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Purpose: Immune checkpoint inhibitors (ICIs) are increasingly used to treat

advanced malignancy but can induce immune-related adverse events (irAE).

The mechanisms behind these sporadic and sometimes life-threatening irAEs

remain largely unexplored. Here, we present a case report and in-depth

molecular analysis of an erythema nodosum (EN) like irAE occurring in a

melanoma patient with isolated brain metastasis, aiming to explore the

potential mechanism of this irAE.

Methods: We performed RNA and T cell receptor (TCR) sequencing on the

patient’s resected brain metastasis and biopsy of EN-like irAE. Single cell RNA/

TCR sequencing was conducted on the patient’s peripheral blood mononuclear

cells (PBMC) at baseline, 3 weeks after ipilimumab and nivolumab combination

therapy, during EN toxicity and after resolution.

Results: The site of EN-like irAE showed a distinct accumulation of pro-

inflammatory immune cells, accompanied by the upregulation of inflammatory

and interferon response signatures. In addition, clonal expansion and activation

of irAE-associated CD8 T cells and upregulation of monocyte-specific interferon

signatures occurred concurrently with irAE onset.

Conclusion: The unique immune landscape at the EN-like irAE could indicate

that this irAE is distinct from anti-tumor immune and analogous non-ICI

autoimmune milieus. Our data also suggests that systemic immune activation

induced by ICI treatment, as reflected in PBMC, may help monitor the patient’s

treatment response and access irAE risk.
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Background

Immune checkpoint engagement is a key component in limiting

autoimmune inflammation, maintaining fetal tolerance during

pregnancy, and preventing the rejection of transplanted organs;

however, it is also a common immune suppression mechanism that

tumor cells can hijack to avoid immune surveillance. Immune

checkpoint inhibitors (ICI), such as anti-PD-1/PD-L1 or anti-

CTLA-4, can bind co-inhibitory immune checkpoint receptors

and reactivate anti-tumor immunity. Currently, ICI has

profoundly changed the treatment in 20 different cancer types,

increasing response rate from 10-50% across various solid tumors

(1, 2).

ICI can also cause immune-related adverse events (irAEs).

Common ICI-induced irAEs include dermatitis, endocrinopathies,

colitis, hepatitis, and pneumonitis, which are all thought to arise

from aberrant activation of autoreactive T cells (3, 4). The rate of

irAEs and severity vary by treatment regimen. From previous

clinical experience in melanoma, CTLA-4 inhibition results in a

high incidence of dose-dependent toxicities (high-grade toxicities in

38.6% and 57.9% of patients with metastatic melanoma receiving

ipilimumab 3 mg/kg or 10 mg/kg, respectively) (5), while only 10-

15% of patients receiving PD-1/PD-L1 experienced high-grade

toxicity (6). Concurrent ICI use, such as combined anti-CTLA-4

+anti-PD-1, also augments the risk of autoimmune toxicities,

resulting in almost two-fold increased incidences of high-grade

irAEs (7).
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The molecular and cellular mechanisms of irAEs remain largely

unclear, with a few limited studies on lichenoid and bullous

pemphigoid irAEs (8, 9). To gain insights into these mechanisms,

we describe a case of erythema nodosum (EN)-like irAE from a

patient treated with combination ipilimumab and nivolumab and

apply deep molecular analysis of the tumor, the EN-like toxicity,

and longitudinal analysis of peripheral blood.
Results

Case report

A man in his 40s without a history of known cutaneous

melanoma presented with headaches and seizures and was found

to have a hemorrhagic right parietal lobe mass. He underwent

surgical resection which showed metastatic melanoma, and post-

operative radiation therapy. Imaging showed no other intra- or

extra-cranial disease. The patient received a combination of

ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1) complicated

by hypothyroidism and elevated liver enzymes after his second dose,

which was treated by levothyroxine and prednisone, followed by

mycophenolate mofetil, respectively. Following the resolution of liver

enzymes, he received maintenance therapy with a single agent,

nivolumab, without worsening liver function and with no evidence

of a new metastatic disease (Figure 1A).
FIGURE 1

Clinical course of anti-PD-1-induced erythema nodosum. (A) The patient developed Erythema nodosum-like irAE approximated 6 months after
metastasis resection and ICI treatment (B) PET-CT imaging demonstrating multiple FDG-avid subcutaneous nodules, which were biopsied and
identified as erythema-nodosum-like panniculitis, as demonstrated by increased immune infiltration.
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Approximately 4 months after resuming nivolumab, the patient

developed an EN-like irAE. He developed painful subcutaneous nodules

on his lower extremities and trunk. Although clinical pictures are not

available for this patient, the irAE’s clinical presentation was similar to

previously reported EN-like irAEs (10, 11). PET-CT showed multifocal

FDG avid subcutaneous lesions concerning for metastatic disease.

Biopsies of two different lesions both demonstrated adipose tissue

with acute and chronic inflammation and panniculitis consistent with

an EN-like reaction. IHC showed a mixture of CD4+ and CD8+ T cells,

negative CD56, and rare CD20+ B cells (Figure 1B). The condition was

effectively managed with potassium iodide treatment. Since EN-like

irAE is not life-threatening toxicity and half of the patients experiencing

irAEs do not have irAE recurrence on ICI rechallenge (12, 13), the

nivolumab therapy was subsequently resumed, and the patient carefully

monitored. The patient stopped therapy after approximately two years

and has had no additional recurrences of tumor or irAEs approximately

5.5 years after the initial presentation. As EN is a rarely reported irAE

(10, 11, 14, 15), we sought to elucidate the pathogenesis by conducting

an extensive examination of samples from the patient’s blood, resected

brain metastasis, and a tissue biopsy from the EN toxicity site.
Profound immune cell infiltration and
immune activation in EN nodules

Weperformed bulkRNA sequencing on the patient’s irAE biopsy,

resected brain metastasis, and four cases of non-ICI-related skin

autoimmune disease samples (three EN and one granulomatous

disease [GD]) as non-ICI-induced skin condition comparators.

Compared to all other samples, the EN-like irAE demonstrated

enrichment of pro-inflammatory leukocytes RNA signatures,

including CD8+ T cells, memory-activated CD4+ T cells, M1
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macrophages, and resting NK cells (Figure 2A). Notably,

immunosuppressive M2 macrophages, which were abundant in

tumor and non-ICI related EN, were nearly undetectable in the

EN-like irAE (Figure 2A). Furthermore, we observed enrichment of

immune activation signatures at the toxicity site, evidenced by

elevated enrichment scores for Hallmark pathways “inflammatory

response”, “interferon response”, and “allograft rejection” when

compared to tumor and non-ICI autoimmune skin disorders

(Figure 2B). Since the response to anti-PD-1 therapy has been

linked to type-II interferon responses (16, 17), these findings

suggest that the toxicity site is characterized by an ICI-associated

immune activation pattern reminiscent of anti-tumor

immune responses.
Distinct TCR clonal expansion patterns in
toxicity sites and peripheral blood

One proposed mechanism for ICI-induced irAE is that the site

of toxicity and the tumor share a commonantigen(s), leading toT cells

indiscriminately attacking healthy tissue upon the loss of negative

modulation by immune checkpoints (18). To test whether the EN-like

irAE and the patient’s original tumor harbored T cells that shared

similar T cell repertoire, which could support this hypothesis, we

extracted and compared T cell receptor (TCR) -beta sequences across

these sites. There was minimal overlap in TCR clones between these

sites (Figure 3A). Given that the brain metastasis was removed nearly

six months before the onset of EN toxicity, it remains possible that the

T cells had experienced clonal evolution during ICI treatment,

resulting in novel TCRs.

Previous research demonstrated that clonal expansion of

peripheral T cells is associated with the development of irAE (19).
FIGURE 2

Site of ICI-induced erythema nodosum harbors pro-inflammatory immune cells. (A) CibersortX immune cell deconvolution using LM22 reference of
the site of toxicity, tumor, and non-ICI induced skin autoimmune disease. (B) Enrichment score of Hallmark immune-related pathways.
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Next, we tested whether toxicity-associated TCRs could be detected in

the peripheral blood and if they expanded during ICI-EN. TCR-beta

sequences were extracted from longitudinal peripheral blood samples

collected post-brain metastasis removal (Baseline), 3 weeks post-ICI

(3W post-ICI), during EN toxicity, and after symptom improvement

(Improvement).Overall, 11.6%ofTCR-beta clonotypes in the baseline

blood sample overlapped with the tumor. The proportion of tumor-

overlapping clonotypes decreased post-surgical resection andwith the

initiation of ICI (Figure 3B).DuringEN toxicity, 42%of the clonotypes

detected in the blood overlapped with those at the toxicity site. The

proportion of overlapping clones slightly decreased after symptom

improvement (Figure 3B). Additionally, we observed clear clonal

replacement in the blood, with previously undetected, toxicity-

associated clones becoming heavily enriched during the onset of

toxicity (Figure 3C). Overall, the TCR data suggests that the systemic

clonal dynamics in the blood may reflect the onset and resolution

of irAE.
Systemic immune dynamics during
irAE onset

To further characterize the changes in systemic immunity during

irAE onset, we performed single-cell RNA/TCR sequencing on the

patient’s longitudinal PBMC samples. We observed a decrease in

peripheral classical monocyte (cMono) abundance concurrent with

an expansion of CD8+ T cells during EN-like irAE (Figure 4A).

Differential gene expression analysis revealed a downregulation of

myeloid signature genes, such as LYZ, S100A8, and S100A9, during

EN-like irAE compared to pre- and post-toxicity timepoints
Frontiers in Immunology 04
(Figure 4B). In contrast, genes associated with CD8+ T cell

cytotoxicity, such as GZMB, NKG7, and PRF1, were upregulated

during EN-like irAE (Figure 4B). Additionally, our ssGSEA analysis

showed an upregulation of interferon response and inflammatory

response-related genes post-ICI treatment, indicating a systemic

immune response induced by ICI (Figures 4C, D).

Sub-clustering of the CD8+ T cells resulted in eight functionally

distinct clusters, including naïve/central memory, newly activated,

cytotoxic, and effector memory T cells (Figure 5A). There was a

dominant population of GZMB+ cytotoxic CD8 T cells, carrying

TCRs that were also detected at the site of EN-like irAE (Figure 5B),

alongside a smaller subset that shared nearly identical functional

markers but was uniquely enriched for specific TRBV and TRAV

sequences; theseT cells hadTCRs thatwere detected in both the tumor

and EN-like irAE biopsy (Figure 5B). Longitudinal analysis of CD8+T

cells revealed that ICI treatment induced a significant expansion of

GZMK+ early activated CD8+ T cells (Figure 5C), potentially

reflecting early T cell priming. As EN toxicity developed, GZMB+

cytotoxic CD8+ T cells became the dominant phenotype (Figure 5C),

indicating peripheral CD8+ T cell activation and potential clonal

expansion. Furthermore, during EN toxicity, most clonal T cells in

the peripheral blood carrying EN associated TCRs were the activated,

GZMB+ cytotoxic subtype (Figure 5D). This suggests that the clonal

expansion and activation of CD8+ T cells, particularly the GZMB+

cytotoxic subtype, are closely associated with the development of

EN toxicity.

Since the proportion of cMono decreased after EN toxicity, we

decided to further investigate whether the development of EN-like

irAEs alsocoincideswith a change inmonocyte phenotype.Monocytes

were further divided into six clusters based on their transcriptomic
FIGURE 3

Toxicity-associated TCRs were enriched in peripheral blood. (A) Venn diagram depicting overlapping TCR beta clones between the site of toxicity
and the patient’s original tumor mass. (B) The percentage of peripheral blood TCRb that overlaps with clones detected on the site of toxicity(red) or
tumor(blue). (C) Flow diagram of the top 30 most abundant TCRb clones detected in the longitudinal blood samples, colored by the site where the
clone was detected.
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features, specifically by the expression of MHC-II transcripts, S100s,

and interferon response genes (Figure 6A).Two clusters also expressed

T cell-associatedgenes,whichmay representmonocyte-T cell doublets

or physiological interacting cells. Apart from the increase in T cell-

bound monocytes during toxicity, no significant changes were

observed in other monocyte subclusters (Figure 6B). However,

differential gene expression analysis revealed a reduction in S100

gene expression, which was previously reported to be a marker of

immunosuppressive phenotypes (20, 21), and a concurrent increase in

interferon response element expression (Figure 6C). Further GSEA

analysis supported the observation of increased interferon and

cytokine responses during EN toxicity (Figure 6D). These findings

suggest a shift in the monocyte landscape towards a more pro-

inflammatory state, potentially contributing to the pathogenesis of

ICI-induced EN.
Discussion

The mechanism behind ICI-induced irAEs remains largely

case-specific. While theoretically, these toxicities can affect nearly

every organ, dermatologic cases are among the most common irAEs

for ICI-treated patients (22, 23). Here, we report our observations
Frontiers in Immunology 05
on the clinical and molecular features of ICI-induced EN in a

melanoma patient. A detailed description of the patient’s peripheral

immune signature during irAE highlights the role of systemic

immunity during this rare cutaneous toxicity.

Several cases of EN-like irAE have been reported in ICI treated

melanoma patients, with isolated cases in clear cell carcinoma,

esophageal cancer, and renal cell carcinoma (10, 11, 14, 15). irAE

onset ranges from 4 weeks to a year after ICI treatment. Among

most cases, increased lymphocytes, histiocytes, and neutrophils

were observed with no sign of infection, similar to the immune

infiltration pattern observed in our case (10). In addition, prior or

concomitant hypothyroidism was found in two EN toxicity cases

(10), hinting at a potential association between these conditions.

Although sparse HLA typing data were available for prior reported

cases, upon comparing the patients’ HLA typing, our case shared

HLA-B*35 and HLA-DPB1*04, two frequently carried alleles, with a

previously reported EN-like irAE patient who had a prior medical

history of hypothyroidism (10), suggesting the association between

HLA genotype and the toxicity pathogenesis.

The basic cancer immunity cycle suggests that antigens released

from tumors during cell turnover and in response to therapies drain

to the lymph node, where they are acquired by professional antigen

presenting cells and presented to T lymphocytes for priming.
FIGURE 4

Systemic immune dynamics during irAE onset (A) Peripheral blood immune cell abundance monitored longitudinally. (B) Differential gene expression
analysis of the peripheral blood capturing genes upregulated during EN toxicity (right, red) and pre/post-toxicity (left, green). Adjusted P value <0.01
and absolute log2 fold change >0.5. The per-cell enrichment score of (C) Hallmark interferon gamma response, and (D) Inflammatory response
pathway across 4 different time points in the peripheral blood.
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Appropriately primed T cells are ‘licensed’ to leave the lymph node

and seek out sources of inflammation, whereby they must pass

through the systemic peripheral circulation as a conduit (24).

Similarly, irAE induced by bystander effects from activated T-cells

or T cells targeting healthy organ-tumor overlapping antigens could

use a similar adaptive immune response cycle (19, 25). Previous

studies have shown that peripheral activated CD4 memory T cell

abundance and TCR diversity are strongly associated with irAE

onset (25). Using longitudinal peripheral blood, we showed that

expansion of cytotoxic CD8 T cells and increased monocytic

interferon response were also strongly associated with EN toxicity

onset. Together, those data suggest that systemic immune activation

induced by ICI treatment may also reflect the risk of irAE, providing

a potential method to monitor the patient’s treatment response and

irAE risk assessment. However, these results also suggest that

differential mechanisms (for example dominated by CD4 or CD8

T cell responses) may exist among irAEs.
Frontiers in Immunology 06
One popular mechanistic explanation of irAE is that shared

antigens between the tumor and the affected organ may cause a

break in self-tolerance during anti-tumor immune responses (18, 26).

In this unique case, however, the TCRs detected were not shared

between the site of irAE and the original brain metastasis that was

resected 6 months prior. It is still possible that the TCRs we detected

in the site of toxicity may target potential micrometastases that we

were not able to detect and/or sample. It is important to note that the

development of irAEs has been correlated with anti-tumor immunity

and response to ICI (27–29). The T cell activation signatures

observed in the peripheral blood support the idea that ICI could

induce long-term constant immune surveillance against cancer, even

when the patient appears to be disease free.

Previous analysis demonstrated that clonal T cell activation in

tumors and peripheral blood is associated with better ICI treatment

response in melanoma. As demonstrated by our data and other studies

(19, 25, 30, 31), systemic T cell expansion is also associated with the
FIGURE 5

Peripheral blood CD8+ T cell dynamics and their association with tumor and site of toxicity based on TCR clone overlap (A) Unsupervised clustering
based on transcriptomic features generates eight distinct CD8 T cell clusters, with their corresponding gene features presented in the dot plot.
(B) TCR clones of each T cell are compared against tumor and site of toxicity to identify overlapping clones. (C) The abundance of each CD8 T cell
cluster was tracked longitudinally. (D) The center location of each clonal (>3 T cell sharing same TCR) TCR clones on the Umap during toxicity
onset. Toxicity-overlapping TCRs are colored green, and tumor+toxicity-overlapping TCRs are colored red.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1542499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sun et al. 10.3389/fimmu.2025.1542499
development of irAE. Currently, one of the challenges of irAE

management is early detection and biomarker development. Using

peripheral biomarkers such as T cell clonality and T cell activation, it

may be possible to detect patients experiencing systemic immune

responses and enhance patient monitoring to mitigate potential severe

irAEs. Nonetheless, further research is needed to determine whether

such markers can be used to monitor patients for development of

potential irAEs.

In conclusion, we present a deep molecular analysis of ICI-

induced EN. In addition, the observation of systemic inflammation

during toxicity onset further strengthens the importance of systemic

immunity during ICI and the development of irAEs.
Methods

Patient information

The patient was treated at Vanderbilt University Medical Center

and consented to the clinical and biospecimen repository

(IRB#100178). Peripheral blood samples were taken at baseline,

early on treatment, and at time of toxicity per our protocol. FFPE
Frontiers in Immunology 07
samples from resected brain metastasis and skin biopsies were

obtained from pathology. Samples from patients non-ICI

autoimmune disorders were obtained from pathology (IRB# 150754).
RNA sequencing and data analysis

Total RNA was isolated from FFPE tumor, ICI-EN and non-ICI

skin autoimmune disease biopsy samples using the PromegaMaxwell

16 FFPE RNA kits per the manufacturer’s protocol. mRNA

enrichment and cDNA library were prepared utilizing the stranded

mRNA (polyA-selected) library preparation kit. Sequencing was

performed at Paired-End 150 bp on the Illumina NovaSeq 6000

targeting an average of 50M reads per sample. Demultiplexed

FASTQ files were next aligned using STAR with a genome index

generated fromhumanHg38. FeatureCount was next applied to create

gene count matrix. Subsequent MultiQC was performed to ensure

sample homogeneity. Raw count generated by FeatureCount was

imported to R. Genes that were expressed in less than 50% of the

samples were excluded from the analysis. The filtered gene count

matrix was next used to generate DESeq2 objects with corresponding

metadata. Raw gene counts were transformed using VST
FIGURE 6

Peripheral blood monocyte dynamics and transcriptomic changes during toxicity onset (A) Unsupervised clustering based on transcriptomic features
generates six monocyte clusters, with their corresponding gene features in the dot plot. (B) The abundance of each monocyte cluster was tracked
longitudinally. (C) The expression of S100A9, CXCL8, and two interferon response-related genes in monocytes was monitored longitudinally.
(D) Gene set enrichment analysis based on the differentially expressed genes between toxicity onset vs. pre/post toxicity. Only pathways with
adjusted p-values <0.05 are presented.
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transformation followed by GSVA enrichment analysis which assigns

enrichment scores of the Hallmark pathways to each sample. The

transformedgene setsweredeconvolutedwithCIBERSORTxusing the

LM22 matrix to obtain immune cell composition in each biopsy.

TCR sequencing

Using the whole RNA extracted from FFPE biopsies, TCRs were

sequenced using the TCR Immunoverse all chain assay per the

manufacturer’s protocol (Invitae/ArcherDX). Sequencing results were

evaluated using Archer Immunoverse analyser. CDR3 sequences and

frequency tables were extracted from the manufacturers’ analysis

platform. TCR beta sequence was extracted to identify matching

clones among tumor biopsy, ICI-EN site, and peripheral blood.

Single cell RNA sequencing and
data analysis

Each sample (targeting 5,000–15,000 cells per sample) was

processed for single-cell 5′ RNA and TCR sequencing utilizing the

10x Chromium system. Libraries were prepared following the

manufacturer’s protocol. The libraries were sequenced using

NovaSeq 6000 with 150 bp paired-end reads. RTA (v.2.4.11;

Illumina) was used for base calling, and analysis was completed

using 10x Genomics Cell Ranger software. Data were analyzed in R

using the filtered h5 genematrices in the Seurat package (32). In brief,

samples were subset to include cells with >200 but <3,000 unique

transcripts to exclude probable non-cellular RNA reads and doublets.

Cells with >15% of reads coming frommitochondrial transcripts were

also excluded as probable dying cells. General immune cell subtypes

were imputed using scPred (33). CD8 T cell clusters were generated

with FindClusters function after removing all CD8 T cell without TCR

information. Monocyte clusters were generated in by setting

FindClusters. Detailed cell subtype identify was given based on top10

differentially expressed genes in each cluster.

Differential gene expression analysis was performed across all

cells using FindMarkers function between different timepoints.

Gene set enrichment analysis was performed to obtain pathway

enrichment score by taking the log2 fold change and p-value from

differential gene expression results. Besides pair-wise comparison,

enrichment scores for each Hallmark pathways is generated for each

cell using Escape (34).

HLA typing

We performed four-digit class I and II typing of HLA (with

Illumina MiSeq) for the HLA antigens ABC, DR, DQ, and DP on

DNA extracted from peripheral blood.
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