‘flowCore’’ packages. Both datasets

were normalized using Cytonorm,44 employing arcsinh transformation and quantile

normalization.45

To obtain an unbiased overview, we systematically reduced the flow cytometry

data to two dimensions by applying uniform manifold approximation (UMAP,

R package ‘‘umap’’). All cells were clustered using the FlowSOM algorithm

(R package ‘‘FlowSOM’’) in conjunction with consensus clustering (R package

‘‘ConsensusClusterPlus’’) and subsequently manually annotated.42

Proteomics

The proteomics analysis of patient serum samples was carried out using the

Olink platform "Target 96 Inflammation panel" (https://www.olink.com/products/

inflammation/). This panel provides a high-throughput, multiplex immunoassay

enabling analysis of 92 inflammation-related protein biomarkers across 88 samples

simultaneously, using the Proximity Extension Assay (PEA) technology. In brief, each

protein is bound by a matched pair of antibodies, coupled to unique and partially

complementary oligonucleotides. When the DNA coupled to the two antibodies is

brought into close proximity, it hybridizes. Only the correctly hybridized tags are

extended to an amplicon by quantitative real-time PCR, with a unique sequence

for each protein. This requirement for dual antibody binding paired with DNA

barcoding provides exceptional readout specificity. The software then reports the

relative concentrations of proteins. More specifically, the proteomics data is

released in a normalized protein expression (NPX) format, which is Olink’s arbitrary

unit, in Log2 scale. NPX data allows users to identify changes for individual protein
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levels across the sample and to identify protein signatures. The higher the NPX

value, the higher the protein concentration. As NPX is in a log2 scale, a 1 NPX differ-

ence means a doubling of protein concentration. The fold change from T1 to T2 of

serum proteins was calculated by exponentiating NPX with base 2 (2^x) and then

diving the value at T2 by T1.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using R version 4.0.1 (R Core Team 2020). All

violin plots are presented as the quantile 0.25, 0.5 and 0.75. N represents the num-

ber of patients per group. Frequencies of immune populations and cytokines values

were compared with the non-parametric Mann–Whitney–Wilcoxon test on unpaired

data (Figures 1D, 1E, 2H, 3A, 3B, 4D, and 4E). For longitudinal data (same patient

before and after the treatment) the Mann-Whitney-Wilcoxon test paired was used

(Figures 1F, 2C, 2D, and 4C). Correction for multiple hypothesis testing with the

Benjamini-Hochberg method was used. These tests were two-tailed and performed

with ggpubr R package. To calculate the differences between the six subgroups of

patients, the Kruskal-Wallis test (KWT) was used (Figures 1D and 1E). For correlation

measurements, we used a Pearson regression model by applicating the lm() and

summary() functions (Figure 2G). For logistic regression, receiver operating charac-

teristic (ROC) and Cox proportional-hazards model of the time to irAE were

calculated using the differences between patients with toxicity and without toxicity

obtained by cytometry and proteomics (baseline and one to two weeks after the initi-

ation of treatment, Figures 3C and 3D). Logistic regression, ROC curve, univariate

and multivariate calculations were performed in R using the ‘‘finalfit’’, ‘‘forestplot’’,

‘‘ISLR’’ and ‘‘pROC’’ packages, respectively. p values of less than 0.05 were consid-

ered significant and are indicated by the numerical value on the respective graphs.

Detailed information on statistical analysis can be found in the accompanying figure

legends.
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