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ABSTRACT
Background  Immune checkpoint inhibitor (ICI) therapies 
present a pillar of modern cancer therapy but can cause 
neurological immune-related adverse events (n-irAEs), 
of which up to 35% are severe or even fatal. However, 
the detailed immunological mechanisms and risk factors 
underlying n-irAEs remain largely unknown. Here, we 
leveraged single-cell genomics to dissect immune cell 
type, state, and clonal heterogeneity associated with n-
irAEs.
Methods  We performed coupled single-cell RNA 
sequencing and T cell receptor (TCR) profiling on 
peripheral blood cells of 17 patients with cancer receiving 
ICI therapy, including 8 patients with acute neurotoxicity. 
This approach enabled integrated analyses of immune cell 
states and T cell clonality linked to ICI-induced n-irAEs.
Results  We profiled 186 435 immune cells and conducted 
pseudotime analyses, revealing that patients with n-irAEs, 
compared with controls, present with clonally expanded 
CD4+ cytotoxic T lymphocytes (CD4+ CTLs) with an n-irAE-
specific effector gene expression profile. These T cells 
predominantly belong to a select set of expanded clonal 
families and express genes linked to antigen-induced 
activation, cell lysis, and neuroinflammation. Moreover, 
they highly express CXCR3 (FC=2.03 compared with 
control CD4+ CTLs, with a false discovery rate=7.7×10⁻⁴), 
encoding the chemokine receptor of CXCL10, previously 
nominated as a biomarker for severe ICI therapy-induced 
n-irAEs with concomitant multiple organ system toxicity.
Conclusions  Overall, our study highlights the expansion
and activation of CD4+ CTLs in ICI-induced neurotoxicity, 
proposing these cells as potential targets for developing
new biomarkers and therapeutic strategies to improve
patient outcomes.

BACKGROUND
Immune checkpoint inhibitor (ICI) ther-
apies have demonstrated remarkable effi-
cacy in treating cancers and have become 

a cornerstone of contemporary oncology.1 
These treatments rely on antibody-mediated 
blocking of inhibitory T cell receptors, such 
as cytotoxic T lymphocyte-associated protein 
4 (CTLA-4), programmed cell death protein 
1 (PD-1), or programmed death-ligand 1 
(PD-L1), which dampen T cell responses and 
augment tumor immune evasion.2 Conse-
quently, antibodies blocking these receptors 
enhance tumor clearance by modulating T 
cell activity to target malignant cells.1 2

However, the use of ICIs is associated with 
the development of often severe immune-
related adverse events (irAEs).3 IrAEs occur 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Neurological immune-related adverse events (n-
irAEs) often result in termination of immune check-
point inhibitor (ICI) therapy, severe morbidity, or
death. The critical molecular and cellular drivers of
ICI-induced n-irAEs remain unknown.

WHAT THIS STUDY ADDS
	⇒ Using single-cell RNA sequencing and T cell recep-
tor profiling, we identify a clonally expanded subset
of cytotoxic CD4+ T cells (CD4+ CTLs) with a distinct
effector phenotype that is specifically present in
patients with n-irAEs but not in ICI-treated control
patients.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study implicates a critical function of CD4+

CTLs in the manifestation of n-irAEs, warranting the
investigation of targeting this population and/or its
molecular mediators for therapeutic intervention of
ICI-induced n-irAEs.
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in 54%–76% of patients receiving ICI treatment and 
can affect a wide range of organ systems.3 In 1%–3% of 
patients, irAEs affect the nervous system (neurological-
irAEs, n-irAEs) in diverse manifestations, including 
encephalitis and myositis.4 Given the increasing number 
of ICI-treated patients, n-irAEs represent a significant clin-
ical challenge, as they frequently cause severe pathologies 
or even death in up to 35% of cases.4–7 Moreover, severe 
n-irAEs often require systemic immunosuppression and
termination of ICI treatment, potentially favoring tumor
outgrowth.8 Diagnosis and treatment of n-irAEs remain
challenging due to their diverse clinical manifestations,
the lack of reliable biomarkers, and an insufficient under-
standing of the underlying immunological mechanisms.9

Therefore, obtaining a deeper mechanistic insight
into the development, prediction, and management of
n-irAEs will be mandatory for the effective and safe use
of ICI therapies.

To date, only a few studies have specifically focused on 
n-irAEs, but prior efforts have investigated T cell subset
composition, effector phenotypes, and clonality more
generally in irAEs. Notably, the degree of clonal diver-
sity among different T cell subsets has been strongly
linked to severe irAEs. These studies suggest a strong
general impact of T cell phenotype and clonality on
irAE manifestation.10 11 However, frequencies and types
of T cell effector populations vary considerably between
irAE-affected organ systems, demonstrating the need for
neurotoxicity-focused efforts, which remain underdevel-
oped.12 Regarding n-irAEs in particular, oligoclonal EBV-
specific memory cytotoxic CD4+ T cell infiltrates were
observed in a single case of fatal encephalitis following
anti-PD-1 treatment.13 Moreover, we recently detected
elevated frequencies of CD8+ T memory cell subsets
in n-irAE patients via mass cytometry.14 However, we
were limited in assessing detailed cell states and clonal
information.

Here, we leveraged single-cell genomics-based profiling 
to characterize peripheral blood mononuclear cells 
(PBMCs) from patients with cancer developing ICI-
induced n-irAEs. Most notably, we identified terminally 
differentiated CD4+ cytotoxic T lymphocytes (CD4+ 
CTLs) to substantially contribute to the pool of top 
expanded clonotypes, particularly in n-irAE patients. In 
those patients, the CD4+ CTLs display a strong effector 
phenotype, expressing genes indicative of recent TCR-
mediated activation, cytotoxicity, and chemoattraction 
to inflammatory cytokines, suggesting a major role in the 
manifestation of n-irAEs.

METHODS
Patient cohort
We enrolled adult patients with cancer with ICI-induced 
neurotoxicities treated at our center (Charité Univer-
sitätsmedizin Berlin) between September 2017 and 
December 2021. Patients receiving anti-PD-1, anti-PD-L1, 
or combination ICI treatment (anti-PD-1 + anti-CTLA-4) 

were included. N-irAEs were diagnosed according to 
consensus criteria for “definite” or “probable” n-irAEs 
(online supplemental table 2).15 Blood samples from 
n-irAE patients (n=8) were collected during the acute
disease stage, with four patients receiving corticosteroids
at the time of collection due to rapid clinical decline.
As controls, we recruited consecutive cancer patients
(n=9) scheduled for ICI treatment, matched for cancer
type, ICI regimen, age, and sex where feasible (table 1,
online supplemental table 2). Control patients with
ICI treatment in the previous 6 months were excluded.
Control group samples were collected before and 4–6
weeks after ICI treatment initiation. PBMCs were isolated
using Vacutainer cell preparation tubes with sodium
tubes (BD), according to protocol. Subsequently, isolated
PBMCs were cryopreserved in 90% FBS and 10% dimethyl 
sulfoxide.

Single-cell RNA-seq and TCR-seq library preparation
Cryopreserved PBMCs were thawed at 37°C in a water 
bath, followed by serial dilution with prewarmed RPMI 
including 10% FBS. Cells were washed with FACS buffer 
(PBS+2% FBS) and centrifuged at 400xg for 5 min at 
4°C. Subsequently, Fc receptors were blocked (Human 
TruStain FcX, BioLegend) and stained on ice with anti-
CD14-AF488 (clone 63D3, BioLegend), anti-CD66b-PE 
(clone G10F5, BioLegend) and SYTOX Blue (Thermo 
Fisher, S34857). After two additional washes, neutro-
phil depletion was achieved by sorting viable SYTOX 
Blue−CD66b− cells on a FACS Aria III flow sorter. Sorted 
cells were washed, centrifuged, and resuspended in 
Cell Suspension Buffer (PBS+0,04% BSA) and counted. 
Next, scRNA-seq and TCR-seq libraries were prepared 
by using 10x Genomics Chromium Next GEM Single 
Cell 5' Reagent Kits (v2) (CG000331 Rev D, individual 
kits specified in online supplemental table 1) according 
to the manufacturer’s instructions. In brief, single-cell-
containing Gel Beads-in-emulsion (GEMs) were gener-
ated by loading suspended cells into a 10x Genomics 
Chromium Controller before reverse transcription 
and cDNA synthesis. TCR gene-containing cDNAs were 
amplified by two subsequent (semi-nested) PCRs. Ampli-
fied TCR cDNA and cDNA for gene expression (GEX) 
libraries were fragmented prior to end-repair, A-tailing, 
adaptor ligation, and indexing. All PCRs were performed 
using a C1000 Touch Thermal Cycler with 96-Deep Well 
Reaction Module (BioRad Laboratories). Quality assess-
ment and concentration quantification of the final 5’ 
GEX and TCR libraries were performed with Qubit and 
an Agilent BioAnalyzer.

Illumina sequencing of GEX and TCR libraries, preprocessing 
and quality control
10x Genomics 5′ scRNA-seq GEX and TCR libraries were 
sequenced with the Illumina NovaSeq 6000 sequencing 
platform. All libraries were sequenced using a paired-end 
dual-indexing sequencing protocol with 26, 10, 10, 90 
read lengths. Raw sequencing data were demultiplexed 
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using CellRanger mkfastq. Demultiplexed sequencing 
reads for all libraries were aligned to the reference 
genome GRCh38-2020-A using CellRanger Multi (cell-
ranger-6.1.2) from 10x Genomics.

Data analysis
All the statistical analyses were performed using R V.4.2.2 
(or R V.4.2.3 for the differential gene expression analysis 
(DGE)), and Seurat V.4.3.0.16 Population frequencies, 
pseudotime, area under the curves (AUC), and scores 
were compared with a Wilcoxon test (non-paired between 
the groups, control/n-irAE, or partially paired between 
pretreatment/post-treatment samples).

Low-quality cells were filtered out according to the 
following criteria: (1) mitochondrial content ≥10%, (2) 
ribosomal content ≥50%, (3) number of Unique Molec-
ular Identifiers ≤2000, and (4) number of detected genes 
≤800. Multiplets were identified with DoubletFinder17, 
accounting for homotypic doublets and estimating the 
expected doublet rate via a linear regression based on 
10x Genomics’ instructions. Datasets were then inte-
grated with Seurat’s anchor method on 2000 integration 

features. Both uniform manifold approximation and 
projection (UMAPs) and clusterings were performed on 
the integrated data, except for the CD4+ CTL top clone-
focused analyses (online supplemental figure 6), where 
the low cell numbers in some patients prevented proper 
integration.

Cell type assignment was first performed with an 
Azimuth16 PBMC reference dataset, followed by minor 
manual re-adjustment of some clusters according to 
marker GEX. In particular, clusters 21 and 27 were 
labeled low-quality cells, and the mixed clusters 10, 14, 
and 17, showing poor annotation prediction scores, were 
re-annotated as gamma delta T cells, Tregs, and CD4+ 
CTLs, respectively.

Because cell type assignment in discrete cell types 
does not necessarily reflect the continuous dimension 
of lymphocyte differentiation, pseudotime analysis with 
Slingshot18 was performed on CD4+ and CD8+ T cells. 
Before pseudotime inference, the respective subsets 
of the dataset were reintegrated as described above. In 
both cases, proliferating cells were excluded as their 

Table 1  Overview of clinical characteristics in control and n-irAE patient groups

Demographics and general info Control (n=9) n-irAEs (n=8)

Median age (years, range) 62 (49–90) 64 (58–82)

Female patients 3 (33%) 2 (25%)

Cancer type (neoplasm)

Melanoma 3 (33%) 1 (13%)

Lung cancer 4 (44%) 3 (33%)

Liver cancer 1 (11%) 1 (13%)

Merkel cell carcinoma 1 (11%) 2 (25%)

Prostate cancer 0 (0%) 1 (13%)

ICI treatment at therapy start

PD-1 inhibitor 4 (44%) 2 (25%)

PD-L1 inhibitor 4 (44%) 4 (25%)

Combined PD-1/CTLA4 blockade 1 (11%) 2 (25%)

Neurological irAEs (n-irAEs)

Myositis/myopathy 0 (0%) 7 (88%)

Peripheral neuropathy 0 (0%) 1 (13%)

Encephalitis 0 (0%) 2 (25%)

Myasthenic syndrome 0 (0%) 1 (13%)

Patients with multiple n-irAEs 0 (0%) 3 (38%)

Other irAEs (non-n-irAEs)

Patients with non-n-irAEs at sampling 3 (33%) 6 (75%)

Clinical metadata

Median time from ICI start to sample collection (weeks, range) 6 (4–6) 30 (5–207)

Corticosteroid treatment at time of sampling 0 (0%) 4 (50%)

Survival at 12 months post-ICI therapy start 8 (89%) 7 (88%)

This table summarizes clinical information for the control and n-irAE patient groups. Values are shown as medians with ranges or as counts 
with corresponding percentages, as indicated in the table.
ICI, immune checkpoint inhibitor; n-irAE, neurological immune-related adverse event.
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transcriptome signature is dominated by cell cycle 
programs. For CD4+ T cells, Tregs were excluded, given 
that their differentiation trajectory is distinct from other 
effector cell populations developing from naive T cells. 
The pseudotime value presented corresponds to the 
value associated with the main branch. The proportion 
of cells from irAE patients as a function of pseudotime 
was calculated with a running window. To estimate the 
probability that such a proportion could be found by 
chance, we permuted 1000 times cell barcodes and eval-
uated the proportion obtained for each permutation. 
Then, the 2.5% and 97.5% quantiles were calculated at 
each pseudotime point, forming a 95% CI. Reassuringly, 
for each lymphocyte compartment, this CI is very stable 
over pseudotime and centered on the global proportion 
of irAE cells.

Exhaustion, naivety, and cytotoxicity scores were calcu-
lated with AUCells19, based on the expression of the 
following genes:

Exhaustion CTLA4, TIGIT, PD1, LAG3, TIM3

Cytotoxicity NKG7, CCL4, CST7, PRF1, GZMA, 
GZMB, IFNG, CCL3, FGFBP2

Naivety CCR7, LEF1, SELL

Their value along pseudotime was smoothed as 
described above.

TCR analysis was conducted in both CD4+ and CD8+ T 
cell compartments independently. Subpopulation enrich-
ment of the top 10 expanded clones was assessed with a 
hypergeometric test. That is, the proportion of a specific 
subpopulation in each top clone was compared with its 
proportion in the whole set of CD4+ or CD8+ T cells of the 
respective patient. A score directly based on the p value 
associated with the statistical test (min(−log10(p value), 
16)) was then used to compare the enrichment between 
the control and irAE groups. Thus, a score below 2 would 
indicate no enrichment of the subpopulation. Because 
only expanded clones (ie, clones detected at least twice 
in the respective cell population) were considered for 
this analysis, each patient was represented by 0–10 clones. 
Here, we note that using a maximum value (16) is due to 
an artificial limit of the package that affects comparing 
the extent of cell type bias in the two patient groups. For 
example, the cell type bias in the n-irAE group is likely 
to be underestimated, with the biological conclusions 
remaining unchanged.

DGE analysis was performed via pseudobulk at the 
clonotype level with edgeR. P values were corrected for 
multiple testing with the Benjamini-Hochberg method. 
Z-scores of the most significant (adjusted p<0.01 and
absolute fold change >1.5) differentially expressed genes
were averaged at the clonotype resolution for heatmap
representation and principal component analysis (PCA).
Genes encoding the variable domain of the TCR were
excluded since they are clonotype-specific by definition.
PCA was also calculated at the cell level. The same set
of genes was then used to define the control group and

n-irAE group signature, whose scores were computed with
AUCell.21 The Gene Ontology (GO) term Over Repre-
sentation Analysis was conducted with the R package
clusterProfiler, calculating Benjamini-Hochberg q-values,
on genes expressed in at least three different patients
and with an average greater than 0.2 in at least 5% of the
different clonotypes.

This case–control study was reported in accordance 
with the Strengthening the Reporting of Observational 
Studies in Epidemiology guidelines.20

RESULTS
Single-cell and TCR profiling of the immune landscape of ICI-
treated patients with and without n-irAEs
To investigate potential alterations in blood cell type 
composition, cell states, and T lymphocyte clonality asso-
ciated with severe ICI-induced n-irAEs, we performed 
single-cell RNA sequencing (scRNA-seq) with concom-
itant T cell receptor (TCR) profiling of PBMCs from 
two groups of ICI-treated patients presenting with (n=8; 
n-irAE group) or without (n=9; control group) n-irAEs
(figure  1A, online supplemental figure 1, table  1, and
online supplemental table 2).

After library preparation, sequencing, and data 
processing, 186 435 cells met our quality control 
criteria (figure 1B and online supplemental figure 2A 
and B). No substantial differences in quality metrics 
and apparent batch effects of individual samples were 
observed after commonly applied qualitative assess-
ment of integration and UMAP projection. The label 
transfer-based cell type annotation (online supple-
mental figure 2C–F) yielded all major blood cell 
types, expressing respective marker genes (figure 1B, 
online supplemental figure 2G). All major cell types 
were detected in samples (1), both before and after 
ICI treatment (online supplemental figure 2H), 
(2), both in the control and n-irAE groups (online 
supplemental figure 2I), and (3), spanning all cancer 
entities represented in the cohort (online supple-
mental figure 2J). Moreover, detected TCR sequences 
were confined to the alpha-beta T cell compartment 
(figure  1C). Together, this dataset provides a high-
resolution single-cell atlas of peripheral immune 
states and T cell clonality associated with ICI-induced 
n-irAEs in a clinically well-characterized patient
cohort.

Immune cell subset analysis identifies minor frequency shifts 
associated with n-irAEs
On closer examination of immune cell subsets (online 
supplemental figure 3), we discerned a statistically 
significant (p<0.05) enrichment of CD4+ regulatory T 
cells (Tregs) in n-irAE patients compared with controls 
(median fold change (MFC) of 1.35; online supple-
mental figure 3B). Moreover, there was a non-significant 
but noticeable elevation in the frequencies of CD4+ CTLs 
(2.91 MFC, n.s.), proliferating CD4+ (1.7 MFC, n.s.) and 
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CD8+ T cells, and CD8+ T central memory (TCM) cells 
(3.16, n.s.) in the n-irAE group (online supplemental 
figure 3B and C). Conversely, a trend toward dimin-
ished frequencies of CD4+ T effector/memory (TEM) 
cells (0.75 MFC, n.s.) and naive CD8+ T cells (0.43 MFC, 
n.s.) was evident in n-irAE patients when compared with
controls (online supplemental figure 3B and C).

Moreover, we observed a shift in the differenti-
ation state of circulating B cells in n-irAE patients, 
characterized by a skewing toward less differentiated 
cell types. Specifically, patients with n-irAEs showed 
increased frequencies of naive B cells, accompanied 
by a reduction in more differentiated subsets (online 
supplemental figure 3D). This included a statistically 
significant decrease in intermediate B cells, along 
with non-significant trends toward lower frequencies 
of memory B cells and plasmablasts. These changes 
collectively resulted in a lower B cell maturity score 
in n-irAE patients, with an MFC of 0.52 compared 
with the control group, although this difference 
did not reach statistical significance (online supple-
mental figure 3E). Notably, this skewing toward 
immature B cell states was not observed in control 
patients when comparing samples before and after 
ICI treatment, suggesting that the observed matu-
rational shift is associated with n-irAE development 
rather than ICI therapy itself (online supplemental 
figure 3E). Overall, frequency analyses of discretely 
annotated immune cell subsets between n-irAE and 

control patients highlighted only minor differences 
in immune cell type composition.

The most expanded T cell clones are confined to CD4+ CTLs 
and CD8+ TEM cells
Clonal T cell expansion is a substantial driver of irAEs 
after ICI therapy.10 21 We used TCR profiling to determine 
the top 10 most expanded clonotypes among CD4+ and 
CD8+ T cells and projected them on a UMAP of subsetted 
T cells to determine their distribution among T cell 
populations. Notably, the top expanded CD4+ and CD8+ T 
cell clones were nearly exclusively confined to CD4+ CTLs 
(figure 2A) and CD8+ TEM cells (figure 2B), respectively.

To quantify the extent of cell type bias within the 10 
most expanded clones, we computed an enrichment 
score for each of them based on the p value of a hyper-
geometric test (Methods). For CD4+ CTLs, the score was 
greater than 2 in numerous clonotypes, indicating that in 
both patient groups, expanded clones were enriched in 
CD4+ CTLs in comparison to the whole CD4+ T cell popu-
lation (figure 2C). Notably, this enrichment was signifi-
cantly higher in n-irAE patients (median of 0 and 2.52 for 
the control and the n-irAE group, respectively), indicating 
a disproportionate expansion of CD4+ CTLs in patients 
with n-irAEs. In contrast, the same score calculated for 
CD4+ TCM cells showed no enrichment for this partic-
ular population (score <2; figure 2D), suggesting a more 
balanced distribution of expanded clones in this subset. 
Similarly, we observed a clonal enrichment specifically for 

Figure 1  Immune cell profiling of ICI-treated cancer patients by combined single-cell RNA- and TCR-sequencing. 
(A) Experimental workflow showing the collection of peripheral blood from ICI-treated cancer patients and processing of cells by
scRNA-seq and TCR profiling. (B) UMAP projection of 186 435 PBMCs from ICI-treated patients with (n=8; n-irAEs) and without
(n=9; controls) manifestation of neuroinflammation. (C) UMAP projecting the cells with (blue) or without (gray) detected TCR
sequences. ICI, immune checkpoint inhibitor; n-irAEs, neurological immune-related adverse events; PBMCs, peripheral blood
mononuclear cells; UMAP, uniform manifold approximation and projection.
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CD8+ TEM, but not for CD8+ TCM cells. Taken together, 
analysis of the most expanded clones within the CD4+ and 
CD8+ T cell compartments revealed a specific enrichment 
of these clones in CD4+ CTLs and CD8+ TEM cells, with 
a disproportionate accumulation observed particularly in 
n-irAE patients.

Terminally differentiated CD4+ CTL frequencies are increased 
in ICI-treated n-irAE patients
Analysis of cell type frequencies revealed only minor 
differences between patient groups (online supple-
mental figure 3), but may miss enrichment of specific 
cell states due to the limited resolution of this cate-
gorical approach. Thus, we applied Slingshot18 trajec-
tory analysis to capture phenotypic shifts in T cell 
states along a continuum of differentiation, enabling 
a more refined assessment of subset enrichment in 
n-irAE versus control patients.

We first analyzed differentiation trajectories of conven-
tional (ie, non-Treg) CD4+ T cells (figure 3A). The inferred 
trajectories followed the anticipated progression through 
discretely annotated cell populations, starting from naive 
T cells and transitioning through memory states at higher 
pseudotime values (figure 3B, online supplemental figure 
4A). Notably, CD4+ CTLs were positioned farthest from 
naive cells along the trajectory, indicating a terminally differ-
entiated phenotype (figure 3B, online supplemental figure 
4A). Functional signature analysis further supported the 
cytotoxic character of these cells, showing that CD4+ CTLs 
exhibited the lowest naivety and the highest cytotoxicity 

AUCell scores19 (figure  3C, online supplemental figure 
4D). When comparing patient groups, naive CD4+ T cells 
from n-irAE patients displayed a lower naivety score, while 
CD4+ CTLs from these patients showed elevated pseudo-
time and cytotoxicity scores (online supplemental figure 
4B–D). Most importantly, when comparing the contribu-
tion of patient cells along the trajectory in our integrated 
dataset, we found a pronounced enrichment of n-irAE 
patient cells at later pseudotime stages (~35), corre-
sponding to CD4+ CTLs. In this region, the contribution 
of n-irAE patient-derived cells reached up to 70%, signifi-
cantly exceeding their overall representation within the 
CD4+ T cell pool (46%) (figure 3D, online supplemental 
figure 4B). Notably, one control patient (Ctrl. 9) harbored 
more CD4+ CTLs than all other control patients combined 
(online supplemental figure 4B and F). The high abun-
dance of CD4+ CTLs in this patient, however, was unrelated 
to ICI treatment or n-irAE development, as elevated CD4+ 
CTL frequencies were already present prior to treatment 
with checkpoint inhibitors (online supplemental figure 
4F). Excluding this patient from the analysis revealed an 
even more pronounced difference in the contribution of 
cells from n-irAE versus control patients to the CD4+ CTL 
compartment (online supplemental figure 4E). Taken 
together, the most expanded CD4+ T cell clones were 
strongly biased toward CD4+ CTLs, particularly in n-irAE 
patients. Moreover, CD4+ CTLs were significantly enriched 
in cells derived from n-irAE patients, strongly indicating 
clonal expansion.

Figure 2  The most expanded T cell clones in n-irAE patients are strongly enriched in CD8+ TEM cells and CD4+ CTLs. (A, 
B) UMAP projection of the top 10 CD4+ (A) and CD8+ (B) T cell clones. (C–F) Enrichment score of CD4+ CTLs (C), CD4+ TCM
(D), CD8+ TEM (E), and CD8+ TCM (F) cells for the top 10 expanded clones of each patient. The CD4+ and CD8+ T cell clones
were analyzed separately. A score higher than 2 indicates a significant enrichment. P values correspond to a Wilcoxon test. n-
irAE, neurological immune-related adverse event; UMAP, uniform manifold approximation and projection.
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Next, we analyzed the differentiation trajectories of 
CD8+ T cells (figure  3E). Analogous to the trajectory 
analysis of CD4+ T cells, the inferred trajectories of CD8+ 
T cells aligned with the expected progression through 
discretely annotated subsets, starting with naive CD8+ 
T cells at low pseudotime values (<10) prior to transi-
tioning through CD8+ TCM cells at intermediate stages 
(pseudotime value ~15), and culminating in CD8+ TEM 

cells at the highest pseudotime values (>20) (figure 3F, 
online supplemental figure 5A). Accordingly, AUCell 
scores19 for naivety declined along the differentiation 
trajectory, while cytotoxicity and (to a lesser degree) 
exhaustion scores gradually increased with pseudo-
time (figure 3G, online supplemental figure 5C). When 
comparing patient group contributions of cells along the 
trajectory, naive CD8+ T cells with a low pseudotime score 

Figure 3  Pseudotime analysis of T cell subsets reveals an enrichment bias of n-irAE patient cells toward CD4+ CTLs. (A–
D) Subsetting of CD4+ naive, central memory, effector/memory, and CTL cells (47 650 cells). (E–H) Subsetting of CD8+ naïve,
central memory, and effector/memory cells (15 543 cells). (A, E) UMAP projections of the cell type annotation (left) and the
pseudotime values (right). Proportion of the different cell types (B, F), naïveté, cytotoxicity, and exhaustion AUCell scores (C,
G), and proportion of cells from n-irAE patients (D, H) are shown as a function of pseudotime, calculated on a sliding window.
For Slingshot pseudotime analyses (B–D, F–H), only cells assigned to the main pseudotime branch were included (36 640 CD4+

T cells and 15 218 CD8+ T cells). The 95% CI after group assignment permutation is shown in D, H. AUC, area under the curve;
n-irAE, neurological immune-related adverse events; UMAP, uniform manifold approximation and projection.
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were significantly enriched in cells derived from control 
patients (figure 3H, online supplemental figure 5B). In 
contrast, TCM cells were enriched with n-irAE cells, while 
CD8+ TEM cells that dominated the most expanded CD8+ 
T cell clones were not enriched with cells of any partic-
ular patient group (figure  2B and E, figure  3H, online 
supplemental figure 5B).

Highly expanded CD4+ CTL clonotypes in n-irAE patients 
possess a neuroinflammatory and cytotoxic effector 
phenotype
In contrast to CD8+ TEM cells, CD4+ CTLs did not only 
constitute the majority of the most expanded CD4+ T cell 
clones but were also enriched in cells derived from n-irAE 
patients, suggesting a role in n-irAE pathogenesis. There-
fore, we sought to characterize the phenotypical differ-
ences of this subset between n-irAE and control patients.

After subsetting, CD4+ CTLs formed distinct clus-
ters not only by patient group, but also by individual, 
reflecting substantial inter-patient heterogeneity 
(figure 4A). Subsequent unbiased differential GEX anal-
ysis of the top 10 expanded CD4+ CTL clones consistently 
revealed n-irAE-specific upregulation of genes involved 
in T cell activation (CD6922, HLA-DR23), effector cell-
associated metabolic activity (SLC1A524), and genes that 
previously have been reported to be involved in neuro-
logical or muscular inflammation (DUSP125, FKBP526 27, 
HLA-DRB127, NR4A228, SMAP229; figure 4B and C, online 
supplemental figure 6A, online supplemental table 3). 
Interestingly, clonally expanded n-irAE CD4+ CTLs also 
significantly upregulated expression of the T cell traf-
ficking receptor gene CXCR3 (FC=2.03, false discovery 
rate (FDR)=7.7×10⁻⁴; figure 4B,C). Notably, CXCR3 is the 
receptor for CXCL1030, which we have previously found 
at elevated serum concentrations and to be indicative of 
severe n-irAEs with multiorgan involvement.14 In contrast, 
genes that were upregulated in the control group (mostly 
dominated by the previously identified “outlier” patient) 
included genes involved in homeostasis/cellular main-
tenance (eg, RPS2631, RPS27L32) or exhaustion and 
apoptosis-associated genes (eg, TIGIT33, FAS34).

PCA of the significantly differentially expressed genes 
clearly separated the two patient groups, both at cell and 
clonotype resolution (online supplemental figure 6B). 
Moreover, similar results were achieved when using group 
signature scoring (figure 4D, online supplemental figure 
6C), and control group and n-irAE group signatures 
were both significantly higher in their respective groups 
(figure 4E, online supplemental figure 6D). Finally, GO 
term enrichment analysis of activated genes confirmed 
the upregulation of pathways of key importance in 
antigen-stimulated CD4+ T cell activation and differen-
tiation (figure  4F, online supplemental figure 6E). Of 
note, an analogous analysis of CD8+ TEM cells showed 
similar, but less distinct patterns of effector phenotypes 
between the two patient groups (online supplemental 
figure 7), corroborating the specificity of this observation 
for CD4+ T cells. Collectively, these results provide strong 

supporting evidence for a causal contribution of clonally 
expanded CD4+ CTLs with an enhanced effector pheno-
type surrounding the development of n-irAEs.

DISCUSSION
ICI therapies have revolutionized cancer treatment, 
but they often (~21%) cause severe side effects across 
different organ systems, forcing treatment cessation.35 
Therefore, an intensive search for irAE biomarkers is 
underway to improve patient outcomes and therapies. 
Here, we employed scRNA-seq to determine immune 
cell states, frequencies, and T cell clonality, providing a 
comprehensive examination of these parameters in the 
context of n-irAEs. Through this analysis, we identified 
clonally expanded, terminally differentiated, CD4+ CTLs 
with an effector phenotype in the peripheral blood to be 
a characteristic feature of ICI-treated patients with severe 
n-irAEs.

Among immune cell subsets, CD8+ T cells have previ-
ously been implicated in irAE pathogenesis.21 36 In our 
dataset, the most expanded CD8+ T cell clones were 
predominantly localized within the CD8+ TEM cell subset, 
with this pattern being particularly pronounced in n-irAE 
patients. However, we did not observe increased frequen-
cies of CD8+ TEM cells in the blood of n-irAE patients, 
nor an enrichment of n-irAE-derived cells among CD8+ 
TEM cells along the differentiation trajectory of CD8+ T 
cells. The absence of detectable accumulation of clon-
ally expanded CD8+ TEM cells in the circulation may 
be influenced by confounding factors such as sampling 
time points, underlying cancer types, or treatment regi-
mens and does not exclude a pathogenic role of these 
cells in n-irAE manifestation, as they may have preferen-
tially migrated into affected tumor and nervous tissues. 
However, their lack of enrichment in peripheral blood 
complicates their utility as accessible biomarkers for moni-
toring or predicting n-irAE development. Finally, while we 
observed differences in the GEX patterns between n-irAE 
and control CD8+ TEM cells, these differences were not 
very pronounced, also limiting the potential to identify 
molecular targets among this subset for the assessment or 
intervention of n-irAEs.

Besides CD8+ T cells, CD4+ T cells have gained atten-
tion as drivers of irAEs, given recent reports have (1) 
described their clonal expansion in irAEs and (2) 
suggested shared epitope expression between tumors 
and irAE-affected tissues, indicating T cell cross-reactivity 
as a potential mechanism of irAE development.10 37–39 
In our dataset, the most expanded CD4+ T cell clones 
predominantly comprised CD4+ CTLs (figure 2A), likely 
reflecting a direct effect of ICI therapy, in line with 
previous reports.40 41 Notably, this cell type bias toward 
the CD4+ CTL subset was even stronger in n-irAE patients 
(median enrichment score of 2.52; figure  2C) than in 
controls (median enrichment score of 0; figure  2C), 
suggesting the importance of CD4+ CTLs in the biolog-
ical processes underlying n-irAEs. Moreover, we observed 
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a trend toward an up to threefold increase in CD4+ CTLs 
in n-irAE patients (online supplemental figure 3B), 
along with a significant (p<0.05) accumulation of up to 

70% of n-irAE-derived cells specifically within the CD4+ 
CTL population along the CD4+ T cell differentiation 
trajectory (figure 3D). Together, these findings position 

Figure 4  N-irAE CD4+ CTL top clones display altered transcriptomic profiles. (A) UMAP of the 1956 cells belonging to the 
CD4+ CTL top 10 clones, projecting the patient origin (left) and the patient group (right). (B) Heatmap showing the clone-wise 
pseudobulk expression of genes differentially expressed between the CD4+ CTL top clones from the control and n-irAE groups. 
(C) The normalized expression of indicated genes differentially expressed between the two groups is shown. (D, E) Scatter
(D) and box plots (E) displaying the AUCell scores of signatures based on the genes shown in (B) for both control and n-irAE
groups. The scores were calculated at the pseudobulk level per clone. (F) Selection of Gene Ontology Biological Processes
(GOBP) highlighted by over-representation analysis of the n-irAE genes shown in (B). The dot diameters represent the number
of genes overexpressed in the n-irAE top clones present in the GOBP. This number is then divided by the size of the GOBP
to obtain the gene ratio. Q-values correspond to a hypergeometric test, after Benjamini-Hochberg correction. In (E) p values
correspond to a Wilcoxon test. AUC, area under the curve; n-irAE, neurological immune-related adverse events; UMAP, uniform
manifold approximation and projection.
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clonally expanded CD4+ CTLs as a key effector popula-
tion in n-irAEs, potentially driven and amplified by auto- 
or cross-reactivity to autoantigens of the nervous system. 
In the context of n-irAEs, cross-reactivity would require 
CD4+ CTLs to recognize antigens shared between tumors 
and nervous tissue, and to infiltrate both sites. Of note, it 
has been demonstrated that malignant cells can express 
MHC class II molecules, which is a requirement for CD4+ 
CTLs to lyse their target cells.42–44 Moreover, CD4+ CTLs 
have been shown to infiltrate tumors, lyse malignant cells, 
and mediate immunity against cancers.40 45 46 However, 
they have also been found to infiltrate the brain tissue 
of multiple sclerosis patients to exacerbate pathological 
inflammation.47 Our results now suggest a direct link 
between ICI-mediated amplification of CD4+ CTLs for 
efficient tumor responses and neurotoxic side effects, 
potentially mediated by cross-reactivity between tumor 
and nervous tissue antigens. Further, they incentivize 
antigen screenings and functional assays on blood CD4+ 
CTLs from n-irAE patients to identify antigens that facil-
itate the auto-reactivity of these cells, similar to what has 
been done for CD8+ T cells in ICI-induced myocarditis.48

Regarding the phenotype of CD4+ CTLs, cells from 
n-irAE patients possessed a higher cytotoxicity score than
cells from the patient control group (online supplemental 
figure 4D), which includes cytolytic hallmark genes, such 
as Perforin1 (PRF1) and granzymes (GZMA, GZMB).49 The 
top 10 expanded clones of n-irAE patients further exhib-
ited elevated gene sets involved in T cell activation, differ-
entiation, and effector function, as well as genes that 
contribute to neurological or muscular inflammation. 
Importantly, while we were able to detect expanded CD4+ 
CTL clones also in patients (mostly originating from one 
patient) without n-irAEs, these cells did not display such 
an activated effector phenotype. Moreover, we were able 
to deduce a GEX signature specific for n-irAE CD4+ CTLs, 
representing the potential to derive biomarkers for ICI-
induced n-irAEs from blood samples.

Further studies are required to substantiate the 
neurotoxic function of CD4+ CTLs in n-irAE patients in 
situ. However, in n-irAE-associated CD4+ CTLs, CXCR3 
transcripts were twofold upregulated (FDR=7.7×10⁻⁴) 
compared with control CD4+ CTLs, encoding 
the receptor of the CXCL9/10/11 chemokines26 
(figure 4B, online supplemental table 3). CXCL10 is 
expressed by immune and endothelial cells at inflam-
matory sites with the primary function to recruit 
CXCR3-expressing immune cells from the blood into 
inflamed tissues.30 Importantly, in a previous mass-
cytometry-centered study of a large patient cohort 
(n=83), we identified CXCL10 as a prominent indi-
cator for ICI-induced high-grade neurotoxicity, also 
affecting other organ systems.14 Thus, expression of 
CXCR3 on blood CD4+ CTLs provides a direct link 
between the identification of CXCL10 as a biomarker 
for severe adverse events and a mechanism of action 
for pathological inflammation in nervous tissues or 
even multiple organ systems. Our results are further 

noteworthy, given the report of a fatal case of ICI-
induced encephalitis, where an oligoclonal cytotoxic 
CD4+ T cell population was identified in the brain.13

Taken together, our results suggest for the first time the 
involvement of inflammation-tropic, expanded, and acti-
vated CD4+ CTL population in n-irAE patients following 
ICI therapy. Detectable in the peripheral blood, this popu-
lation could be relevant for prediction, although future 
work will be needed to validate its use as a biomarker 
upstream of the first symptom development. These find-
ings motivate in-depth investigations focusing on CD4+ 
CTL dynamics, including their presence already before 
ICI treatment and their modulation during therapy and 
emerging/manifested n-irAEs. Specifically, their presence 
may qualify as a patient-specific risk factor for developing 
n-irAEs and could guide early and late intervention, for
example, by targeting CD4+ CTL function or migration to
inflamed neurological tissues. In conclusion, we identify a
clinically relevant CD4+ CTL subset surrounding n-irAEs,
which further opens up novel possible treatment avenues
to improve the clinical outcome of cancer patients with
n-irAEs following ICI therapy.

Limitations of the study
Despite their clinical relevance, the relatively rare 
occurrence of n-irAEs substantially challenged the 
constitution of a large and homogeneous group of 
patients. Future efforts will be required to substan-
tiate these findings in larger cohorts stratified by the 
type of neurological manifestation, collection time 
points, and associated treatments to further resolve 
additional pathophysiologic heterogeneity and longi-
tudinal dynamics of n-irAE development and resolu-
tion. Further, PBMCs do not present the primary site 
of clinical relevance. Future efforts will be required 
to directly investigate immune cell characteristics in 
the affected tissue (e.g., cerebrospinal fluid, muscle 
biopsies).
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