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Checkpoint Blockade–Induced Dermatitis and Colitis
Are Dominated by Tissue-Resident Memory T Cells and
Th1/Tc1 Cytokines
Robin Reschke1, JasonW. Shapiro2, Jovian Yu3, Sherin J. Rouhani3, Daniel J. Olson3, Yuanyuan Zha4, and
Thomas F. Gajewski1,3

ABSTRACT
◥

Immune checkpoint blockade is therapeutically successful for
many patients across multiple cancer types. However, immune-
related adverse events (irAE) frequently occur and can sometimes
be life threatening. It is critical to understand the immunologic
mechanisms of irAEs with the goal of finding novel treatment
targets. Herein, we report our analysis of tissues from patients with
irAE dermatitis using multiparameter immunofluorescence (IF),
spatial transcriptomics, and RNA in situ hybridization (RISH). Skin
psoriasis cases were studied as a comparison, as a known Th17-
driven disease, and colitis was investigated as a comparison. IF
analysis revealed that CD4þ and CD8þ tissue-resident memory T

(TRM) cells were preferentially expanded in the inflamed portion of
skin in cutaneous irAEs compared with healthy skin controls.
Spatial transcriptomics allowed us to focus on areas containing
TRM cells to discern functional phenotype and revealed expression
of Th1-associated genes in irAEs, compared with Th17-asociated
genes in psoriasis. Expression of PD-1, CTLA-4, LAG-3, and other
inhibitory receptors was observed in irAE cases. RISH technology
combined with IF confirmed expression of IFNg , CXCL9, CXCL10,
and TNFa in irAE dermatitis, as well as IFNg within TRM cells
specifically. The Th1-skewed phenotype was confirmed in irAE
colitis cases compared with healthy colon.

Introduction
Immune checkpoint blockade (ICB) can produce durable clinical

responses in patients with various types of cancer. However, such
treatment is frequently associated with immune-related adverse events
(irAE). Between 25% and 40% of patients develop a cutaneous irAE
(cirAE) during ICB, with higher frequencies observed when patients
are treated with combination anti–PD-1 þ anti–CTLA-4 (1). cirAEs
can be clinically divided into various subtypes. Most frequently seen
are maculopapular and lichenoid rashes (2), while a minority of
patients can exhibit bullous drug eruptions or Sweet’s syndrome (3, 4).
Inmostmild cirAE cases, treatment with topical or oral corticosteroids
is sufficient to resolve the rash. However, corticosteroids globally
suppress T-cell function (5), and it has been reported that high-
dose steroids can negatively influence survival of patients with met-
astatic melanoma (6). Therefore, it is important to understand the
biology of immune-related dermatitis better to tailor a more person-
alized treatment approach.

On the basis of the occurrence of vitiligo upon ICB of patients with
melanoma, a condition in which T cells and antibodies reacting to

melanoma antigens can cross-react on normal melanocytes leading to
skin depigmentation (7), it had been presumed that other irAEs might
also be mediated by immune cross-reactivity. However, in contrast to
vitiligo which only occurs in patients with melanoma, other irAEs
appear to be tumor-type agnostic. Therefore, it is necessary to consider
alternative mechanisms by which immune checkpoint inhibitors
might promote immune reactions in normal tissues. One hypothesis
is that irAEs occur through effects on tissue-resident memory T (TRM)
cells, which are retained in tissues after resolution of infection and
other immune responses (8). TRM cells are characterized by expression
of CD69 and/or CD103, and can be of either the CD4þ or the CD8þ

lineage (8). In addition, TRM cells can be of various functional
phenotypes, including Th1, Th2, or Th17 (8). Psoriasis has been
reported to be a Th17-like disease (9), but the immune phenotype
in cirAEs has been unclear. We therefore studied skin biopsies from
patients with irAE dermatitis compared with those from patients with
psoriasis using immunofluorescence (IF), spatial transcriptomics, and
RNA in situ hybridization (RISH). Results were extended to irAE
colitis cases, to explore whether similar mechanisms were seen in a
second affected tissue.

Materials and Methods
Patient samples

This research was performed in accordance with the Declaration of
Helsinki. For spatial transcriptomics, RISH, and multiparameter IF
staining, we used archived formalin-fixed paraffin-embedded (FFPE)
tissue sections from 22 patients with cirAEs (grade 2/3; Supplementary
Table S1). Patients with grade 1 irAEs were excluded. In addition,
healthy skin samples from ten patients undergoing breast or fat
reduction, and skin biopsies from 3 patients with psoriasis were used
as controls. None of these patients (cirAE, psoriasis, breast/fat reduc-
tion) had received immune suppression. In addition, seven irAE colitis
cases (grade 3 /4) and eight healthy colon samples were processed for
spatial transcriptomics. One extra irAE colitis case was included for IF
and RISH (n ¼ 8; Supplementary Table S2). Samples from 2 patients
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with atopic dermatitis were used for optimization of IF staining
conditions. FFPE blocks were stored at room temperature until
processing. Four of 8 patients with irAE colitis received corticosteroids
at the time of the biopsy. All colon biopsies were obtained during
diagnostic colonoscopies. Gender was equally distributed (26 male/24
female patients). The study was conducted after approval by the
University of Chicago Institutional Review Board (IRB protocol 15-
0837) as a component of the immunotherapy biobanking protocol.
Informed written consent was obtained from patients before perform-
ing biopsies.

Multiparameter IF
A five-color multiplex quantitative IF protocol was developed to

detect cell surface markers using antibodies specific for CD3 (Biocare
Medical, catalog no. CME 324), CD8 (Novus Bio, catalog no.
NBP232836B), CD69 (Abcam, catalog no. Ab233396), CD103
(Biocare Medical, catalog no. ACI3117A), and CD20 (Thermo Fisher
Scientific, catalog no. MA5-13141) on FFPE tissue sections. 40,6-
Diamidin-2-phenylindol (DAPI) was used to identify the cells.
5 mmol/L FFPE sections were deparaffinized and the tissues fixed with
formaldehyde prior to antigen retrieval. Antigen retrieval was per-
formed using Akoya Bioscience antigen retrieval buffer with low pH
(pH 6; catalog no. AR600250ML) or high pH (pH 9; catalog no.
AR900250ML). Each section underwent five rounds of antibody stain-
ing, each round consisting of blocking (Akoya Bioscience, catalog no.
ARD1001EA), primary antibody incubation, horseradish peroxidase–
conjugated secondary antibodies (Akoya Bioscience ARH1001EA)
incubation, tyramide signal amplification (TSA) visualization with
fluorophores Opal 480 (Akoya Bioscience FP1500001KT), Opal 520
(Akoya Bioscience, catalog no. FP1487001KT), Opal 570 (Akoya Bio-
science, catalog no. FP1488001KT), Opal 620 (Akoya Bioscience,
catalog no. FP1495001KT), and Opal 690 (Akoya Biosciences, catalog
no. FP1488001KT) diluted in 1X Plus Amplification Diluent (Akoya
Biosciences, catalog no. FP1135), and pressure cooker treatment.
Tissue sections were then incubated with DAPI solution (Akoya
Bioscience, catalog no. FP1490) for 5 minutes at room temperature
and mounted in ProLong Diamond Antifade Mountant (Invitrogen,
catalog no. P36961). Scanning of the slides was performed using the
Vectra Polaris Imaging Station and Phenochart 1.1.0 software (Akoya
Biosciences). Five to 35 representative regions of interest (ROI) for
each tissue section were acquired at 20�magnification asmultispectral
images. A supervised machine learning algorithm within the Inform
2.3 software (Akoya Biosciences), which assigned trained phenotypes
and Cartesian coordinates to cells, was used to perform image analysis
and cell phenotyping. ROIs were chosen to cover epidermis and
subepidermal immune-cell infiltrates. To achieve optimal staining
conditions for each marker, we first tested singleplex assays using
human atopic dermatitis tissue as an example for inflamed skin tissue.
The results from the singleplex assays were used as reference point
for antigen visualization. After successful optimization of all markers
individually, they were combined into a multiplexed IF panel. Each
marker was tested for its ideal condition and position in the sequence
of multiplex staining. Markers in multiplex staining were visually
compared with the corresponding singleplex staining for intensity
and pattern. Using this visual comparison, we were able to find the
optimal signal through dilution of the primary antibodies and/or
fluorophores to achieve similar results for the single and multiplex IF
staining for each antibody (Supplementary Fig. S1). Through optimal
sequencing of antibody staining, interference between each antibody
was held to a minimum. The number of CD4þ cells was approximated
by counting CD3þ cells that were CD8�.

Spatial transcriptomics
We processed 11 FFPE samples (two irAE dermatitis, two psoriasis,

and seven irAE colitis) using 10x Genomics Visium FFPE kit (10�
Genomics, catalog no. 1000338). Briefly, tissue RNAs were isolated
using Allprep DNA/RNA FFPE kit (Qiagen, catalog no. # 80234) and
quality controlled (DV200 ≥ 50%). A total of 5 mmol/L tissue sections
were cut and placed onto capture areas of the gene expression slides.
After drying overnight, slides were dried again for 2 hours at 60�C.
Then, they were deparaffinized and covered in hematoxylin (Millipore
Sigma, catalog no. MHS16) for 3 minutes at room temperature. After
intermittent washing steps, they were covered in Bluing reagent
(Agilent, catalog no. CS70203-2) and later Eosin (Millipore Sigma,
catalog no. HT110116). Hematoxylin and eosin (H&E)-stained slides
were finally imaged on a Nikon T2 Microscope. The spatial tran-
scriptome library was prepared following the manufacturer’s instruc-
tion and sequenced on the NovaSeq 6000 system at the University of
Chicago Genomics core facility. Space Ranger from 10x Genomics
(https://support.10xgenomics.com/spatial-gene-expression/software/
pipelines/latest/what-is-space-ranger) was used to build the initial
count matrices for each unique molecular identifier (UMI) at each
location in each sample and create the output files used for down-
stream analysis in R with Seurat v4. Downstream analysis was done
using R packages Seurat and Giotto. Each sample was filtered to
remove any barcodes with low counts of either UMIs or genes. For
larger tissues with over 1,000 genes per spot, we required at least 500
UMIs and 250 genes per spot, whereas for sampleswith fewer genes per
spot, we relaxed these criteria to 200UMIs and 100 genes. Filtered data
were then normalized using the “sctransform” method to correct for
intrasample variation in UMI density (https://github.com/satijalab/
sctransform). Using these normalized data, we followed Seurat’s
guidelines for data integration to control for sample-specific batch
effects. The integrated datasetwas then clustered based on a set of 3,000
variable features shared across samples, and clusters were annotated
manually based on both the histology of the tissue and on the presence
of known marker genes for different cell types. Each spot in a Visium
dataset corresponds to 1 to 10 cells.

RISH combined with IF staining for protein
Codetection of RNA and protein antigens in the same samples was

achieved by RISH using the RNAScopeMultiplex Fluorescent Reagent
Kit v2 (Advanced Cell Diagnostics, catalog no. 323110), together with
antibody-based IF staining. Positive (POLRA2, PPIB, UBC) and
negative RNA probe (dapB) controls, CXCL10 RNA probe (catalog
no. 311851), IFNG RNA probe (catalog no. 310501-C1/2), TNF RNA
probe (catalog no. 310421-C1/2), CXCL9 RNA probe (catalog no.
440161), IL5 RNA probe (catalog no. 319391), CD69 RNA probe
(catalog no. 494471-C2), and CD45 antibody (Biocare Medical,
catalog no. CM016) were tested individually on human atopic
dermatitis sections. We had already optimized the CD45 antibody in
concert with RNA probes in a previous publication (10). Therefore,
optimal signal through dilatation for the primary antibody in single-
plex and in the codetection workflowwas already known. Nonetheless,
we performed staining of the individual targets on human atopic
dermatitis first (Supplementary Fig. S1). After successful staining of
this comparably inflamed skin tissue, all markers were stained together
with the codetection protocol. The manufacturer’s integrated codetec-
tion protocol was followed.Markers inmultiplex staining were visually
comparedwith the corresponding singleplex staininig for intensity and
pattern (Supplementary Fig. S1). ROIs for each tissue section were
acquired at 40� magnification. ROIs were chosen to cover epidermis
and subepidermal leukocytic infiltrates. We have previously described
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in detail the Advanced Cell Diagnostics bio Co-detection workflow
and downstream analysis (10).

Statistical analysis
Statistics were done using R 4.0.5 (https://www.R-project.org/), and

the tidyverse (https://www.tidyverse.org/), patchwork (https://patch
work.data-imaginist.com/), phenoptr (https://akoyabio.github.io/
phenoptr/), ggsignif (https://github.com/const-ae/ggsignif), ggpmisc
(https://github.com/aphalo/ggpmisc), ggpubr (https://rpkgs.datano
via.com/ggpubr/), giotto (https://rubd.github.io/Giotto_site/), future
(ttps://future.futureverse.org/), and scales (https://scales.r-lib.org/)
packages. We tested for spatial colocalization of key genes (CD3E,
CD4, CD8A, CD8B, CD69, ITGA1, IFNG, and TNF) by estimating
spatial correlations using the R package Giotto. Giotto is a compli-
mentary tool for analyzing spatial transcriptomic data, including
functions for spatial deconvolution and estimating correlation and
coexpression of specific genes. To estimate correlations across both

irAE dermatitis samples and across both psoriasis samples, we first
exported the filtered count data from a merged Seurat object and then
created a merged Giotto object (one for irAE dermatitis and one for
psoriasis) by concatenating the count data and combining the spatial
location data for each sample, using an offset for the y coordinates to
keep the samples from overlapping. We then followed a standard
Giotto workflow to reprocess the counts, including normalizationwith
the normalizeGiotto function, dimension reduction with runPCA,
UMAP with runUMAP and clustering with createNearestNetwork
and doLeidenCluster. Finally, the data were converted to a network
representation using createSpatialNetwork and spatial correlations of
the above genes were estimated with detectSpatialCorGenes (https://
rubd.github.io/Giotto_site/). This function averages spatial expression
by accounting for the network topology and then estimates Pearson
correlations. We exported the smoothed expression data used in this
step to also estimate P values using the complementary function cor.
test from base R. Results were then visualizedwith the package corrplot

Figure 1.

irAEdermatitis presentswith expanded TRMcells comparedwith healthy controls.A,Multiplex IF stainingof a representative irAEdermatitis samplewithCD3 (green),
CD8 (red), CD69 (yellow), CD103 (orange), CD20 (turquoise), andDAPI (blue). The sample is representative of 22 cirAE samples.B,Cell proportions across all 22 irAE
dermatitis samples, three psoriasis (pso) samples and 10 (healthy) controls on a per patient basis: Percentages of CD4þ cells (pink), CD4þCD103þ cells (rose),
CD4þCD69þ cells (red), CD4þCD69þCD103þ cells (purple), CD8þ cells (turquoise), CD8þCD103þ cells (light green), CD8þCD69þ cells (blue), CD8þCD69þCD103þ

cells (dark green), CD20þ cells (yellow), CD103þ (orange), andDAPI (light gray).C,Percentageof all CD4þTRM-cell phenotypes alone and combined (either CD69þor
CD103þ single positiveorCD69þCD103þdoublepositiveCD4þ cells) of all cells correlatedwith skin pathologygroup: irAEversus psoversus healthy.D,Percentage of
all CD8þTRM-cell phenotypes alone or combined of all CD8þ cells correlatedwith skin pathology group: irAE versus pso versus healthy. Comparisonswere performed
using a Wilcoxon rank-sum test, P-value ranges: ���� , P ≤ 0.0001 “���” as < 0.001, “��” as < 0.01, “�” as < 0.05, and “ns” indicating not significant. The middle line
represents the median, top/bottom of the box represent 25th/75th percentile and the whiskers represent the largest/smallest value under 1.5� interquartile range,
with further points denoted individually as outliers.
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using significance levels of 0.001, 0.01, and 0.05. Signatures were
estimated on the basis of chemokines (CXCL9, CXCL10, CXCL11),
IFN-induced genes (HLA-DR, CD74, GBP5), and inhibitory check-
point genes (PDCD1, CTLA4, HAVCR2, TIGIT, LAG3) using the
package UCell applied to expression values normalized by the aggre-
gate of CD3D, CD3E, and CD3G in each spot. UCell corrects for
compositional differences between cells by using aMann–Whitney test
statistic to estimate signature scores (11).

Data availability
The processed count data andmetadata for the samples analyzed for

spatial transcriptomics are available through Gene Expression Omni-
bus under accession GSE210037. The BioProject number for the raw
sequence data is PRJNA863563. All analysis scripts are available from
the corresponding author upon reasonable request. All other data
generated in this study are available within the article and its Sup-
plementary Data or from the corresponding author upon reasonable
request.

Ethics approval
IRB protocol 15-0837.

Results
To enhance understanding of irAE dermatitis, we examined FFPE

skin biopsy specimens from affected patients. Our hypothesis was that
irAE dermatitis might be characterized by reactivated TRM cells, with
either a Th1-, Th2-, or Th17-like phenotype. As a first approach, we
stained cirAE tissue from 22 patients (Supplementary Table S1) with
an IF 5-plex panel that contained the TRM markers CD69 and CD103
along with CD4, CD8, and CD20 (Fig. 1A and B; Supplementary Figs.
S2 and S3). In addition to staining skin samples from 10 healthy
controls, we used three psoriasis specimens as a comparison group
because this autoimmune skin disease has been reported to be trig-
gered by TRM cells and is known to have a Th17-dominant T-cell
infiltration (9, 12). The percentage of B cells and CD103 single positive
cells was higher in the irAE samples compared with healthy controls
(P ≤ 0.01 and P ≤ 0.05; Supplementary Fig. S4). In addition, we found a
significant expansion of CD8þ and CD4þ TRM cells in the 22 irAE
cases, and also in psoriasis (Supplementary Fig. S4). Between 70% and
90% of all CD4þ and CD8þ T cells exhibited at least one feature of
tissue residency (expression of either CD69 or CD103 alone or both) in
the patients with cirAE (Fig. 1C and D). In contrast, in the healthy
controls, only 40% to 65% of CD4þ and CD8þ T cells stained positive

Figure 2.

irAE dermatitis is characterized by Th1/Tc1 TRM cells with upregulated inhibitory checkpoint molecules. Spatial transcriptomic analysis was performed on two irAE
dermatitis and twopsoriasis samples.A,One irAE dermatitis H&E stain: Irregular acanthotic epidermis, hyperkeratosis anddense lymphocytic infiltrate. Coexpression
spatial plot with red spots for CD4þCD69þ coexpression and turquoise/blue spots for CD8þCD69þ coexpression in one irAE dermatitis case. B, Heat map showing
cytokine expression. C, Heat map showing expression of chemokines. D, Heat map showing expression of IFN-induced genes. E, Heat map showing expression of
inhibitory checkpointmolecules. Only spots uniquely expressing either CD4þCD69þ or CD8þCD69þ shown in the heat maps. F, Th1/Th17 scores equal to the number
of Th1/Th17 signature genes appearing at least once in each spot. Th1 signature consisting of IFNG, TBX21, and STAT4 genes expressed in CD3þCD69þ spots. Th17
signature consisting ofRORC, IL17A/F, IL23A/R, and IL36Agenes expressed inCD3þCD69þ spots. Percentage of CD3þCD69þ spots expressingFOXP3.We estimated
the distribution of Th1 and Th17 scores across all CD3þCD69þ spots in each sample and evaluated significance using the nonparametric two-sample Wilcoxon test.
The middle line represents the median, top/bottom of the box represent 25th/75th percentile and the whiskers represent the largest/smallest value under 1.5 �
interquartile range, black dots showing distribution of all data points, “ns” means not significant.
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for TRM cell markers (P ≤ 0.001 and P ≤ 0.0001). We conclude that
irAE dermatitis is dominated by expansion of TRM cells.

To determine the transcriptional profile of areas (spots) containing
TRM cells in irAE dermatitis, we employed spatial transcriptomic
technology on two cirAE and two psoriasis samples. H&E-stained
tissue was utilized to provide information about tissue architecture.
Sections were visually divided into epidermis, a subepidermal lym-
phocyte cluster, and dermis (Fig. 2A). We were able to visualize cell
clusters from irAE and psoriasis samples two-dimensionally (Supple-
mentary Fig. S5). We observed that irAE and psoriasis samples shared
a common spatial and cellular make-up with five major cellular
clusters. Clusters 0, 1, and 5 represented immune cells, predominantly
consisting of lymphocytes subepidermally. Cluster 2 contained the
epidermis with keratinocytes. Clusters 3 and 4 were represented by
fibroblasts and dead keratinocytes (stratum corneum). A similar
distribution of clusters was seen for irAE and psoriasis samples.
However, obvious differences were found when examining the tran-
scriptional profile corresponding to areas with CD4/CD8 and CD69
coexpression. The cytokine genes TNFA, IFNG, and IL15 were more
abundantly expressed in irAEs (Fig. 2B), whereas IL17A, IL17F,
IL23A, IL23R, and IL36A were predominantly seen in psoriasis
(Fig. 2B). We did not see marked Th2 cytokine expression. IL4 and
IL5 were not expressed at all and IL13 only rarely in the CD8þCD69þ

spots. IFNg�induced genes such as HLA-DRA, CD74, and GBP5 as
well as the chemokinesCXCL9,CXCL10, andCXCL11, were expressed
at significantly higher levels in irAE samples than in psoriasis (P <
0.001; Fig. 2C and D; Supplementary Fig. S6). CXCL9/10/11 can
recruit effector T cells by engaging the CXCR3 receptor. High expres-
sion of the genes encoding inhibitory T-cell checkpoint molecules PD-

1, CTLA-4, LAG-3, TIM3, and TIGIT was detected in cirAEs and
rarely seen in psoriasis (Fig. 2E). When we comprised a signature for
inhibitory checkpoints and normalized for CD3 expression (CD3G,
CD3D, CD3E) we saw significantly more expression in our cirAE
samples (P < 0.001; Supplementary Fig. S6). We designed a Th1 score
consisting of IFNG, TBX21, and STAT4 and showed that significantly
more CD3þCD69þ spots in irAE samples expressed these signature
genes than in psoriasis (Fig. 2F), suggesting that Th1/Tc1 cells are the
dominant-cell phenotype in irAEs (13). Conversely, a Th17 score of
the Th17-related genes RORC, IL17A, IL17F, IL36A, IL23A, and IL23R
was significantly higher in psoriasis (Fig. 2F). The gene encoding the
transcription factor for regulatory T cells FoxP3 was expressed sim-
ilarly in the CD3þCD69þ regions of cirAEs and psoriasis (Fig. 2F).
Overall, these data suggest that irAE dermatitis is characterized by a
Th1/Tc1-centered immune response.

Leveraging spatial transcriptomics, we examined an independent
cohort of seven irAE colitis cases. In Fig. 3A, we show H&E-stained
irAE colitis and the spatial distribution of TRM cells (CD4/CD8þ

CD69þ spots) in a representative image. These cases also showed an
upregulation of cytokines and chemokines correlating with a Th1/Tc1
response, including IFNG, TNFA, CXCL9, CXCL10, and CXCL11
(Fig. 3B and C). Similarly, an upregulation of IFN-induced genes and
checkpoint molecules was observed (Fig. 3D and E). Expression of
IL15, which TRM cells require IL15 for their differentiation and
survival (12), was seen across irAE cases (both skin and
colon; Figs. 2B and 3B). We compared results with eight healthy
colon samples and found that Th1/Tc1 cytokines, CXCL9-11, IFN-
induced genes, and checkpoint molecules were more dominantly
expressed in irAE colitis than in healthy colon samples (Fig. 3B–E).

Figure 3.

irAE colitis is characterized by Th1/Tc1 TRM cells and upregulated inhibitory checkpointmolecules. Spatial transcriptomic analysiswas performed on seven irAE colitis
and eight healthy colon samples. A, H&E stain of an exemplary irAE colitis case showing an extensive lymphocytic infiltrate below epithelial crypts. Coexpression
spatial plot with red spots for CD4þCD69þ coexpression and turquoise spots for CD8þCD69þ coexpression in irAE colitis.B,Heatmap showing cytokine expression.
C, Heat map showing chemokine expression. D, Heat map showing expression of IFN-induced genes. E, Heat map showing expression of genes encoding inhibitory
checkpoint molecules. Only spots uniquely expressing either CD4þCD69þ or CD8þCD69þ are shown in the heat maps.
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The most upregulated adhesion molecule in irAE dermatitis and
also irAE colitis was ITGA4 (Supplementary Fig. S5), which was
almost not expressed in psoriasis and less frequently seen in
healthy colon.

We observed colocalization of spots containing expression of
STAT4, IFNG, and CD4 (Fig. 4A and B) and a strong correlation
between expression of CD3E or CD69 and IFNG (P < 0.001; Supple-
mentary Fig. S5) but the spatial transcriptomic procedure was tech-
nically challenging with skin tissue. To confirm transcriptomic data on
a larger number of skin samples, we utilized RISH for key Th1/Tc1-
associated transcripts on 10 independent cirAE cases. This analysis
confirmed strong expression of IFNG and CXCL10 (Fig. 4C–G),
which was largely found among CD45þ cells (Fig. 4H–J). However,
other nuclei staining with DAPI but not CD45 also showed expres-
sion of CXCL10 (Fig. 4H and J), suggesting that fibroblasts and/or
keratinocytes may additionally produce this chemokine in response

to locally secreted IFNg . Similarly, CXCL9 was mainly found within
CD45þ cells but also to a lesser extent in CD45� cells (Supple-
mentary Fig. S7). In addition, we stained for TNFA transcripts,
which localized predominantly within CD45þ cells (Supplementary
Fig. S7). This pattern is also reflected by the stronger fluorescence
intensity of TNFA and CXCL9 mRNA within CD45þ cells (Sup-
plementary Fig. S7). The same pattern was also reflected in eight
irAE colitis cases (Supplementary Fig. S8). Most of the expression of
TNFA and CXCL9 was seen within CD45þ cells (Supplementary
Fig. S8). However, epithelial cells also produced CXCL9. This
corresponds with the spatial information from the spatial tran-
scriptomic analysis (Supplementary Fig. S8).

To clarify whether TRM cells were producing key cytokines, we used
two more IF–RISH panels and found that CD69þCD3þ cells were
producing the majority of IFNG in irAE dermatitis (Supplementary
Fig. S9). Despite technical issues with spatial transcriptomics of our

Figure 4.

irAE dermatitis presents with Th1-oriented transcripts. A–D, Spatial transcriptomic analysis detected coexpression of CD4, STAT4, and IFNG, and showed spatial
distribution of IFNG and CXCL10 expression levels, Shown in A–D are plots showing one representative of two samples. E–H, Combined IF-RISH analysis showed
colocalization of CD45 with CXCL10 and IFNG in 10 samples. Representative images of one of 10 analyzed cases are shown. A, Plot showing CD4 and STAT4
coexpression with green spots in one irAE dermatitis case B, Plot showing coexpression of CD4 and IFNGwith purple spots in one irAE dermatitis case. C, Spatially
distributed expression levels of IFNG across one irAE sample. D, Spatially distributed expression levels of CXCL10 across one irAE sample. E, ROI of the complete IF–
RISH panel consisting of CD45þ cells (green), CXCL10 transcripts (red), IFNG transcripts (yellow spots), DAPI (blue). F, Only IFNG (yellow), and DAPI (blue) shown,
one yellow dot represents one transcript. G, Only CXCL10 (red), and DAPI (blue) shown, one red dot represents one transcript. H, Distribution of cell phenotypes
(percentage of cells) across 10 cirAE cases. Phenotypes are CD45þ, CD45þIFNGþ, CD45þCXCL10þ, CD45þIFNGþCXCL10þ, Otherþ, OtherþIFNGþ, OtherþCXCL10þ

and OtherþIFNGþCXCL10þ cells. I, Histogram showing staining intensity of IFNG within CD45þ cells (red) or Otherþ (CD45 neg.) cells (blue). J Histogram showing
staining intensity of CXCL10within CD45þ cells (red) and Otherþ (CD45 neg.) cells (blue). IFNGþ cells and CXCL10þ cells measured by mean fluorescence intensity
(on a per cell basis).
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two bullous irAE cases, we interrogated the possibility of Th2
cytokine production in bullous irAEs by using combined IF–RISH.
We found some expression of IL5 within CD69þCD3þ cells,
arguing for a mixed Th1/Th2 response in bullous irAEs (Supple-
mentary Fig. S10). However, IFNG expression seemed dominant
(Fig. 4H). Together, these results confirm a Th1/Tc1-dominant
immune reaction in irAE samples.

Discussion
We found evidence that in situ expansion of TRM cells with a

Th1/Tc1-type cytokine profile was associated with immune-related
dermatitis and colitis in patients treated with ICB. A recent study
of irAE colitis also identified IFNg-producing CD8þ TRM cells as
associated with immune pathology (14). It is likely that checkpoint-
targeting antibodies expand TRM cells as these cells express high levels
of the checkpoints constitutively. We observed high expression of
CTLA-4, PD1, TIGIT, and LAG3 in cirAEs. TRM cells were the
dominant source of IFNG, and spots containing these cells also
expressed STAT4 and TBET. IFNg secreted by T cells can stimulate
CXCL9/10/11 production by myeloid cells, fibroblasts, and keratino-
cytes (15, 16) leading to a feed-forward loop amplifying Th1/Tc1
immunity (15). CXCL9, CXCL10, and CXCL11 transcripts were
abundantly present in cirAE cases and not in psoriasis. Another
molecule that was only expressed in irAEs was ITGA4, an adhesion
molecule known for homing of Th1 cells into inflamed tissues (17).
There is recent evidence indicating that circulating TRM precursor
cells can be drawn into inflamed tissues (18). Circulating memory
and activated CD4þ T cells have been implicated to precede the
occurrence of irAEs independent of affected organs (19, 20). In our
cohort, it remains uncertain whether ITGA4- or CXCR3-dependent
recruitment of Th1/Tc1 cells contributes to the expansion of the
Th1-like TRM compartment through recruitment of circulating TRM

precursor cells. However, antibodies targeting ITGA4 such as
natalizumab (anti-ITGA4) or vedolizumab (anti-ITGA4þITGB7)
have been demonstrated to have clinical efficacy for ICB-induced
meningoencephalomyelitis and steroid-refractory colitis (21, 22).
Our data support the notion that existing TRM cell pools with
upregulated inhibitory checkpoint molecules expand during ICB.
One additional factor that might be shaping the TRM cell pool
primarily is microbial antigen presentation, which is particularly
important in barrier organs such as skin and intestine. In a mouse
model, novel commensals in combination with ICB triggered a
T cell–mediated irAE dermatitis, with the vast majority of the
bacteria-specific T cells being TRM cells (23).

In contrast to the irAE samples, psoriasis showed stronger expres-
sion of Th17-related genes (24, 25). We observed some minor expres-
sion of IL5 in TRM cells of bullous irAE dermatitis. However, inves-
tigation of larger numbers of the rarer subtypes of irAEs will be needed
to evaluate the prevalence of a mixed Th1/Th2 response. We also
cannot completely exclude that there is some involvement of Th17
cells, in particular in patients with psoriasiform cirAEs (26), or that
preexisting psoriasis is exacerbated by ICB.Nonetheless, we observed a
Th1/Tc1 TRM-cell inflammation with dominant IFNg production
across different cirAEs (lichenoid, maculopapular, bullous) as well as
in irAE colitis. Other factors, such as genetic predisposition to specific
autoimmune conditions, also might become relevant in determining
the ultimate immune phenotype of cirAEs. The Th1/Tc1 TRM-cell
inflammation was seen in both patients treated with either anti-PD-1

monotherapy and those treated with anti–PD-1 þ anti–CLTA-4
combination therapy.

New targeted approaches of treating irAEs are desirable to avoid
systemic immune suppression that may impair antitumoral effector
T cells. In irAE microscopic colitis, treatment with a glucocorticoid
with low systemic absorption called budesonide has achieved
resolution (27). We found that TNFA was modestly upregulated
in psoriasis but quite strongly expressed in cirAEs. TNFa has been
reported to downregulate the sphingosine 1-phosphate receptor 1
(S1PR1) and induce CD69 expression on T cells (28), suggesting a
key functional role in generating a tissue-resident state. TNFa can
be produced by Th1 cells and by activated macrophages (29, 30).
The anti-TNF infliximab has already established efficacy in the
treatment of corticosteroid-refractory irAE colitis (31, 32). Further-
more, blocking TNFa preclinically has been shown to augment
antitumor immunity in melanoma (33). A clinical study in which
infliximab was combined with anti–PD-1 revealed that the efficacy
of ICB was preserved (34). Systemic TNFa blockade with infliximab
could become relevant for severe steroid-refractory irAE dermatitis.
Topical calcineurin inhibitors could target TNFa topically in less
severe cases. This treatment has shown efficacy in cutaneous
GVHD (35). The dominant Th1/Tc1 TRM-cell axis also suggests
the notion of topical therapy with JAK inhibitors should be inves-
tigated prospectively.
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