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Checkpoint blockade-related CNS adverse events
are characterized by neurotoxic T helper cells with
sustained neuroantigen reactivity
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In brief

Ma et al. identify a unique polyfunctional
CD4" T cell subset (poly6+ Th) in irAEs-
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neuronal injury, and their abundance
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and poor outcomes. IL-17 blockade
alleviates pathology, suggesting a
targeted therapeutic strategy.
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SUMMARY

The immune-related adverse events of central nervous system (irAEs-CNS) are rare yet life-threatening com-
plications arising from immune checkpoint inhibitor therapies, with no effective treatments. The intracranial
immune landscape in irAE-CNS remains poorly characterized. Through longitudinal multi-omics profiling of
cerebrospinal fluid from three independent clinical cohorts—combined with serial cerebral positron emission
tomography/computed tomography (PET/CT) imaging, neurofunctional assessments, and 15-month clinical
follow-up, we identify a defined proinflammatory memory T helper cell population specific to irAEs-CNS.
These cells co-secrete six signature inflammatory mediators (poly6+ cells) linked to interleukin (IL)-17-driven
pathways, exhibit persistent neuroantigen reactivity, and could induce neuron apoptosis. Notably, NMDAR1 -
specific poly6+ cells are correlated with intracranial inflammation states and clinical outcomes of the disease.
Therapeutically, inhibition of IL-17—a key cytokine of poly6+ cells—significantly improves irAE-CNS out-
comes without compromising overall survival rates. Our study uncovers neuroantigen-specific proinflamma-
tory Th cells as central drivers of irAE-CNS pathogenesis, offering mechanistic insights and potential thera-
peutic targets for this debilitating condition.
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INTRODUCTION

Immune checkpoint inhibition (ICl) therapy has significantly pro-
longed the survival prognosis across nearly all cancer types by
activating the tumor immune environment. However, it simulta-
neously unleashes autoimmune conditions in almost all organs,
leading to immune-related adverse events (irAEs) with an inci-
dence ranging from 10% to 90%." Most irAEs occur in barrier
sites, such as the skin, colon, and lungs, but rarely in solid or-
gans.” Around 1%-3% of irAEs affect the central nervous sys-
tem ([CNS], irAEs-CNS).?® irAEs-CNS are clinically diverse and
can have an unpredictable onset following ICI initiation. Com-
mon symptoms include headache, altered mental status, and
psychobehavioral changes.*® Although being rare in incidence,
anecdotal case series suggest that irAE-CNS is characterized by
intracranial inflammation, poor response to anti-inflammatory
steroid treatment,® and high rates (over 40%) of long-term func-
tional sequelae.®® Few studies have yet explored the patterns of
intracranial inflammation in relation to local immunopathological
environment, clinical assessment dynamics, and brain imaging.

Studies on non-neurological irAEs, such as colitis, arthritis,
and myocarditis, have indicated that CD8" T cells are the primary
effector cells of off-target activation. However, recent findings
suggest other immune cells, including T helper cells, play a
crucial in driving pathogenesis.””'" Despite these insights,
research into irAEs within the brain remains elusive due to the
lack of animal models and limited access to the affected brain
tissue. Few studies have examined protein-secreting patterns
at the cellular levels within the local immune environment of
irAEs-CNS. A notable feature of irAEs-CNS is the prevalence of
disease-related autoantibodies targeting specific neuroanti-
gens, although the significance of these antibodies is still not fully
understood.'? Given that the pathogenesis of irAEs-CNS is hy-
pothesized to have an autoimmune background, similar to para-
neoplastic encephalopathy, there is a need for further explora-
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tion of antigen-stimulating patterns within the brain to link
neuroantigen reactivity with immune cell involvement.'?

Using multi-omic approaches and three independent irAE-CNS
cohorts, we identified a disease-specific population of memory
CD4* T cells (poly6™ Th cells) in the cerebrospinal fluid (CSF) with
pro-inflammatory characteristics (CD137*IL-17*"MCP1*CCL11*
MCP4*Granzyme B*). Additionally, we showed that poly6™ Th cells
are positively correlated with the clinical severity of the patients
with irAEs-CNS, and the functional and clonal phenotype of
poly6* Th cells in the CSF remain stable across follow-up trajec-
tories. We also showed that poly6* Th cells recognize neuroanti-
gen epitopes, offering insights into the relationship between intra-
cranial adaptive immunity and prevalent antigens in irAEs-CNS.
Finally, the blockade of interleukin (IL)-17 in patients with irAEs-
CNS significantly improves brain function and reduces brain injury
compared to standard treatments. Together, our study draws
comprehensive landscape of the inflammation dynamics in irAE-
CNS during disease progression, contributing to a better under-
standing of the off-target cellular immunity involved in immune
checkpoint blockade cancer therapy.

RESULT

Identification of poly6* CD4" T cells as a distinct
signature of irAEs-CNS

To comprehensively profile the intracranial inflammatory envi-
ronment of irAE-CNS patients, we obtained CSF samples of
irAE-CNS patients at onset (n = 30) as well as various control
groups. Control groups included newly diagnosed CNS infection
(ICNSI], n = 24) and autoimmune paraneoplastic encephalopathy
(AME, n = 35) patients, as well as non-irAE-CNS patients (NC, n =
24). We examined the inflammatory protein landscape using
inflammation-targeted OLINK proteomic panels (406 proteins)
in these CSF samples (Figures 1A-1D). We identified and quan-
tified 335 proteins in CSF samples of irAE-CNS and 3 control
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Figure 1. Identification of poly6+ T helper cells in patients with irAEs-CNS
(A-C) Proteomic screening of disease-specific CSF proteins (related to demographic data of Table S1). (A) Diagram showing OLINK-based proteomic analysis
performed on CSF from irAE-CNS patients at onset (n = 30) as well as 3 control groups (NC, n = 24; CNSI, n = 24; AME, n = 35). (B) Venn diagram showing

(legend continued on next page)
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groups with 53 proteins showing significant upregulation in the
irAE-CNS patients, including TNFa, TNF, IFNy, CCL11, MCP4,
MCP1, TNFRSF9, and IL-17A (Figures S1A-S1C; Figures 1A-
1C). These results suggest the involvement of inflammation-
related proteins in the pathology of irAEs-CNS. Additionally,
our previous work suggested that 18-F fluorodeoxyglucose
(FDG) positron emission tomography/computed tomography
(PET/CT) metabolic signatures could serve as diagnostic bio-
markers to monitor irAE-CNS pathologies.'® Therefore, we per-
formed a correlation analysis between regional 18-F FDG PET/
CT metabolic mean standard uptake value (SUVmean) and pro-
tein levels at the onset stage (Figure 1D). The SUVmean values of
multiple brain regions, particularly the limbic area, temporal lobe,
and parietal lobes, were found to have significant correlation with
the levels of these proteins (CCL11, MCP4, MCP1, TNFRSF9,
and IL-17A, Figure 1D). These results suggest that these proteins
could serve as irAE-CNS-specific biomarkers.

Next, we employed single-cell secreting proteomics to identify
cell populations responsible for secreting these proteins
(Figure 1E). We procured a total of 9,075 cells from irAE-CNS pa-
tients at onset (n = 8), 8,687 cells from CNSI patients (n = 6),
7,222 cells from AME patients (n = 4), and 10,728 cells from
NC (n =7, Figures 1E and 1F; Figures S1D and S1E). The uniform
manifold approximation and projection (UMAP) plot, generated
through dimensionality reduction, grouped all cells into 8 clus-
ters (Figure 1E; Figures S1D and S1E). Six proteins, including
TNFRSF9, CCL11, MCP1, MCP4, IL-17A, and Granzyme B,
were predominantly found in cluster 6 (Figures 1G and 1H),
and, therefore, we named these cells poly6+ cells. This observa-
tion suggests that cluster 6 possesses polyfunctional character-
istics. These proteins were nearly all identified as irAE-CNS-
related biomarkers in prior mixed proteomic analysis (Figure 1D).

We then performed single-cell RNA sequencing on CSF-
derived cells from 8 irAE-CNS donors to further characterize
phenotypic features for poly6+ cells. A UMAP plot mapped all
cells by dimension reduction into 8 clusters (Figures S1F and
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S1G). All 6 protein genes associated with poly6+ cells were high-
ly expressed in cluster 2 (Figure 11; Figure S1H), and poly6+ cells
were exclusively found in this cluster (Figure 1J). Among the
top-expressed genes in cluster 2, TNFRSF9 was predominantly
expressed in poly6+ cells (Figure 1K). Notably, 83.48% of
TNFRSF9+ (gene of CD137) cells were poly6+ cells, and all
poly6+ cells were localized within the TNFRSF9+ cell population
(Figure 1K). Other marker genes highly expressed in cluster 2
included CD3, CD4, and PDCD1 (Figure 1l; Figure S1H), indi-
cating that poly6+ cells are T helper cells. This corroborates pre-
vious findings that irAEs are characterized by effector T cells.'*
These findings also indicate that poly6+ cells are primarily acti-
vated, poly-functional CD4+ T cells in the context of iatrogenic
intracranial inflammation, distinguishing their role from that of
CD8+T cells in other organs affected by irAEs, such as thyroid,'®
heart,'® colon,’” and liver.'®

Since TNFRSF9 (4-1BB, CD137) is predominantly membrane-
bound, we positively sorted CD137+ cells in the second cohort,
which included 20 irAE-CNS patients at onset, and performed
single-cell secreting proteomics on CD137+ and CD137-
CD4* CSF samples (Figure 1L; Figures S1l and S1J). Our anal-
ysis revealed that nearly all poly6+ cells were found in the
CD137+ samples (78.85%), with few detected in the CD137-
samples (3.7%), confirming that poly6+ cells are CD137+ CD4”*
cells (Figure 1M; Figures S1K-S1M). Next, using single-cell
membranous proteomics (Figure 1N; Figure S2A), we further
confirmed that CD4* CD137+ PD1+ cells are enriched in patients
with irAE-CNS as compared to control groups (NC, n = 9; CNSI,
n =16; and AME, n = 13) (Figure 10).

We then performed functional annotations of these proteins
and found that most of the poly6 proteins were related to IL-17
pathways, suggesting that IL-17A may play a key role in driving
the pathogenesis of irAEs-CNS (Figures 2A and 2B). To explore
the clinical relevance, we found a strong correlation between the
proportion of poly6+ cells and 18-F FDG PET/CT metabolic
levels, specifically in the limbic area (Figure 2C). This finding

overlapping proteins after comparison between irAE-CNS and control groups (related to Figures S1A-S1C; Table S1). (C) Heatmap showing levels of highly
expressed, irAE-CNS-specific CSF proteins in all sampling groups. sig_CNSI, proteins that are significantly up-regulated in irAEs-CNS as compared to CNSI;
sig_NC, proteins that are significantly up-regulated in irAEs-CNS as compared to NC; sig_AME, proteins that are significantly up-regulated in irAEs-CNS as
compared to AME (related to Table S1).

(D) Correlative analysis of 18F FDG PET/CT SUVmean values of each segmented brain region and expression levels of proteins found to be highly expressed in
irAE-CNS patient samples (n = 30).

(E-H) Single-cell secreting proteomics to identify poly6+ cells. (E) Diagram showing single-cell secreting proteomic analysis and single-cell RNA sequencing
analysis in irAE-CNS patients as well as 3 control groups. (F) UMAP clustering defined by single-cell secreting proteomics (total of 35,712 cells) of CSF samples
from all patients, including cells from irAE-CNS patients (9,075 cells, n = 8), NC patients (10,728 cells, n = 7), AME patients (7,222 cells, n = 4), and CNSI patients
(8,687 cells, n = 6). Groups of patients projected on UMAP plot were shown in Figures S1D and S1E. (G) Signature proteins of each cluster were depicted as the
bubble plot based on the above single-cell data. (H) Distribution of cell clusters in each group, showing cluster 6 (C6) was almost exclusively populated in irAE-
CNS samples.

(I-K) Single-cell RNA sequencing to identify features of poly6+ cells (using CSF cells from the 8 irAE-CNS donors in F). (I) Genes related to poly6+ cells (TNFRSF9,
GZMB, IL17A, CCL11, MCP1, and MCP4) and cellular subtyping (CD3, CD4, and PDCD1) projected on UMAP plot. (J) UMAP clustering to identify poly6+ cells. (K)
Venn plot showing numbers of TNFRSF9 gene+ cells and poly6+ cells, exhibiting that all poly6+ cells express TNFRSF9.

(L and M) Validation of poly6+ cell phenotype by sorting. (L) Diagram showing single-cell secreting proteomic testing performed on CD137+ as well as CD137—
sorted CSF samples from 20 irAE-CNS patients at onset (cohort 2). (M) Distribution of poly6+ cells in CD137+ and CD137— samples from these 20 patients.
(N and O) Single-cell membranous proteomic validation across cohorts. (N) Diagram showing single-cell membranous proteomic testing in irAE-CNS patients as
well as 3 control groups, including samples of irAE-CNS (n = 20, from cohort 2 onset), NC (n = 9), AME (n = 13), and CNSI groups (n = 16, related to demographic
data of Table S1). (O) Absolute count of CD4* CD137+ CD45RA— CCR7— PD-1+ cells (poly6+ phenotype) in patients of each group revealed by single-cell
membranous proteomics. sig_NC/AME/CNSI, significantly up-expressed proteins compared to NC/AME/CNSI patient group. Statistical significance for com-
parisons across multiple groups was determined by one-way ANOVA with Tukey’s post hoc test. ****p < 0.0001. Data are representative of at least two inde-
pendent experiments or analyses. Bar graphs show mean + SEM of n biological replicates as indicated in each panel.
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Figure 2. Pro-inflammatory poly6+ T helper cells are linked with the clinical severity of irAEs-CNS

(Analyses in this figure are based on data from the 8 irAE-CNS patients in cohort 1, as identified in Figures 1F-1H).

(A and B) Functional annotations of genes of poly6+ cells (identified in Figures 11 and 1K) using Kyoto Encyclopedia of Genes and Genomes (KEGG) (A) and Gene
Ontology (GO) (B) databases, suggesting a dominant role of IL-17-related pathway.

(C) Correlation plot of SUVmean values of limbic region PET/CT imaging and the proportion of poly6+ cells determined by single-cell secreting proteomics

(Figures 1F=1H) in each irAE-CNS patient in cohort 1 (n = 8).

(D) Dynamic changes of BFTs (related to Table S6) scores, including HVLTi, HVLTd, mRS, and CASE, measured at 5 time points in irAE-CNS patients, categorized
by high and low median values of poly6+ cell proportions measured at onset in each patient in cohort 1 (n = 8). Adjusted scores: follow-up BFT score — onset BFT
score. HVLTi, immediate Hopkins Verbal Learning Test-Revised; HVLTd, delayed Hopkins Verbal Learning Test-Revised; mRS, modified Ranking Scale; CASE,
Clinical Assessment Scale in Autoimmune Encephalitis; std_SVmean, mean standard uptake value; PET/CT_LIM, limbic area SUVmean of PET/CT.

Statistical significance was determined by unpaired two-tailed Student’s t test for comparisons between high- and low-poly6+ groups (D) and by Pearson
correlation analysis (C). “p < 0.05, **p < 0.01, **p < 0.001. Data are from n = 8 irAE-CNS patients (biological replicates) in cohort 1.

corroborates previous finding that intracranial inflammation
of irAEs-CNS was most prominent and prevalent in the
limbic area.®'® Furthermore, patients with a higher proportion
of poly6+ cells showed poorer performance on a 12-month
follow-up brain function test (BFT) (Figure 2D), indicating objec-
tive cognitive deficits and diminished overall function. Notably,
this aligns with our prior cohort study suggesting that checkpoint
inhibitor monotherapy may lead to progressive cognitive impair-
ments in treatment-active lung cancer patients.”® Together,
these data collectively suggest poly6+ cells could serve as a dis-
ease-specific marker in irAE-CNS patients both before and after
anti-inflammatory treatment.

The surface, functional, and clonal phenotypes of
CD137+ T helper cells are stable in patients with irAEs-
CNS

We then investigated the dynamics of phenotypes and clonotypes
of CSF-derived CD137+ cells during long-term follow-up and

sequential sampling (Figure 3A). At 2 time points in cohort 1 (onset
and 3 months), we compared the poly6+ secreting patterns of
CD137+ cells and found stable secretion patterns from onset
(68.26%) to the 3-month stage (83.45%, Figure 3B; Figure S2B).
When standardized by patient sampling, all patients exhibited
consistent contributions of poly6+ cells at both sampling points
(Figure 3C). This finding was further validated in cohort 2
(Figure 3D), where all 6 proteins exhibited similarly high levels in
CD137+ cells across 3 sampling time points (Figure 3E). Taken
together, these results confirm that the polysecreting ability of
CD137+ cells remains persistent throughout follow-up.

Next, we investigated the single-cell membranous proteomic
characteristics of CD137+ cells at 3 time points in cohort 2
(Figure 3F; Figure S2C). We found that the CD137+ T helper cells
were stable from onset to 12-month stage (Figure 3G; Figures S2C
and S2D). Results from fluorescence-activated cell sorting at all
stages also supported this finding (Figures S2E-S2I). Together,
these results indicate that CD137+ cells maintain a stable and
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Figure 3. The surface, functional, and clonal phenotypes of poly6+ T cells are stable in patients with irAEs-CNS

(This figure contains longitudinal analyses from two independent cohorts: A-C from cohort 1, and D-J from cohort 2.).

(A-C) Single-cell secreting proteomic analysis on CD137+ cells of two-time point sampling in cohort 1 (the same 8 irAE-CNS patients as in Figures 1TF-1H and 2).
(A) Sampling and experiment diagram illustrating longitudinal assessment at onset and the 3-month follow-up. (B) Proportions of poly6+ cells at onset and
3-month stages as visualized in pie chart and UMAP plot. (C) Proportions of poly6+ cells in each patient across both time points.

(D-J) Comprehensive longitudinal phenotyping and clonal analysis in cohort 2. (D) Sampling and experiment diagram showing ELISA study and single-cell
membranous proteomics of CD137+ Th cells from 20 irAE-CNS patients in cohort 2 at three time points (onset, 5 months, and 12 months). (E) Signature proteins of
poly6+ cells were measured by ELISA using samples from onset, 5-month, and 12-month stages of 20 patients, depicted as log2Fc of cytokine levels in cell
culture media of CD137+ cells over CD137— cells in each time point. (F) UMAP clustering defined by single-cell membrane proteomics of CD137+ cells of 20
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robust surface and functional phenotype throughout follow-up in
the CSF of irAE-CNS patients.

To address the functional relevance of poly6+ cells, we con-
ducted proof-of-concept experiments to evaluate their neuro-
toxic potential (Figures S2J-S2M). Using an in vitro co-culture
system with human neuronal cell lines (SH-SY5Y), we demon-
strated that poly6+ cells induce significant neuronal apoptosis,
as quantified by using Annexin V/7AAD staining. This cytotoxicity
was modulated via IL-17 secretion. We show that IL-17A antag-
onist suppressed neuronal death, thus linking poly6+ cells to
neurotoxicity.

The observation of a stable phenotype in CD137+ cells
throughout follow-up supports the hypothesis that certain clono-
types may act as persistent drivers of intracranial inflammation.?’
To explore this, we analyzed the paired single-cell VDJ repertoire
in CD137+ cells at three time points to investigate the dynamics of
CD137+ cells in irAE-CNS patients in cohort 2 (Figure 3H). Cross-
matching clonotypes across the three sampling time points re-
vealed persistent clonotypes (i.e., clonotypes that were fully
matched at all three time points in CD137+ cells), and any clono-
type with >5% frequency per sample was defined as dominant.
These clonotypes may provide critical insights into the effector
mechanisms driving intracranial inflammation in irAEs-CNS. In to-
tal, 60,662 cell clones were identified as persistent clones and
46,079 clones were found as dominant clones across all time
points. We then matched these clones with cells expressing
PD1+CD137+CD4+CCR7—CD45RA— T cells to explore the rela-
tionship between clonotypes with phenotypes. A significant asso-
ciation was found among persistent cells, dominant cells, and
PD1+CD137+CD4+CCR7—CD45RA— T cells (Figure 3l). This
finding suggests clonal activation in CD137+ cells is persistent,
while non-clonal activation is generally temporary. Our data
demonstrate that persistent clonal expansion mainly happened
in PD1+CD137+CD4+CCR7—CD45RA— phenotype of CD137+
T cells (Figure 3J). Together, we conclude that PD1+CD137+
CD4+CCR7—CD45RA— T cells were persistently and robustly
activated in CD137+ cells. Given the autoimmune hypothesis of
irAE-CNS pathology and previous reports of therapeutic resis-
tance, our findings suggest that potential antigenic stimuli are
likely driving the sustained and robust activation of poly6+ cells.

Poly6+ T cells in the CSF of irAE-CNS patients recognize
CNS antigens

The presentation of irAE is usually organ-specific. Emerging ev-
idence suggests that irAE-CNS may be a specific form of irAE
potentially driven by intracranial neuroantigens that may
serve as pervasive autoimmune stimuli to checkpoint-blocked
T cells.?>?® Supporting this hypothesis, autoantibodies targeting
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these antigens have been identified in case series.?>** As such,
one of the key elements of irAE-CNS pathogenesis relies in the
interaction between disease-specific adaptive immunity and
their response to prevalent neuroantigens.® To explore the anti-
gen specificity of poly6+ T cells, we tested a serum panel of
CNS-related auto-antibodies that are involved in driving autoim-
mune encephalopathies in 3 independent cohorts (Figures S3A-
S3C). We found 5 autoantibodies with high proportions of
positivity, including NMDAR1, SOX1, DPYSL5, ELAVL4, and
GRIA1 (Figures S3A-S3C). To further investigate the relationship
between immune cells and antigens in CSF, we sorted antigen-
specific CSF cells using 15-mer peptide-major histocompatibil-
ity complexes (MHCs) derived from 415 overlapping peptide
pools (OPPs). We then sequenced the neuroantigen-reactive
VDJ repertoire of these cells specific to these OPPs in 2 time
points within the cohort 2 (Figure 4A; Figures S4Aand S4B). Addi-
tionally, we explored clonotype associations with CD137+ VDJ
repertoire in paired sample data.

Following quality control, we identified 5,014 and 3,488 anti-
gen-reactive cell clones at onset and 5-month time point,
respectively. Overall, NMDAR1-reactive cells accounted for the
highest proportions of reactive cell clones at both time points
(53.5% and 63.5%, respectively, Figure 4B). Additionally,
NMDAR1 was the most frequently found antigen in these pa-
tients at both stages of sampling (14 and 16 patients, respec-
tively, Figure 4B). The number of TCRaf clonotypes reactive to
NMDAR1 was also the highest among the five tested antigens
at both time points (Figures S4C and S4D). To further investigate
the relationship between antigen-reactive cells and CD137+
cells, we cross-matched antigen reactive clonotypes with
CD137+ TCRap clonotypes. We observed that approximately
75% of the sorted cells consistently exhibited a CD137+ PD1+
effector memory phenotype at both stages (Figure 4C). Among
these sorted cells, NMDAR1-reactive clones represented the
highest proportion at both sampling time points (Figure 4D).
Furthermore, within the NMDAR1-reactive cell population,
clones specific to the EERITGINDPRLRNP epitope accounted
for the largest proportion at both stages (Figure 4E).

Given CD137+ cells carried robust poly6+ phenotype, we next
tested whether NMDAR1-reactive T helper cells could also harbor
poly6+ functional phenotype by using single-cell secreting prote-
omics (see gating strategy in Figure S5A). We observed that
70.19% of NMDAR1-reactive T helper cells are poly6 positive
(Figures 4F and 4G; Figures S5B and S5C). Furthermore, the pro-
portion of poly6+ cells (per patient) is positively correlated with pa-
tients’ SUVmean values of multiple brain areas (Figure S5D).

To further validate the surface phenotype and epitope-clono-
type binding of NMDAR1-reactive cells, we employed single-cell

irAE-CNS patients at 3 time points (onset, 5 months, 12 months), 9 NC patients (ICl-treated cancer patients without irAEs-CNS), 13 AME patients (paraneoplastic
autoimmune encephalopathy), and 16 CNSI patients (CNS infection in cancer patients). Control groups are as described in STAR Methods. (G) Overall cell count
and proportions of PD1+ CD4* CCR7— CD45RA— T cells within the CD137+ sorted population in onset, 5-month, and 12-month samples, visualized in pie chart
and UMAP plots. (H) Single-cell VDJ sequencing analysis in onset, 5-month, and 12-month CD137+ Th samples of irAE-CNS patients of cohort 2 (related to
demographic data of Table S2). (I) Venn diagram showing the overlap between PD1+ CD4* CCR7— CD45RA— T cells, persistent cell clones, and dominant cell
clones in single-cell membranous proteomics paired with VDJ testing of CD137+ cells of all 3 time points. (J) Dominant and persistent poly6+ cell proportions of
each patient sample from cohort 2. Longitudinal data represent biological replicates from two independent cohorts (cohort 1, n = 8; cohort 2, n = 20) across

indicated time points.

Statistical significance for comparisons between groups was determined by unpaired two-tailed Student’s t test. ***p < 0.001.
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Figure 4. Poly6+ T cells in the CSF of irAE-CNS patients recognize CNS antigens

(All analyses in this figure are based on antigen-reactive T cells sorted from the CSF of the 20 irAE-CNS patients in cohort 2 at the indicated time points.)
(A) Diagram of antigen-reactive cell VDJ clonotype finding and analysis workflow using overlapping peptide pool corresponding to 5 neuroantigens (NMDAR1,
SOX1, DPYSLS5, ELAVL4, and GRIA1) in onset and 5-month samples of irAE-CNS patients in cohort 2 (related to demographic data of Table S2).
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membranous proteomics paired with VDJ sequencing on sorted
CD137+ NMDAR1-reactive T cells from an independent cohort
of irAEs-CNS (cohort 3, demographics in Table S3; Figure 5A).
We confirmed that NMDAR1-reactive T cells harbor activated
effector memory phenotype (Figures S6A and S6B). Persistently
dominant cell clones were mostly enriched in CD137+ NMDAR1-
reactive cells (Figure 5B). Also, we found that among all epitopes
with epitope-binding persistence (Figure 5C), 5 were the same
epitopes found in cohort 2 (Figure 5D) and the most predominant
15-mer peptide accounted for 21.13% (PEERITGINDPRLRN,
Figure 5D), thus validating that these 5 epitopes may have dura-
ble antigen-presenting abilities throughout follow-up.

We found that patients harboring CD137+NMDAR1+ cells had
higher levels of SUVmean values in multiple brain areas and had
poorer performance at BFTs (Figures 5E-5G). Correlation anal-
ysis suggested that there was significant correlation between
intracranial inflammation state and CD4+PD1+ TEM phenotype
proportion, as indicated by SUVmean value changes of regional
18-F FDG PET/CT brain imaging and serial BFTs during follow-
up (Figure 5H). In conclusion, our data suggest that intracranial
NMDAR1-reactive poly6+ cells, which were robustly expanding,
correlated with high intracranial inflammation state and poor
prognosis.

Anti-IL-17A treatment improves clinical outcomes of
irAEs-CNS in a real-world cohort

The data above suggested that poly6+ Th cells are the major
source of IL-17 in the CNS during irAE-CNS. It is known that
IL-17 is involved in the pathogenesis of many autoimmune dis-
eases and the blockade of IL-17 has been used to treat autoim-
mune diseases such as inflammatory arthrophathy®>*°; yet, the
clinical effects of IL-17 blockade on inflammatory CNS diseases
remain unknown, and next, we sought to evaluate the clinical ef-
ficacy of IL-17-blocking agents for irAEs-CNS in clinical settings.
In an observational, multi-center, match-controlled real-world
cohort of irAE-CNS patients, we enrolled a total of 50 patients
with irAEs-CNS from 3 centers, of whom 17 patients were
treated with anti-IL-17A agents (ixekizumab and secukinumab),
while 17 were matched via propensity score matching with the
other 33 patients who received standard care (Figure 6A, see
Figure S7 for comparable baseline characteristics of 1:1 patient
pairs; see Tables S4 and S5 for demographic details before and
after statistical matching). We followed these patients for
12 months and conducted serial BFTs as well as 18-F FDG
PET/CT brain imaging studies on these patients to monitor their
disease activity. Patients were given BFTs at 5 sessions during
follow-up, including treatment initiation/disease onset and
2-month, 4-month, 8-month, as well as 12-month sessions
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(Figures S8A-S8D; Figure 6B), and 2-session PET/CT imaging
studies (onset and 7-month session, Figure 6C). Our findings
revealed significant improvements in SUVmean across all
brain regions except the brainstem, as assessed by PET/CT im-
aging, as indicated by paired Student’s t test from onset to final
follow-up (Figure 6C). Similarly, all four BFTs demonstrated sig-
nificant improvement from baseline to the 12-month follow-up
(Figure 6B). Also, the improvement level (A, defined as the level
between the final follow-up and before-treatment assessment)
was significantly higher in the anti-IL-17A treatment group in
both PET/CT imaging and BFTs (Figures 6B and 6C). Impor-
tantly, no significant differences were observed in cancer-related
or all-cause mortality rates between the treatment and
control groups until final follow-up of cancer-related outcomes
(Figures S8E and S8F). These results suggest that anti-IL-17A
therapy may significantly improve disease-related outcomes in
irAE-CNS patients without impacting all-cause mortality rates.

DISCUSSION

The underlying mechanisms of irAE-CNS remain elusive. Our
study identified a disease-specific poly6+ CD4" T cell population
exhibiting persistent and robust neuroantigen reactivity,
which correlated with intracranial inflammation levels throughout
disease trajectories. NMDAR1 is predominant autoantigen
recognized by poly6+ Th cells and is clonally expanded in the
CSF of irAE-CNS patients. Furthermore, we observed that
targeting IL-17, a proinflammatory signature cytokine of poly6+
Th cells, could ameliorate irAEs-CNS. This study thus provides
direct evidence of intracranial pathological characteristics of
irAEs-CNS at cellular, imaging, and clinical levels, offering insight
into antigen exposure and immune patterns of autoimmune irAEs
in the CNS.*’

Our work highlights immune mechanisms driven by neuroanti-
gen-reactive T cells and their effector protein signatures, which
were linked to intracranial inflammation states represented
with imaging and clinical assessments. Importantly, we exam-
ined the relationship between T cell repertoire expansion and
neuroantigen epitopes during mid- to long-term follow-up,
demonstrating adaptive evolution against these epitopes as
disease progressed.’®° Although autoantigen-immune cell
interaction are characterized in other autoimmune disorders,
few studies have explored these dynamics in irAEs or irAEs-
CNS.?":28:31 Notably, while irAEs in non-CNS organs are driven
by interferon-secreting CD8" cells, our findings suggested that
poly6+ CD4™ T cells maybe the driver of the irAEs-CNS, high-
lighting the fundamental differences underlying the mechanisms
between irAEs-CNS vs. irAEs-non-CNS. Further studies are

(B) Antigen-reactive cell count, sorted with peptide-MHC multimer pools specific to the 5 neuroantigens, from 5 tested neuroantigens in each CSF sample of 20
patients at onset stage of cohort 2, with bar plot showing overall sorted cell count associated with each antigen.
(C) Pie chart showing proportions of antigen-reactive cells (identified in B) matched to CD137+CD4+PD1+CCR7—-CD45RA— TCR clonotype defined in the paired

single-cell VDJ repertoire analysis (related to Figure 3H).

(D) Pie chart showing proportions of each antigen type in the matched cell pool from (C), with bold item showing the largest reactive type being NMDAR1.

(E) Pie chart showing proportions of each 15-mer peptide-MHC type within the NMDAR1 peptide pool that was recognized by the matched clones.

(F and G) Validation of polyfunctionality in antigen-specific cells. (F) Single-cell secreting proteomic analysis identifying poly6+ cell proportions in sorted
CD4+PD1+CCR7-CD45RA— NMDAR1-reactive T cells (gating strategy detailed in Figure S5A). (G) Visualization of the cells analyzed in (F) in UMAP plot. Antigen

reactivity data are derived from n = 20 biological replicates (cohort 2).
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Figure 5. Validation of NMDAR1 reactivity for poly6+ cells in CSF and clinico-radiological correlates in cohort 3
(This figure is based on cohort 3, which comprised 38 irAE-CNS patients. Single-cell analyses (B-D) focus on the 15 patients with detectable NMDAR1-specific
CD137+ cells, while clinico-radiological analyses (F and G) include all 38 patients stratified by NMDART1 specificity.)

10 Cell Reports Medicine 7, 102700, April 21, 2026

(legend continued on next page)



Cell Reports Medicine

encouraged to unravel the molecular mechanisms of these poly-
functional protein-secreting patterns.

Our data suggest that poly6+ Th cells serve as the primary
source of IL-17 in the CNS during irAE-CNS. This aligns with prior
evidence identifying IL-17A as a pathogenic biomarker in auto-
immune encephalitis. Preclinical studies have demonstrated
that intracranial IL-17A administration could directly induce en-
cephalitis, suggesting the critical role of IL-17A in CNS inflamma-
tion.*** The blockade of IL-17 has also been used to treat auto-
immune diseases such as inflammatory arthropathies.?**° In our
multicenter, match-controlled real-world cohort of irAE-CNS pa-
tients, we observed that anti-IL-17A therapy significantly
improved brain function compared to the standard care, further
suggesting the pathogenic role of IL-17A in irAEs-CNS. These
findings highlight the need for a randomized controlled trial to
establish definitive clinical evidence for IL-17A blockade in
irAE-CNS management.

In conclusion, this work establishes poly6+ CD4* T cells and
IL-17A as key factors in irAE-CNS, offering a roadmap for
targeted therapies and mechanistic research to address
this understudied autoimmune side effect of checkpoint
inhibitors.

Limitations of the study

As the study to characterize immune cell dynamics in intracra-
nial inflammation associated with irAE-CNS, our work has lim-
itations that warrant caution. First, while our study established
four independent cohorts of irAEs-CNS—representing the
largest investigation of its kind to date, the sample size within
each cohort remained relatively small, potentially limiting sta-
tistical power, particularly in correlational analyses. Addition-
ally, CSF cell counts remained relatively low, which is attribut-
able to biological constraints, clinical sampling challenges,
and cell loss during single-cell protocols-constrained resolu-
tion. Using CSF cells cannot fully replicate what is actually
occurring in inflamed brain tissue, and future studies of brain
tissue samples are encouraged. Our antigen panel was limited
to 5 candidates,?® and the use of wild-type 15-mer peptide
multimers (predicted via online databases) may not fully repli-
cate native antigen presentation involving complex structural
epitopes.®® Future studies should explore variable peptide
lengths and peptide mutation screens to identify patient-spe-
cific neoantigens and T cell receptors (TCRs).*° Finally, we
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upon our single-cell data finding and antigen screening, and
thus potential antigens reacting with MHC class | were not
evaluated.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Shangeng Weng
(shangeng@sina.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® Raw and processed sequencing data are publicly available at the
GSA-Human (Genome Sequence Archive for Human) at China’s Na-
tional Genomics Data Center under accession number HRA016812.
The proteomics data are available in the PRoteomics IDEntifications
Database (PRIDE) under accession number PAD000030. Sharing of
raw RNA sequencing data was not allowed by the informed consent
signed by patients enrolled in this study. Imaging data reported in
this paper will be shared by the lead contact upon request. Any addi-
tional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

® This paper does not report any original/custom computer code. All an-
alyses were performed using commercially available software and stan-
dard, published pipelines, as detailed in the method details section and
listed in the key resources table.

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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(A) Research diagram of cohort 3 (related to demographic data of Table S3). Single-cell membrane proteomics and single-cell TCR repertoire of 15 patients with
NMDAR1-specific CD137+ cells were performed using sample collected from onset and 4-month follow-up time points.

(B-D) Single-cell analysis of NMDAR1-specific cells. (B) Venn diagram showing number of PD1+ CD4* CCR7—CD45RA— T cells defined by membrane pro-
teomics, persistent cell clones, and dominant cell clones identified by paired TCR repertoire analysis of both sampling time points. (C) Proportions of cells with
epitope binding persistence in both sampling time points among the NMDAR1-specific cells. (D) Proportions of peptides with epitope binding persistence, where
non-gray colors show the same peptides found in cohort 2 and gray colors represent peptides not persistently bound.

(E) Stratification schematic. Grouping of CD137+ cells based upon NMDART1 specificity (related to demographic data of Table S3) for the subsequent analyses in
(F and G).

(F and G) Association of NMDAR1 specificity with clinical outcomes in the full cohort 3 (n = 38). (F) Patient scores of brain function tests assessed from onset to
12-month follow-up, divided by patients with and without NMDAR1-specific clones in CD137+ sorted cells. (G) SUVmean values of each segmented brain region
in 18F-FDG PET/CT brain imaging during follow-up, divided by patients with and without NMDAR1-specific clones in CD137+ sorted cells.

(H) Correlation heatmaps between proportions of poly6+ cells and BFTs as well as PET/CT brain imaging at two follow-up timepoints.

Statistical significance for comparisons between groups was determined by unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. Single-cell
data are from n = 15 biological replicates, and clinico-radiological data include n = 38 biological replicates.
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Figure 6. Treatment with anti-IL-17 im-
proves clinical outcomes in irAE-CNS pa-
tients

(Analysis based on cohort 4. A total of 50 irAE-
CNS patients were enrolled, from which 17
received anti-IL-17A agents (Tx group). A pro-
pensity-score-matched control group (n = 17) was
selected from the remaining 33 patients receiving
standard care alone.)

(A) Research flowchart of anti-IL-17 treatment as
compared to standard-practice control group (see
demographic data in supplementary tables) illus-
trating patient enroliment, treatment allocation,
and outcome assessment timeline.

(B) Imaging outcomes. SUVmean value changes
of each segmented brain region in 18F-FDG PET/
CT brain imaging from onset to the 7-month
assessment in anti-IL-17 treatment group and
standard-care group (related to demographic data
of Table S4). A defined as level between 7-month
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ment and onset. Statistical comparison
was performed using paired Student’s t test.

(C) Functional outcomes. Brain function test score
changes, including HVLTi, HVLTd, mRS, and
CASE, from onset to the 12-month assessment in
anti-IL-17 treatment group and standard-care
group. A defined as level between 12-month
assessment and onset. Abbreviation: Tx: anti-IL-
17 treatment group treated with IL-17A inhibitors
(ixekizumab or secukinumab), in addition to stan-
dard care as clinically indicated.

Statistical significance was determined by paired
two-tailed Student’s t test for A values within each
group and unpaired two-tailed Student’s t test for
comparisons between the anti-IL-17A treatment
group and the standard-care control group.
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
Treatment outcomes are compared between two
matched groups of n = 17 biological replicates
each.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

antiCD3-Spark Blue 550 (SK7)

antiCD4-BV750 (SK3)

antiPD1-BB515 (EH12.1)

antiCCR7-PE/Fire810 (G043H7)

antiCD45RA-BV510 (HI100)

anti-CD3 (OKT3)

anti-CD28

BioLegend, Cat# 344852; RR1D:
AB_2819985

BioLegend, Cat# 344643; RRID:
AB_2734346

BD Biosciences, Cat# 564494; RRID:
AB_2738827

BioLegend, Cat# 353244; RRID:
AB_2617001

BD Biosciences, Cat# 563031; RRID:
AB_2722499

ThermoFisher, Cat# 14-0037-82; RRID:
AB_467057

ThermoFisher, Cat# 740009M; RRID:
AB_2942253

344852, 100 Tests

344643, 25 Tests

564494, 50 Tests

353244, 100 Tests

563031, 50 Tests

Cat # 14-0037-82, 100 pg

Cat #740009M, 100 pg

Biological samples

Cerebrospinal fluid (CSF) samples from
patients with irAE-CNS, CNSI, AME, and
non-irAE-CNS conditions.

Shantou University Medical College
Affiliated Cancer Hospital, Sun Yat-sen
University Cancer Center, The First
Affiliated Hospital of Zhengzhou University,
Hainan Hospital of the PLA General Hospital

ST-ZLY-2020-716

Chemicals, peptides, and recombinant proteins

Overlapping 15-mer peptide pool,
human NMDAR1

Overlapping 15-mer peptide pool,
human SOX1

Overlapping 15-mer peptide pool,
human DPYSL5

Overlapping 15-mer peptide pool,
human ELAVL4

Overlapping 15-mer peptide pool,
human GRIA1

Recombinant human IL-2

Immudex™
Immudex™
Immudex™
Immudex™
Immudex™

Novoprotein™

Customized

Customized

Customized

Customized

Customized

CYT-209 AmyJet scientific

APC-labeled dextran backbones Klickmer™ Customized

MHC Il monomers with UV-sensitive ligands Klickmer™ Customized

Critical commercial assays

OLINK Inflammation Targeted Olink Inflammation-EXPLORE &

Panel (406 proteins)

BD Rhapsody Single-Cell Multiomics
System

BD Rhapsody Targeted mRNA and
AbSeq Amplification Kit

BD Rhapsody Immune Response Panel HS

IsoCode Chip +32-Plex Antibody
Barcode Chip

TNFRSF9 ELISA Kit
GZMB ELISA Kit
CCL11 ELISA Kit

BD Biosciences

BD Biosciences

BD Biosciences
Bruker Cellular Analysis

Sigma
Sigma
Sigma
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Inflammation-TARGET
N/A

633801

633750
ISOCODE-1001-4

RAB0554
RAB1498
RAB0042
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
IL-17A ELISA Kit Sigma 03-0159-00
MCP-4 ELISA Kit Sigma RAB0045
MCP-1 ELISA Kit Sigma RAB1498
Deposited data
Single-cell RNA sequencing data This study Genome Sequence Archive
for Human, HRA016812
Proteomics data This study PRoteomics IDEntifications Database

(PRIDE), PAD000030

Experimental models: Cell lines

SH-SY5Y Boster Biological CatNo.CX0092

Software and algorithms

R software R Project 4.3.3

Seurat Satija Lab/NY Genome Center 5.2.1

OmicStudio Shanghai Luming Biotechnology Co., Ltd. https://www.omicstudio.cn/tool
Scenium Siemens Healthineers selenium 4.17

FlowJo BD Biosciences 10.4.2

Fiji ImageJ) Open Source Community http://fiji.sc

GraphPad Prism GraphPad Software 8.0

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects and clinical cohorts

This multicenter cohort study was approved by the Institutional Review Board of the Affiliated Cancer Hospital of Shantou University
Medical College (Approval No. ST-ZLY-2020-716). All procedures were performed in accordance with the Helsinki Declaration. Writ-
ten informed consent was obtained from all participants.

Four independent clinical cohorts were enrolled

1. Cohort 1 (Discovery Cohort): Patients from the Affiliated Cancer Hospital of Shantou University Medical College and Second
Affiliated Hospital of Shantou University Medical College (Dec 2019 — Jul 2020). Included irAE-CNS patients at onset (n = 30 for
proteomics, n = 8 for single-cell analysis) and control groups [non-irAE-CNS (NC, n = 24), central nervous system infection
(CNSI, n = 24), autoimmune paraneoplastic encephalopathy (AME, n = 35)].

2. Cohort 2 (Longitudinal Validation Cohort): Patients from Sun Yat-Sen Cancer Center and Cancer Hospital of Shantou University
Medical College (Nov 2021 — Mar 2022). Included irAE-CNS patients (n = 20) for longitudinal sampling (onset, 5-month,
12-month) and control groups (NC, n = 9; CNSI, n = 16; AME, n = 13).

3. Cohort 3 (Antigen-Specific Validation Cohort): Patients from Cancer Hospital of Shantou University Medical College, First
Affiliated Hospital of Zhengzhou University, and Hainan Hospital of PLA General Hospital (Aug 2022 — May 2023). Included
irAE-CNS patients (n = 38) for NMDAR1-specific cell analysis.

4. Cohort 4 (Therapeutic Intervention Cohort): An observational, multi-center, match-controlled real-world cohort from Affiliated
Cancer Hospital of Shantou University Medical College, Sun Yat-Sen Cancer Center, and Hainan Hospital of PLA General Hos-
pital (Feb 2021 — Jan 2024). Included irAE-CNS patients treated with anti-IL-17A agents (n = 17) and propensity-score matched
controls receiving standard care (n = 17).

Summary of participant demographics

The age and gender distribution for all participants across the four cohorts are summarized in Table S7. Briefly, the median/mean age
of irAE-CNS patients across cohorts ranged from 57 to 68 years, with a male predominance observed in most groups. Detailed de-
mographic and clinical characteristics for each cohort are provided in Tables S1-S6.

Diagnostic criteria for irAE-CNS and control groups
1. Diagnosis followed the Consensus Statement for Neurologic Immune-Related Adverse Events (Munck et al.®”) and Graus et al.
criteria for autoimmune encephalitis (Graus et al.*®).
2. iIrAE-CNS: New-onset encephalitis, meningitis, demyelination, or cerebral vasculitis following Immune Checkpoint Inhibitor
(ICI) initiation in cancer patients. Specific sub-type definitions (Meningitis, Encephalitis, Demyelinating encephalopathy,
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CNS vasculitis) are provided in the main manuscript Methods section.

3. Autoimmune Paraneoplastic Encephalopathy (AME): Defined as paraneoplastic autoimmune encephalopathy in cancer pa-
tients without current or prior history of immunotherapy.

4. Central Nervous System Infection (CNSI): Diagnosed based on clinical presentation, CSF findings (pleocytosis, elevated pro-
tein), and microbiological/PCR testing.

5. Non-irAE-CNS Controls (NC): ICI-treated cancer patients without diagnosis of irAE-CNS or other active neurological condi-
tions.

Key exclusion criteria for all participants included

(1) Metastatic or thrombotic brain lesions interfering with imaging analysis; (2) Failed quality control for imaging or CSF specimen; (3)
Active viral/bacterial infection, brain metastasis, or severe brain injury at recruitment/during follow-up; (4) History of brain radio-
therapy; (5) Unreadable 18F-FDG PET/CT images due to artifacts.

Experimental model: Cell line

The human neuroblastoma cell line SH-SY5Y was used for in vitro cytotoxicity assays. The cell line was obtained from Boster Bio-
logical and was tested negative for mycoplasma contamination. Cell line authentication was performed by the provider via short tan-
dem repeat (STR) profiling.

METHOD DETAILS

Study design and cohort description

We conducted a multicenter, cohort study to explore the intracranial inflammatory environment in patients with immune-related
adverse events affecting the central nervous system (irAE-CNS). The study involved four independent cohorts, with serial sampling
of imaging data, clinical testing, and cerebrospinal fluid (CSF) analysis. Cohort 1 include patients from the Affiliated Cancer Hospital
of Shantou University Medical College and Second Affiliated Hospital of Shantou University Medical College, enrolled between
December 2019 and July 2020. Cohort 2 comprised patients from Sun Yat-Sen Cancer Center and Cancer Hospital of Shantou Uni-
versity Medical College, recruited from November 2021 to March 2022. Cohort 3 consisted of patients at Cancer Hospital of Shantou
University Medical College, First Affiliated Hospital of Zhengzhou University and Hainan Hospital of PLA General Hospital enrolled
between August 2022 and May 2023. Cohort 4 included patients at Affiliated Cancer Hospital of Shantou University Medical College,
Sun Yat-Sen Cancer Center, and Hainan Hospital of PLA General Hospital, recruited from February 2021 to January 2024. Human
participant study followed Institutional Review Boards at Cancer Hospital of Shantou University Medical College with approved pro-
tocols and required informed consent by all participants of the study. All sampling procedures were performed according to the Hel-
sinki Declaration. Information related to demographic variables and treatment history of participants were obtained from electronic
medical records at each research setting in which all participant data were de-identified. Cohort Reporting adhered to Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) checklist for cohort studies.

Brain inflammation was assessed by radiologists via 18-F FDG PET/CT or MRI. The diagnosis of irAE-CNS onset or its exclusion
was determined through consultations between neurologists and oncologists, with all clinical signs evaluated according to Common
Terminology Criteria for Adverse Events (CTCAE, version 5.0). The date of irAE-CNS diagnosis was established by reviewing
outpatient and inpatient medical records. Key exclusion criteria included 1) Metastatic or thrombotic brain lesions that interfered
with imaging analysis; 2) Imaging or CSF specimen that failed quality control for analysis; 3) Active viral or bacterial infection, brain
metastasis, or severe brain injury at recruitment or during follow-up; and 4) A history of Brain radiotherapy; 5) 18-F FDG PET/CT im-
ages deemed unreadable due to imaging artifacts or improper patient positioning during scanning.

The formal diagnosis of irAE-CNS was confirmed by at least two independent oncologists at the research sites who were not
involved in this study. In addition to collecting CSF samples from ICI-treated cancer patients without an irAE-CNS diagnosis, we
also include samples from patients with autoimmune paraneoplastic encephalopathy (AME) or central nervous system infection
(CNSI). AME was defined as paraneoplastic autoimmune encephalopathy happening in cancer patients without current or history
of immunotheray (including ICI). Pathology of AME was suggested to mimic irAE-CNS, both of which shared autoimmune back-
grounds, although demographics and epidemiology are different.?’ AME and CNSI were diagnosed with criteria suggested by Graus
etal.®®

Diagnostic criteria of irAE-CNS

irAE-CNS is defined as intracranial inflammatory adverse events following ICl treatment in cancer patients, involving meninges and
parenchyma, with or without optic tract involvement. Diagnostic criteria of irAE-CNS followed Consensus Statement of Neurologic
Adverse Events.®**° Briefly, irAE-CNS was defined as new-onset encephalitis, meningitis, demyelination, and intracerebral vasculitis
following ICI initiation in cancer patients. irAE-CNS is referred here as any form of intracranial immune-related adverse events
involving meninges, parenchyma, and optic tracts, defined in the Consensus Statement.***° Specifically, the study included the
following specified subtypes.
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Meningitis
1. Clinical characteristics concord with meningitis, including meningitis triad (headaches, stiff neck, and nausea/vomiting), pa-
tient may present with photophobia. Excluding symptoms were: focal deficits, partial/complete seizures, or brain diseases
suggesting parenchymal pathology.
2. Cerebral spinal fluid laboratory findings: pleocytosis (>5 WBC or >6 lymphocytes and/or protein >0.45 g/L, no tumor cells)
without bacteria, streptococcal, or viral antigens. PCR of HSV is sometimes needed in susceptible individuals.
3. If MRl findings suggest patchy enhancement, additional lumbar punctures may be required to exclude carcinomatosis.
Encephalitis
1. Clinical characteristics follow encephalitis diagnosis, such as focal deficits and seizures.
2. Typical lesions, such as possible multifocal lesions, may raise suspicion of metastasis and should be excluded.
a. T2-FLAIR hyperintensity and/or contrast enhancement on MRI brain scans (suggesting parenchymal abnormality);
b. Inflammation on CSF studies (>5 WBC and/or elevated protein, no tumor cells), potentially with oligoclonal bands or
increased IgG on CSF findings;
c. Localizing EEG findings;
d. Neuron-specific autoantibodies in serum and/or CSF consistent with autoimmune or para-neoplastic diseases.
Demyelinating encephalopathy
1. Clinical characteristics follow demyelinating encephalopathy, including acute optic neuritis, and transverse myelitis.
2. Serologic testing involves antibodies to aquaporin 4 and/or myelin oligodendrocyte glycoprotein.
3. Inflammation on CSF studies (pleocytosis, >5WBC, and/or elevated protein, no tumor cells).
4. Abnormal evoked potentials, and abnormal ophthalmic visual field testing in cases of optic neuritis.
5. MRI findings consistent with anatomical structures of relevant characteristics, such as optic neuritis.
CNS vasculitis
1. Symptoms and signs consistent with CNS vasculitis AND
2. Cerebral infarct, especially multiple CNS infarcts crossing vascular territories and no evidence for alternative cause such as
thromboembolic disease.
3. Optional checkups: CNS vascular imaging (MRA, CTA or conventional angiogram) demonstrating vasculopathy consistent
with vasculitis (e.g., vessel narrowing or beading).

Sampling in longitudinal cohorts

Serial sampling was conducted by independent clinical coordinating technicians during follow-up in patients diagnosed with irAE-
CNS. Sampling included 18-F FDG PET/CT, BFTs, and CSF specimen analysis across independent cohorts. Patients enrolled for
study were followed up by experienced neurologists and oncologists in outpatient and inpatient setting during routine medical
check-ups every 2-5 months at cancer check-up clinics of research site. 18-F FDG PET/CT and BFTs were used as clinical tools
to evaluate disease progression of irAE-CNS after onset."® Follow-up sampling rationale was designed to co-occur with medical
check-ups of irAE-CNS progression. Besides 18-F FDG PET/CT and BFT testing, all irAE-CNS patients received at least one
acupuncture during follow-up to assess levels of intracranial inflammation. Lumbar puncture samples were procured after careful
checkup of overall function, including locomotor and cancer-related assessment. Side effects of lumbar puncture and any accom-
panying adverse events were medically managed in research-site oncology inpatient clinic. In this study, CSF samples were obtained
from all patients as discarded samples in neurological lab settings.

18F-FDG PET/CT scanning and image analysis

18F-FDG PET/CT brain imaging methods and image segmentation protocols have been previously published.'® Briefly, patients
fasted for >6 h prior to PET/CT scanning, performed with an integrated PET/CT scanners (Discovery ST 16, GE Healthcare), with pa-
rameters (3 min/bed position, matrix 200*200, field of view, or FOV, 740mm, slice thickness 3mm, and full width at half maxima, or
FWHM, was 5 mm.). Head-to-thigh PET/CT scanning was performed for 45-60 min after 5 MBg/kg 18F-FDG injection and recon-
struction was performed with ordered subset expectation maximization iterative algorithm. 18-F FDG PET/CT images were obtained
in arms-down position to image head and neck area and in arms-up position in patients with no head and neck pathology to avoid
artifacts. Brain imaging were obtained in arms-down positions across all cohorts. 18-F FDG PET/CT images with unreadable artifacts
or altered positioning would be excluded.

OSEM PET/CT images were automatically segmented into brain lobes using Scenium software (Siemens Healthcare) which had
been previously reported.'® Built-in brain templates within Scenium that contained 3D structures fitting regions were adopted and
thus uptake values of each cortical and sub-cortical regions were calculated as mean standard uptake value (SUVmean).The SUV
was normalized based on weight and injected dose, the formula is provided in Figure S2.

The template automatically segmented regions of interest with license from CEA/Groupe d’Imagerie Fonctionnelle according to
automated anatomical labeling (AAL) standards.*" In the current study, we monitored SUVmean values of the following brain regions
bilaterally: temporal lobe (TEM), cerebellum (CER), frontal lobe (FRONT), occipital lobe (OCC), parietal lobe (PAR), limbic area (LIM),
brain stem (STEM), and whole brain (WB).
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Brain function tests

At each timepoint, irAE-CNS patients were evaluated with neurologists using clinician-rated scales and objective cognitive tests to
evaluate brain functional status, which was collectively named as brain function tests (BFTs). BFTs were designed to monitor overall
patient functions and pivotal levels of cognitive functions in patients with brain pathologies.” These tests, taken together, were
suggested in prior research as consistent to multi-level prognosis of brain pathologies during mid-to-long term follow-up.*>*® lllus-
trations of BFTs were shown in Table S6. They included 4 results from three tests. Modified Rankin Scale (mRS) aimed to evaluate
overall functional status related to neurological diseases. Clinical Assessment Scale in Autoimmune Encephalitis (CASE) is a
clinician-assessed scale covering overall functions of autoimmune-related CNS diseases, with relatively high level of consistency
in assessing autoimmune brain pathologies.** Hopkins Verbal Learning Test-Revised (HVLT, divided into two segments HVLTi
and HVLTd) are objective psycho-cognitive tests to specifically assess short-and long-term memory status.

CSF proteomic assay

CSF sample processing has been previously reported, in which CSF specimen were centrifugated at 4°C, 1900g for 10 min (to collect
cells of the CSF).*® The supernatant were centrifugated again at 16 000g for 10 min. The supernatant was then stored at —80°C for
further analysis. Proteins were measured using the Proximity Extension Assay (PEA, Olink tailored panel) according to the manufac-
turer’s instructions. Briefly, oligonucleotide-labeled antibody probe pairs conjugated to targeted protein. Should probe pairs illustrate
close proximity, oligonucleotides would hybridize in pairwise fashion. Addition of DNA polymerase leads to proximity-dependent
polymerization event, generating specific PCR sequences. DNA sequence is subsequently quantified with microfluidic real-time
PCR. Data were quality controlled and normalized with extension control and inter-plate control, to adjust for intra- and inter-run vari-
ation. The final readout was presented as Normalized Protein eXpression (NPX) values, which was arbitrary unit from 0 to 100 from a
normalized and log-transformed scale, where high value corresponding to higher protein expression. Assay validation data are avail-
able on manufacturer’s website (www.olink.com).

Single-cell secreting proteomics

Cells from fresh (<1h upon procurement) CSF were obtained with centrifugation at 4°C, 1900g for 10 min. Upon experiment, cells
were loaded into 96 wells pre-coated with anti-CD3 (OKT3, ThermoFisher) and anti-CD28 (ThermoFisher) at the density of
1 x 105/200pl, and cultured in completed RPMI media (Fisher Scientific) plus 10 ng/mL IL-2 (Biolegend) at 37°C, 5% CO2 for 16h.
Cells were then loaded onto an IsoCode Chip and incubated at 37°C, 5% CO2 for 16 h. Following this incubation, secreted proteins
from 100 to 2000 cells/sample were captured by the 32-plex antibody barcoded chip and analyzed by backend fluorescence ELISA-
based assay. Poly6+ cell was here defined as a cell that can co-secrete 6 proteins (IL-17, MCP1. MCP4, Granzyme B, CCL11 and
CD137).

Single-cell VDJ repertoire, membranous proteomic, and RNA sequencing

Single-cell libraries were constructed via BD Rhapsody Express system (BD Biosciences, #633707) according to the manufacturer
protocol (BD Biosciences). Cells were labeled with cell-specific tag and donor-specific identification tag (BD Biosciences, #633781).
Cells were then put onto stain buffer wash (BD Biosciences, #554656), followed by pooled incubation of Fc block and per-cell surface
protein antibody labeling (BD AbSeq Ab-Oligos master mix). Cells were pooled to reach 1000-20,000 count in 600-700mL buffer fluid.
Primed cartridges were applied to load pooled cells (incubated at room temperature) and then to load cell beads after washing. These
were incubated and washed twice with sample buffer, and then cells were lysed. Reverse transcription was carried out after retrieval
of beads and washing.

Subsequent steps were related to VDJ and membranous proteomic sequencing library protocol to generate libraries using BD
Rhapsody system. During reverse transcription, Poly-T Template Switching Oligo was added to allow for finding VDJ recombination
events. Nucleotides were denatured, hybridized and went through Klenow extension (New England Biolabs, #M0212L) and treatment
with Exonuclease. CDNAs were prepared in nested PCR reaction, followed by index PCR with targeted mRNA, Amplification Kit (BD
Rhapsody, #633774), and Immune Response Panel (BD Rhapsody, #633750). Library concentration was calculated with dsDNA
Assay Kit (Qubit, ThermoFisher, #Q32851). Quality control was performed with TapeStation with High Sensitivity D5000
ScreenTape (Agilent 2200).

Sample tags, mRNA, and antibody barcode reads were trimmed to 75nt, and VDJ libraries trimmed to 225nt, followed by
sequencing on a Novaseq SP flow at 75225. Refined calling was disabled on analysis pipeline (BD Rhapsody, https://www.
sevenbridges.com/bdgenomicsy/).

Single-cell data analysis

Preprocessing and cluster analysis was performed with “Seurat” package on R Statistics. Cells without any feature and features
with <50 cells were excluded from matrix. Dimension reduction was first performed by principal component analysis (PCA) and
then by Uniform Manifold Approximation and Projection (UMAP) embeddings to see unsupervised clustering of single cells.
PCA was carried out with all features for analysis. Elbow plot was adopted to identify significant components, and 4 components
were applied for UMAP plot in each analysis, with resolution set as 0.1. Default-parameter “FindAllMarkers” function was adopted
to mark specific cluster with 25% difference from all other clusters. For secreting and surfacing proteomics, global scaling was
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performed prior to log-transformation and centering from counts of surface barcode sequencing or illuminant secreting
index. Secondary filtering was performed on membranous proteomics to remove mitochondrial and ribosomal expression-related
cells.

Single-cell VDJ files went through default-parameter Cellranger VDJ 4.0 pipeline to generate clonotype information. Reads were
referred to and annotated by human reference in IGBLAST database of NCBI. Information was then manually entered into single-cell
proteomic Seurat object as combined phenotype-clonotype matching in each cell with the help of cell barcodes. Clonotype was
defined as combined information of VDJ sequences shared by all such cells. Cells with one same clonotype were defined as the
same cell clone. Clonal expansion was defined as frequency of cells with one same clonotype. Dominant clonotypes were defined
as those with >5% expanded per patient sample. Persistent clonotypes were defined as identical clonotypes shared between all
sampling timepoint during follow-up. If any clonotype was find to be both dominant and persistent, these cells would be marked
as persistently clonally expanded.

In antigen-reactive single-cell VDJ clonotype analysis, inflated clonotypes were defined as >5% expanded clonotypes in antigen-
reactive cells. Specific clonotypes were defined as single peptide-bound clonotypes while unspecific ones were defined as those
binding >1 peptides. These data allowed for association analysis between VDJ clonotypes and cell phenotype (membranous prote-
omics). Finally, cells with both chains of VDJ sequences passed quality control for analysis. As such, clonotypes were defined as
paired VDJ sequences of both chains in TCRfap, TCRy8, or BCR-heavy/light chains.

Candidate peptide prediction and pMHC multimerization

We adopted online bio-informatic prediction procedure NetMHCllIpan (http://www.cbs.dtu.dk/services/), to find 15-mer MHCII epi-
topes in five proteins hypothesized previously to be associated with irAE-CNS.?"“54" Thirty-three HLA type Il proteins most
frequently expressed in autoimmune and other related pathologies were used to find candidate peptide during bio-informatic pre-
diction.*”*® A 15-mer peptide capable of binding to HLA molecules were predicted from amino acid chains constituting the 5 pro-
teins. Predicted peptides with Rank scores of less than 1% were adopted here as final candidates.

The pMHC complexes were produced using UV-mediated conditional ligand exchange, a process which was published elsewhere
and briefly stated here.* Initially, MHCII monomers carrying UV-sensitive ligands were combined with corresponding peptides, re-
sulting in a final concentration of 50 pg/mL monomer and 100 mM peptide. Mixture was put to UV light exposure for 1 h. Subse-
quently, pMHC complexes were joined with barcode + APC-labeled dextran backbones to reach 35 pg/mL for monomer and 3.5
to 4 x 1078 M for labeled dextran backbone, followed by 30-min ice-bound incubation. In this process a buffer was added
(PBS +0.5% BSA +80 pg/mL herring DNA +2 mM EDTA +5% glycerol +1000 nM biotin). After an additional half-hour ice-bound in-
cubation, pMHC multimers were stored at —20°C.

As such we selected 415 15-mer candidate peptides from all 5 proteins. These HLA-binding peptides were synthesized into pMHC
monomers by UV-induced exchange. Monomers were then multimerized onto APC-labeled polysaccharide backbone and coupled
with DNA barcode specific to each specific pMHC. We then mixed these multimers to sort cells in CSF-derived samples of irAE-CNS
donors to yield cells corresponding to candidate peptides (named as multimer+sorted cells).

Flow cytometry staining and sorting

Cells (<1h from lumbar puncture) were stained with the following antibodies (30-40 min, 4°C) indicated for surface protein staining:
antiCD3-Spark Blue 550 (SK7, BioLegend), antiCD4-BV750 (SK3, BioLegend), antiPD1-BB515 (EH12.1, BD), antiCCR7-PE/Fire810
(G043H7, BioLegend), antiCD45RA-BV510 (HI100, BD). Cells were then washed and acquired by a spectral flow cytometer (Cytek).
The data were analyzed by FlowJo 10.4.2. Directly conjugated murine IgG1 and IgG2 was adopted as background stain. CD4 subsets
were defined by the expression of CD45RA and CCR7: naive (CD45RA + CCR7+), effector memory expressing CD45RA (CD45RA +
CCRY7-), central memory (CD45RA-CCR7+) and effector memory (CD45RA-CCR7-). Four-laser BD FACSAria Fusion cell sorter was
adopted to enrich poly6+ T cells (CD137+ CD4* T cells) with gating strategy and panel identical to flow cytometry analysis. Intact cells
were gated via forward scatter and side scatter (FSC-A/SSC-A). Doublets were dropped via FSC-H/FSC-W followed with SSC-H/
SSC-W gates. Cells were subsequently sorted via 70uM nozzle (70 psi) to reach >98% purity. In cellular experiments, cells were
sorted into cold RPMI with 10% FBS. For antigen-specific T cell sorting and sequencing, labeled pMHC multimers were thawed,
centrifuged for 3 min at 3000g, and 2 pl pMHC unique to each irAE-CNS donor was obtained from the top of well and pooled accord-
ing to HLA type selected. Reagent pool volume was cautiously reduced by ultrafiltration to reach final pMHC volume of 90-100pL.
Isolated CD137+ cells were stained with donor-specific candidate pMHC reagents on ice for 20 min. Human Fc receptor blocking
agent (TruStain FcX, BioLegend) was adopted to avoid unspecific binding. Multimer+ cells were sorted into single cells with
FACSAria lll sorters (BD Biosciences).

ELISA

Levels of all 6 proteins (TNFRSF9, GZMB, CCL11, IL17A, MCP4, MCP1) in culture supernatant were quantified using the ELISA kit
(Sigma-Aldrich). All procedures were performed according to the manufacturer instructions. Absorbance at 450 nm was measured
using a microplate spectrophotometer (Multiskan Sky 1530, Thermo Fisher Scientific, USA).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using R software (version 4.3.3), with data visualization performed using OmicStudio tools at
https://www.omicstudio.cn/tool.>® A two-sided p-value <0.05 defined statistical significance. For multiple comparisons, p-values
were adjusted using the Benjamini-Hochberg procedure to control the false discovery rate (FDR). Continuous data are presented
as mean + standard error of the mean (SEM) or median with interquartile range (IQR), as appropriate. Categorical variables are re-
ported as counts and proportions. Group comparisons for continuous variables utilized the Mann-Whitney U test or unpaired Stu-
dent’s t test following normality assessment with the Shapiro-Wilk test. Paired continuous data were analyzed with the Wilcoxon
signed-rank test. Categorical variables were compared using Chi-square or Fisher’s exact tests, with McNemar’s test applied for
paired categorical assessments.

In Cohort 4, propensity score matching (PSM) was employed to balance baseline characteristics. Propensity scores were derived
from a multivariable logistic regression model that included age, gender, smoking status, body mass index, cancer stage, ECOG per-
formance status, time from ICl initiation to irAE-CNS onset, and irAE-CNS subtype. Calculated scores of 2 comparable groups were
1:1 paired. Matching quality was evaluated with standardised mean difference, calculated for each variable in the logistic model.®'->
Any variable match with SMD over (\/ ((n1 +n2)/n1*n2))*1.96 is regarded as imbalanced matching (n1 and n2 stood for pre-matched
sample sizes).”" Differential expression analysis of proteomic data was performed using linear models from the limma R package.
Differences in flow cytometry data were assessed using non-parametric tests (Mann-Whitney U or Kruskal-Wallis), with antigen-
specific T cell frequencies determined against a threshold set at the 99th percentile of negative control signals. Given the rarity of
irAE-CNS and the exploratory nature of this study, a formal sample size calculation was not performed; patient enroliment was
sequential without randomization, and investigators were not blinded to group allocation during laboratory analyses. All clinical
outcome assessments for Cohort 4 were conducted retrospectively.

In all figures, asterisks denote statistical significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, **p < 0.0001. Exact p-values and
the specific statistical tests used for each figure are described in the corresponding figure legends.”
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