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Summary

The peripheral T cell repertoire of healthy individuals contains self-reactive T cellsl2, Checkpoint
receptors like PD-1 are thought to allow the induction of peripheral tolerance by deletion or

anergy of self-reactive CD8 T cells’~14, however this model is challenged by the high frequency of
immune-related Adverse Events (irAEs) in checkpoint receptor inhibitor-treated cancer patients!®.

We developed a novel mouse model where skin-specific expression of T cell antigens (Ags)

in the epidermis caused local infiltration of Ag-specific CD8 T cells with an effector gene
expression profile. In this setting, PD-1 allowed maintenance of skin tolerance by preventing
tissue-infiltrating Ag-specific effector CD8 T cells from 1) acquiring a fully functional, pathogenic
differentiation state, 2) secreting significant amounts of effector molecules, and 3) gaining access
to epidermal Ag-expressing cells. In the absence of PD-1, epidermal Ag-expressing cells were
eliminated by Ag-specific CD8 T cells resulting in local pathology.

"Corresponding author: Correspondence and requests for materials should be addressed to Nikhil S. Joshi. nikhil joshi@yale.edu.

Declaration of competing interests
The authors declare no competing interests.

Additional information
Source data are provided with this paper.
Supplementary Information is available for this paper.

Code availability

The custom code used in this article for quantification of epidermal thickness can be accessed at https://github.com/dakwok/The-
Histological-Inflammation-Computation-software.

The custom code used in this article for analysis of sScRNAseq data with PHATE (scprep package) can be accessed at https://
github.com/krishnaswamylab/scprep.

The custom code used in this article for analysis of sScRNAseq with MAGIC can be accessed at https://github.com/KrishnaswamyLab/
magic.

The CellPhoneDB algorithm can be accessed at cellphonedb.org.

The custom code used in this article for analysis of sScRNAseq data with the MELD package can accessed at https://github.com/
KrishnaswamyLab/MELD.


https://github.com/dakwok/The-Histological-Inflammation-Computation-software
https://github.com/dakwok/The-Histological-Inflammation-Computation-software
https://github.com/krishnaswamylab/scprep
https://github.com/krishnaswamylab/scprep
https://github.com/KrishnaswamyLab/magic
https://github.com/KrishnaswamyLab/magic
http://cellphonedb.org
https://github.com/KrishnaswamyLab/MELD
https://github.com/KrishnaswamyLab/MELD

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Damo et al. Page 2

Transcriptomic analysis of skin biopsies from two patients with cutaneous lichenoid irAEs showed
presence of clonally expanded effector CD8 T cells in both lesional and non-lesional skin. Thus,
our data support a model of peripheral T cell tolerance where PD-1 allows Ag-specific effector
CD8 T cells to co-exist with Ag-expressing cells in tissues without immunopathology.

Introduction

Extra-thymic peripheral T-cell tolerance prevents aberrant responses by CD8 T cells specific
for self-antigens (Ags) or harmless non-self-Ags2. Both T-cell intrinsic (anergy and

clonal deletion) and extrinsic (regulatory T cell (Treg)-mediated) mechanisms contribute

to peripheral tolerance. Anergy and clonal deletion directly shape the peripheral T cell
repertoire by restraining and eliminating potentially pathogenic T cells, respectively?.
Molecular signatures of anergy and clonal deletion are characterized by failure to acquire
effector functions or infiltrate Ag-expressing tissues, and result from tolerogenic Ag
presentation by dendritic cells (DCs) in peripheral lymphoid organs®®. Peripheral tolerance
breaks down in the absence of inhibition by checkpoint receptors (e.g., PD-1 and CTLA-4),
resulting in the presence of effector CD8 T cells’~12. However, while checkpoint receptor
blockade during peripheral tolerance /nduction generates effector CD8 T cells, CD8 T cell
anergy is not rescued by checkpoint receptor blockade once established3:14, This suggests
a binary process for peripheral tolerance induction in which checkpoint receptors determine
whether tolerogenic DCs drive differentiation of the CD8 T cells towards either a tolerant or
an effector state.

Immunotherapy with checkpoint receptor inhibitors (CPIs) results in immune-related
Adverse Events (irAEs) in up to 70% of cancer patients!®. irAEs are tisue-specific
autoimmune-like side effects that often correlate with increased T cell infiltration into
affected tissues and, in some cases, increases in T cell clonality16-20. Notably, irAEs affect
such a large fraction of patients that it is unlikely that all irAEs are due to CPI-mediated
exacerbation of ongoing (sub-clinical) autoimmune processes?t. This suggests that CPls
could drive the breakdown in peripheral tolerance by inducing pathogenic Ag-specific T cell
responses in non-autoimmune prone settings. Yet, this occurs at a time in life when anergy
and deletion should have pruned the peripheral T cell repertoire of pathogenic self-reactive
T cells. This raises questions about whether immunologically healthy subjects have self-
reactive T cells that are kept functionally tolerant because of checkpoint receptor-mediated
inhibition.

Limitations in experimental models, including leaky Ag-expression in thymus that results in
deletion of Ag-specific endogenous CD8 T cells and increased Treg generation, have made it
difficult to dissociate peripheral and central tolerance mechanisms, and thus, have hindered
our understanding of physiological peripheral tolerance mechanisms®-1422, To overcome
these limitations, we developed the iNversion INducible Joined neoAntigen (NINJA) mouse,
which allows for de novo induction of Ag expression in any peripheral tissue, without the
confounding influence of thymic tolerance on endogenous CD4 or CD8 T cells?3. NINJA
mice are on a hon-autoimmune prone C57BL/6 (B6) background, and thus we expect that
Ag induction in NINJA mice will result in peripheral tolerance via anergy or deletion
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of Ag-specific CD8 T cells. We previously observed that endogenous Ag-specific CD8 T
cells accumulated in skin following local NINJA Ag expression without development of
cutaneous pathology?3. Here, we use this model to study mechanisms of tolerance towards
skin-expressed Ags, investigate how cutaneous pathogenic responses are prevented and
explore the involvement of checkpoint receptors in these processes.

Checkpoint function in skin tolerance

To study the immunological outcome of de novo expression of peripheral Ags in the

skin, we bred “N/C” (Ro0sa26-NINJA/CreER™2; CAG-rtTA3 Tg) mice 2324, In N/C mice,
treatment with doxycycline (Dox)-containing food and topical 4-hydroxy-tamoxifen (4-OH-
Tam; applied on a selected area of the skin indicated by the red box in Fig 1A) induced
genetic recombinations that resulted in the expression of LCMV-derived GP33_43 (GP33)
and GPg1_gg (GP61) contained within GFP (Fig 1A and Extended Data Fig 1A). Flow
cytometric analysis 15 days after initiating Dox/4-OH-Tam treatment showed that 15 +
4% of skin cells from N/C were GFP+ (Ag-expressing), with 85 + 2% of these being
EpCAM+CD45- keratinocytes (Fig 1B and Extended Data Fig 1B). Confocal microscopy
confirmed that GFP expression in the N/C model was limited to the epidermal layer of the
skin (Fig 1C).

To test if checkpoint receptors regulated immunological tolerance in this model, N/C

mice receiving Dox/4-OH-Tam (henceforth referred to as “Ag ON” mice, as opposed to

“Ag OFF” negative control mice: either B6 mice, Dox/4-OH-Tam-treated NINJA mice, or
untreated N/C mice) were also treated with anti-PD-1 and anti-CTLA-4 blocking antibodies
(“Ag ON/CPI”, Fig 1A). Ag ON/CPI mice presented overt cutaneous pathology localized

to the Ag-expressing skin area (Fig 1D). To quantify disease severity in our model,

we developed a pathological scoring system from 0-300, evaluating local appearance of
erythema, lichenification and erosion/ulceration?®. Mice with normal skin had a pathological
score of 0, while scores from 1-15, 16-50, and >50 indicated mild, moderate, and severe
cutaneous disease, respectively ( Extended Data Fig 1C). Pathological scores in negative
control mice ranged from 0-10 (median = 0), while in Ag ON mice scores ranged from 0-40
(median = 2.5; Fig 1E and Extended Data Fig 1D). Notably, Ag-expressing skin in 83% of
Ag ON mice appeared normal or had signs of mild pathology, while Ag-expressing skin in
17% of Ag ON mice had moderate skin pathology ( Extended Data Fig 1D). By contrast,
the pathological scores in Ag ON/CPI mice were significantly higher, ranging from 10-130
(median = 90) (Fig 1E). Here, 28% of Ag ON/CPI had mild cutaneous disease, while the
remaining 72% had moderate or severe cutaneous disease ( Extended Data Fig 1D).

Histologically, cutaneous pathology in Ag ON/CPI mice was characterized by thickening

of the epidermis and stiffening of the dermis (Fig 1F). Epidermal thickness quantification
confirmed significant increases in Ag ON/CPI mice (24 + 7um) vs. Ag ON mice (14 +
2um) or negative controls (14 + 2um) (Fig 1G) and Keratin-10 staining showed visible
disruption of epidermal structure in Ag ON/CPI samples (Fig 1H). Thus, de novo skin-
specific expression of T cell Ags and CPI treatment led to localized cutaneous disease in the
N/C model.
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CPIs cause elimination of Ag+ skin cells

Ag-expression in skin was associated with local infiltration of T cells in both Ag ON and Ag
ON/CPI mice (Fig 2A). Unlike CD4 T cells, CD8 T cells infiltrating the Ag-expressing skin
in Ag ON and Ag ON/CPI mice were significantly increased compared to negative controls
(25.8£19.2and 61.4 £47.1 CD8 T cells/mg vs. 4.1 + 3.1 CD8 T cells/mg, respectively)

( Extended Data Fig 2A). Among skin-infiltrating CD8 T cells, GP33 (Ag)-specific cells
were undetectable in negative control mice but were present in both Ag ON (0.2 £ 0.08%;
1+ 1 cells/mg) and Ag ON/CPI (2 = 1%; 15 * 11 cells/mg) samples (Extended Data Fig
2B,C). In line with this, depletion of CD8 T cells alone or in combination with CD4 T cells
led to significantly decreased median pathological scores in Ag ON/CPI mice (7.5 or 15

vs. 90, respectively), while depletion of CD4 T cells alone did not (140 vs. 90; Fig 2B and
Supplementary Fig 1). Moreover, the pathological scores of CD8 or CD4/8 T cell-depleted
Ag ON/CPI mice were not statistically different from those of Ag ON mice (median = 2.5,
Fig 2B).

To define the CD8 T cell-dependent mechanism of cutaneous disease in Ag ON/CPI mice,
we utilized N/C mice adoptively transferred with naive Thy1.1/1.1+ dsRED- or firefly
Luciferase (fLuc)-expressing GP33-specific CD8 T cells from TCR transgenic P14 mice26
(referred to as P14 CD8 T cells). We confirmed that presence of P14 CD8 T cells did

not alter the phenotypes observed in Ag ON and Ag ON/CPI mice (Supplementary Fig

2). fLuc-expressing P14 CD8 T cells were imaged by VIS and became detectable 2 days
after starting Dox/4-OH-Tam treatment only in Ag-expressing mice (Fig 2C). By day 5, the
fLuc signal was present in Ag ON and Ag ON/CPI mice, likely in inguinal lymph nodes
(draining the Ag-expressing skin area, dLNs) and spleen, but not in Ag-expressing skin

(Fig 2C). However, by day 10, the fLuc signal was detected in the skin of Ag ON and Ag
ON/CPI mice and was largely restricted to the Ag-expressing areas (Fig 2C). While the fLuc
signal measured at day 10 in the Ag-expressing skin area of Ag ON/CPI mice was higher
than in Ag ON mice (average radiance of day 10 ROIs shown in Fig 2C =3* 105+ 1

* 10° photons/sec/cm2/sr vs. 7 * 104 + 2 * 104 photons/sec/cm2/sr, Fig 2D), both Ag ON
and Ag ON/CPI mice had early and sustained skin infiltration by Ag-specific CD8 T cells,
suggesting that the cutaneous disease score differences between Ag ON and Ag ON/CPI
mice were not simply the result of a kinetic difference of skin infiltration by the Ag-specific
CD8 T cells. Of note, Ag-specific P14 CD8 T cells persisted in Ag-expressing skin for up

to 31 days after initiating Dox/4-OH-Tam treatment without causing overt cutaneous disease
( Extended Data Fig 3A-F).

Confocal microscopy analysis of Ag-expressing skin at experimental endpoint (day 15)
confirmed presence of dSRED+ P14 CD8 T cells in both Ag ON and Ag ON/CPI mice and
showed that P14 CD8 T cells were mostly localized in the dermis in Ag ON mice, while
infiltrating the epidermis in Ag ON/CPI mice (Fig 2E). In line with this, development of
localized cutaneous disease in N/C mice was associated with CD8 T cell-dependent loss of
Ag-expressing cells (mostly EpCAM+CD45- keratinocytes) in the 4-OH-Tam-treated skin
area in Ag ON/CPI mice vs. Ag ON mice (10 £ 7% vs. 23 + 6% of total skin cells, Fig 2F,G
and Supplementary Fig 3).
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PD-1 controls CD8 T cell location

In the presence of skin-specific Ag expression, skin-infiltrating Ag-specific CD8 T cells
upregulated surface expression of PD-1 (MFI = 6013 + 636 and 2196 + 1042 in Ag ON
and Ag ON/CPI mice, respectively) and CTLA-4 (MFI = 2038 + 203 and 1472 £ 81 in Ag
ON and Ag ON/CPI mice, respectively, Fig 3A). Following the same experimental schedule
shown in Supplementary Fig 2A, we then compared the outcome of single-agent blockade
in Ag-expressing mice. PD-1 blockade alone was sufficient to cause moderate-to-severe
cutaneous disease (pathological scores 30-160, median = 105), but blockade of CTLA-4
as a single agent was not (pathological scores 0-90, median = 25) (Fig 3B). Of note,

the cutaneous disease developed in Ag ON/CPI mice receiving single blockade of PD-1
appeared less severe than in Ag ON/CPI mice treated with dual blockade of PD-1/CTLA-4
(median = 145), although differences were not statistically significant (Fig 3B).

To test if PD-1-mediated regulation acted intrinsically to Ag-specific CD8 T cells to prevent
cutaneous pathology in our model, we used the CRISPR/Cas9 technology to knock out PD-1
in naive Thyl.1+dsRED+ P14 CD8 T cells prior to adoptive transfer into N/C recipients
(Supplementary Fig 4). Following skin-specific Ag induction, both PD-1 KO and mock-
edited PD-1 wt P14 CD8 T cells infiltrated the Ag-expressing skin area (0.3 + 0.1% and

23 £ 11% of total skin cells, respectively, Fig 3C), however, while mice receiving PD-1 wt
P14 CD8 T cells (“Ag ON/PD-1 wt” mice) had pathological scores ranging 0—200 with 55%
of mice displaying normal skin or mild cutaneous pathology in Ag-expressing skin (overall
median = 10), 100% of mice receiving PD-1 KO P14 CD8 T cells (“Ag ON/PD-1 KO”
mice) developed moderate-to-severe cutaneous pathology in the Ag-expressing skin area
(pathological scores 30-215, median = 110) (Fig 3D). Cutaneous pathology was associated
with significant loss of Ag-expressing skin cells in Ag ON/PD-1 KO mice compared to Ag
ON/PD-1 wt mice (1 + 0.5% and 15 + 13% of total skin cells, respectively, Fig 3E), in line
with consistent epidermal infiltration by the PD-1 KO P14 CD8 T cells (Fig 3F).

Because P14 CD8 T cells were already primed and expanding by day 5 after initiating
Dox/4-OH-Tam treatment (Fig 2C), we next tested whether skin pathology would develop if
PD-1 blockade was initiated 5 days after beginning Dox/4-OH-Tam treatment ( Extended
Data Fig 3G). Delayed PD-1 blockade (day 5) led to cutaneous pathology that was
comparable to mice receiving Dox/4-OH-Tam and PD-1 blockade concomitantly (day

0) ( Extended Data Fig 3H), suggesting that PD-1 regulates CD8 T cell pathogenicity
independent of priming by DCs. Together, our data suggest that PD-1 maintains skin
tolerance in our model by preventing Ag-specific CD8 T cells from accessing Ag-expressing
cells in the epidermis.

Skin cellular makeup after Ag +/- CPls

We next assessed transcriptomic differences at experimental endpoint (day 15) between

Ag OFF, Ag ON, and Ag ON/CPI skin using single-cell RNA sequencing (scCRNAseq)
(Supplementary Fig 5). Based on analysis with UMAP, our skin samples contained epithelial
cells, fibroblasts, myeloid cells, and T cells ( Extended Data Fig 4A,B), however the fraction
of epithelial cells was particularly decreased in Ag ON/CPI mice (representing 67%, 46%
and 18% of all cells in Ag OFF, Ag ON and Ag ON/CPI mice, respectively) while the
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fraction of both T cells (25% vs. 40% and 67%, respectively) and myeloid cells (5% vs.
12% and 14%, respectively) were increased in Ag ON and Ag ON/CPI mice compared to
Ag OFF mice ( Extended Data Fig 4C,D). These differences were corroborated by analyzing
our scRNAseq dataset with PHATE27 ( Extended Data Fig 4E,F). Further analysis showed
that Ag induction decreased the fraction of y& T cells and increased af T cells in skin
(particularly Dsred-expressing P14 CD8 T cells), and this was exacerbated by CPI treatment
( Extended Data Fig 4G-K). Thus, in line with our flow cytometric findings, substantial
changes in the cellular makeup of the skin following Ag induction and CPI treatment were
confirmed at the transcriptional level.

Local CD8 T/myeloid cell interactions

The cellular changes observed in Ag ON mice suggested that tolerance in skin could be
associated with local events of tissue remodeling. This was exemplified by the quantitative
and qualitative changes in local myeloid cells following skin-specific Ag expression. Ag-
induction led to local decreases in Langerhans cells (Epcaml Cd207-expressing cells) and
increases in CD11b+CD11c+CD16+ macrophages (/tgaml ltgaxi Cd16-expressing cells) and
CD11b-CD11c+ DCs (/tgax-expressing cells), and this was enhanced by CPI treatment

(Fig 4A,B and Extended Data Fig 5A-C). Using flow cytometry, we observed a ~10-fold
increase in the frequency of CD11b+CD11c+CD16+ cells between Ag OFF (0.6 £ 0.1%

of CD45+EpCAM- cells) and Ag ON (5 = 2%) or Ag ON/CPI (6 + 2%) mice (Fig 4C

and Extended Data Fig 5D), and this increase was CD8 T cell-dependent (Fig 4C). The
CD11b+CD11c+CD16+ cells that infiltrated skin upon local Ag expression had surface
expression of MHC-1 (H2Db), PD-L1, CD80, and CD86, and these changes were also CD8
T cell-dependent (Fig 4D and Extended Data Fig 5D). MHC-I and PD-L1 are upregulated by
IFNy signaling2®. In Ag-expressing mice, CD8 T cells were the only /fg-expressing skin
population ( Extended Data Fig 5E,F), while CD11b+CD11c+CD16+ cells expressed both
Ifngr and /fngr2 and downstream IFN-y target genes (StatZ, Irf1, Ifitm1, Ifit1, and /fit2;
Extended Data Fig 5G). Expression of Type | and 111 IFNs was not detected in any cell (data
not shown).

Confocal microscopy showed accumulation of CD11b+ cells in the dermis of Ag-expressing
mice, where most Ag-specific CD8 T cells were found in the Ag ON condition (Fig 4E and
Fig 2E). Using the CellPhoneDB algorithm?®, we assessed the cell-cell interactions in the
skin of Ag OFF, Ag ON, and Ag ON/CPI mice. The most numerous and significant ligand/
receptor pairs expressed in both Ag ON and Ag ON/CPI mice were in myeloid cellsand T
cells (Supplementary Fig 6). These included chemokines Cxc/9, Cxcl10, Cxcl/16 and their
receptors Cxcr3and Cxcr6 expressed by myeloid cells and T cells, respectively, chemokines
Ccl3, Ccl4, Ccl5and their receptors Ccr1 and Ccr5expressed by both myeloid cells and T
cells, the macrophage migration inhibitory factor M/Fand its receptor Ca74 expressed by

T cells and myeloid cells, respectively, and checkpoint receptors Pdcdl, HavcrZ, Cd47 and
their ligands Cad274, PdcdllgZ, Lgals9expressed by T cells and myeloid cells, respectively
( Extended Data Fig 6A,B). Thus, our analysis showed that, under conditions of skin
tolerance, local infiltration of Ag-specific CD8 T cells led to changes in myeloid cell
populations and revealed a complex network of potentially redundant signals that could
mediate interactions between Ag-specific CD8 T cells and myeloid cells.
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CPIs unleash CD8 T cell pathogenicity

Given the visible differences between Ag ON and Ag ON/CPI mice, we asked if CPIs
directly affected the functional state of skin-infiltrating Ag-specific CD8 T cells. We
hypothesized two models of how checkpoint receptors maintained Ag-specific CD8 T cell
tolerance in skin: a bifurcated model, in which presence of checkpoint receptors drives T
cell differentiation towards a tolerant state and absence of checkpoint receptors leadstoa T
cell pathogenic state; or a linear model, where checkpoint receptors alter the degree to which
CD8 T cells differentiate along a common pathway, with the tolerant and pathogenic states
being different, but consecutive, states along the differentiation trajectory (Fig 5A). Based
on previous literature®14, we initially favored the idea that T cells in the N/C model would
follow a bifurcated differentiation trajectory. To assess this, we analyzed differential gene
expression between skin-infiltrating P14 CD8 T cells in Ag ON and Ag ON/CPI mice (Fig
5B and Extended Data Fig 7A). Surprisingly, this analysis indicated that Ag-specific CD8
T cells in these conditions had comparable transcriptional profiles (Fig 5C), characterized
by the expression of genes associated with T cell activation and effector function (for
example, Gzma, Gzmb, Ifng, Cd28, Ccl3, Ccl5; Fig 5D and Extended Data Fig 7B). T

cell checkpoint receptors (Pdcdl, HaverZ, Lag3and Tigit) were also similarly expressed

in Ag ON and Ag ON/CPI mice (Fig 5D and Extended Data Fig 7B). Very few genes
appeared differentially expressed between these two conditions, specifically Gzma, Ifitm1
and /fitm2, Lyée, Itgae, 1171, Ccl3, and /fi27/2a (Fig 5C). Notably, Ag-specific CD8 T cells
in Ag ON/CPI mice upregulated /tgae (CD103), which is consistent with their epidermal
localization 30 (Fig 5C,D). However, the lack of significant difference in /fagand Tnf
expression was particularly striking, as we found that skin-infiltrating P14 CD8 T cells from
Ag ON/CPI mice produced and secreted higher amounts of these proteins compared to Ag
ON mice following ex vivo Ag stimulation and flow cytometric analysis (Fig 5E,F). This
evidence suggested that some differences in key effector functions of the Ag-specific CD8
T cells from Ag ON and Ag ON/CPI mice were the consequence of post-transcriptional
regulation.

Despite the transcriptional similarities, MELD analysis3! was used to quantify the likelihood
of finding P14 CD8 T cells in each one of the experimental conditions (Fig 5G and Extended
Data Fig 7C), and this analysis suggested a population shift in Ag ON/CPI mice. To
investigate this, we defined the differentiation trajectories of the skin-infiltrating P14 CD8 T
cells from Ag ON and Ag ON/CPI mice using pseudotime analysis (Fig 5H and Extended
Data Fig 7D,E). In both conditions, P14 CD8 T cells were largely in “later” pseudotime
(0.5-1), with most cells between 0.9 and 1. By following the normalized expression of
several effector genes across pseudotime, we found that similar changes in expression

were observed as T cells increased in pseudotime between the Ag ON and Ag ON/CPI
conditions ( Extended Data Fig 7F). However, CPI treatment resulted in a further shift

of the P14 CD8 T cell population towards the more differentiated end of the pseudotime
spectrum (1), indicating that the observed increases in expression for genes like Gzma,
Ifitm1, Ifitm2, Ly6e, Itgae, and //7rwere due to a higher proportion of cells reaching

the late stage of differentiation where these genes were upregulated, and not due to a
bifurcated differentiation trajectory. To test this finding with an alternative method, we
compared the transcriptional profiles of P14 CD8 T cells from Ag ON and Ag ON/CPI
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mice to GP33-specific CD8 T cells from mice infected with LCMV-Clonel3 (day 28

post infection), which do undergo a bifurcated differentiation process32, and from mice
infected with LCMV-Armstrong (day 28 post infection), which instead undergo a linear
differentiation process3® (Extended Data Fig 8A—C). Unlike in LCMV-Clone13 infection,
where stem-like GP33-specific CD8 T cells differentiate into either effector or exhausted
cells, the tolerant (Ag ON) and pathogenic (Ag ON/CPI) GP33-specific CD8 T cells were
in a single overlapping cluster (note the projecting “tail” composed of proliferating T cells),
more in line with the linear memory precursor-to-terminal effector cell differentiation seen
following LCMV-Armstrong infection. Thus, our data were consistent with peripheral CD8
T cell tolerance in skin being mediated via a linear differentiation process, where checkpoint
receptors prevent Ag-specific CD8 T cells from reaching a fully differentiated, pathogenic
state.

N/C mice model cutaneous lichenoid irAEs

The macroscopic appearance of the cutaneous disease in Ag ON/CPI mice was reminiscent
of cutaneous lichenoid irAEs that are found in patients after CPI immunotherapy,
particularly with PD-1/PD-L1 blockade (Fig 6A)17:34. For example, both Ag ON/CPI mice
and patients with lichenoid irAEs presented with scaled crust, reticular scales and papules
at the macroscopic level (Fig 6B) and necrotic keratinocytes, spongiosis and lymphocytic
accumulation at the dermis/epidermis interface at the microscopic level (Fig 6C).

By scRNAseq analysis of punch biopsies from matched affected (lesional) and normal
(non-lesional) skin from two patients with confirmed diagnoses of lichenoid irAE and three
healthy donors (Extended Data Fig 9 and Supplementary Table 1) we identified a cluster of
CD8 T cells (Cluster 1) in both lesional and non-lesional skin characterized by expression
of genes coding for T cell effector molecules (Gzma, Gzmb, Ifng, and 7Tnf) and activation
genes (Ca28, Mki67, Itgae, Ccl3, and Ccl5), as well as checkpoint receptor-coding genes
(Pdcdl, Lag3and Tigif) (Fig 6D, Extended Data Fig 10A-H, and Supplementary Table 2),
consistent with recent findings in cutaneous irAEs20. Moreover, scatterplot analysis showed
that the gene expression profiles of Cluster 1 cells in lesional and non-lesional skin were
comparable (Fig 6E; Supplementary Table 3). These data indicated that the N/C model of
cutaneous immunopathology is faithful to many of the features of CPI-dependent lichenoid
irAEs in humans. Moreover, our analyses showed that, similarly to the N/C model, CD8 T
cells with effector capacity existed in both normal and diseased human skin from lichenoid
irAE patients and that these cells were transcriptionally similar in the two conditions.

Paired V(D)J sequencing of lesional and non-lesional skin samples identified 740 cells
expressing 7RAV/TRBV sequences shared by at least two cells, for a total of 258 different
clones ( Extended Data Fig 101,J and Supplementary Table 4). Of these clones, 14 were
found in healthy donor skin, while the remaining 244 were sequenced in lesional and/or
non-lesional skin and had sizes ranging from 2 to 30 cells (Supplementary Table 4). Lesional
skin was infiltrated by numerous expanded T cell clones. The four biggest clones found

in this sample were composed by more than 10 cells and included CD8 T cells from

Cluster 1 exclusively (Fig 6F). Clones of non-cytotoxic CD8 T cells (Clusters 2-5) were
also found in lesional skin, but these clones were smaller (2-10 cells) and often contained
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cells from at least two different clusters ( Extended Data Fig 10J). Of note, non-lesional

skin also contained some expanded clones of Cluster 1 CD8 T cells, the biggest of which
was composed of 6 cells (Fig 6F). Two expanded clones of Cluster 1 CD8 T cells were
found in both lesional and non-lesional skin, and one of these clones was significantly
expanded in lesional vs. non-lesional skin (15 vs 3 cells, respectively; Fig 6F). Together,

our findings suggests that CD8 T cells are likely involved in the pathogenesis of cutaneous
lichenoid irAEs and are consistent with a model of peripheral tolerance in skin where
human skin-infiltrating CD8 T cells with effector properties are restricted from causing local
pathology due to PD-1 function.

Discussion

The peripheral T cell repertoire in healthy humans contains naive self-Ag-specific CD8 T
cells with frequencies and TCR affinities similar to those of pathogen-specific T cells!-2,
thus suggesting a critical role for peripheral T cell tolerance mechanisms in maintaining
immune homeostasis?2. Numerous studies have pointed at the pruning of potentially
pathogenic CD8 T cells from the peripheral repertoire via clonal deletion and anergy as
key mechanisms of peripheral T cell tolerance*-6:4-12, However, self-Ag-specific T cells
have been shown to escape peripheral tolerance3® and thus the question remains as to how
immunopathology is avoided in immunologically healthy individuals.

Checkpoint receptors have been linked to the induction of peripheral CD8 T cell tolerance
via clonal deletion and anergy’:%-14. However, under physiologic conditions, it remains
uncertain if immune checkpoint receptors also maintain self-reactive CD8 T cells in a
tolerant state. The high frequency of irAEs in patients receiving CPl immunotherapyl®

led us to hypothesize that peripheral self-Ag-specific CD8 T cells could be held in a non-
pathogenic (tolerant) state by checkpoint receptors, thus maintaining immune homeostasis.

In the N/C model, skin-infiltrating CD8 T cells specific for a locally expressed Ag had a
transcriptional signature of effector T cells, yet they co-existed in skin with cells expressing
their cognate Ag for up to 30 days. This state of tolerance was maintained thanks to the
function of the checkpoint receptor PD-1 and was distinct from the anergic states described
in classical experimental models of peripheral tolerance, where T cells never acquired
effector functions (like Granzyme B expression) or infiltrated Ag-expressing tissues 4-6:9-14,
Instead, our data support a linear differentiation model under homeostatic conditions in
which checkpoint receptors maintain local CD8 T cell tolerance and prevent skin pathology
by (1) preventing most Ag-specific effector CD8 T cells from reaching a fully differentiated,
highly pathogenic state, (2) limiting effector capacity at the post-transcriptional level,
possibly due to metabolic regulation38, and (3) restricting the access of Ag-specific CD8

T cells to the epidermis, where Ag-expressing cells are located. Tolerant CD8 T cells

in Ag ON mice were largely restricted to the dermis, in line with a role for PD-1/

PD-L1 interactions in restricting T cell motility3” and interfering with Ag recognition38.
Interactions between skin-infiltrating Ag-specific CD8 T cells and CD11b+CD11c+CD16+
macrophages in the dermis could help maintain T cells tolerant and physically separated
from Ag-expressing epidermal cells, as myeloid cells have been previously shown to

control localization and maintenance of CD8 T cells in skin, especially via the CXCL16/
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CXCR6 axis®®. Thus, while de novo Ag expression in the skin of N/C mice promoted the
differentiation of effector CD8 T cells, peripheral tolerance could still be maintained by

the function of checkpoint receptors and via interactions between CD8 T cells and myeloid

cells.

The mechanisms by which CPIs caused loss of tolerance towards skin-expressed Ags

appeared different from the mechanisms by which CPI immunotherapy boosts T cell
responses in chronic viral infection and cancer. In cancer, for example, tumor-infiltrating
stem-like precursor CD8 T cells are required for CPI therapeutic effectiveness 4. In

this context, stem-like precursor CD8 T cells undergo bifurcated differentiation into an
exhausted or an effector state and CPI immunotherapy is thought to promote the latter

41 However, when we conducted an integrated sScRNAseq analysis of GP33-specific CD8
T cells from different experimental settings, we noted that, unlike GP33-specific CD8 T
cells undergoing exhaustion, tolerant GP33-specific CD8 T cells from the skin of N/C
mice did not contain stem-like cells. This observation also suggests fundamental biological
differences between the process of T cell tolerogenesis in skin and the process of T cell
exhaustion.

In conclusion, our data support the hypothesis that checkpoint receptors like PD-1 function
as gatekeepers of tissue homeostasis by allowing the presence of functional T cells in
peripheral tissues without immunopathology. We speculate that CPI immunotherapy may
interfere with these local regulatory networks, thus resulting in irAEs. Future studies will
be focused on understanding how and where naive skin Ag-specific CD8 T cells become
tolerant, as both clinical 42 and experimental 43-45 evidence has shown that checkpoint
receptor-mediated regulation of T cells may occur at multiple anatomical sites.

Mouse studies

All studies were carried out in accordance with the guidelines of the Declaration of Helsinki
and approved by the Institutional Animal Care and Use Committees of Yale University
(IACUC #2022_20112). All mice were bred in specific pathogen-free conditions. 6-12
week old female and male mice with the correct genotype were randomly allocated to
experimental groups. The minimum sample size was chosen to reach statistical significance
compared to control mice.

Human samples

For histological analysis, cases of lichenoid cutaneous irAEs were identified by searching
the Yale Dermatopathology clinical case database. Selected cases were de-identified

and H&E-stained slides from clinical biopsy samples were imaged. These studies were
conducted according to the guidelines of the Declaration of Helsinki and approved by the
Yale Institutional Review Board (IRB protocol #1501015235).

For scRNAseq analysis (see details below), 4mm skin punch biopsies were obtained from
lesional and non-lesional (back) skin from two patients with active lichenoid irAE occurring
while undergoing treatment with PD-1 inhibitors. The diagnosis of lichenoid irAE was
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confirmed by the patients’ primary dermatologist. Both patients were treating their eruptions
with topical triamcinolone 0.1% ointment at the time of biopsy. Additionally, three healthy
donors were recruited to obtain control skin punch biopsies (also back). The study was
conducted according to the guidelines of the Declaration of Helsinki and was approved

by the Yale Institutional Review Board (IRB protocol #2000027571), and all patients

and healthy donors were consented. To obtain single cell suspensions, biopsy specimens
were incubated in 1% Dispase Il (Sigma-Aldrich, cat. D4693) in RPMI with 10% FBS

for 45min at 37°C, followed by mincing with scalpel, incubation in 0.05% Liberase TL
(Sigma-Aldrich, 05401020001) in RPMI with 10% FBS and 0.008% DNase | (Roche, cat.
10104159001) for 45min at 37°C, and then straining through 40pum mesh.

Mouse strains and genotyping

C57BL/6J (B6) mice were purchased from JAX (stock # 000664) and bred in house. NINJA
mice were generated as previously described 23. NINJA x CAG-rtTA3 were generated

by crossing NINJA mice to CAG-rtTA3 mice (JAX, stock # 016532) and are henceforth
referred to as NINJA. N/C (Rosa26-NINJA/CreER2; CAG-rtTA3 Tg) mice were generated
by crossing NINJA mice to R26-CreERT2 mice (JAX, stock # 008463). Thy1.1/1.1+
fLuciferase- or dsSRED-expressing TCR transgenic P14 mice were generated in house by
crossing Thy1.1/1.1+ P14 mice 26 to fLuciferase-expressing mice (JAX, stock #025854)

or dsRED-expressing mice (JAX, stock #006051). For genotyping, mouse tail DNA was
amplified using GoTagq G2 Green Master Mix (Promega, cat. M7823) or KAPA Taq

PCR Kit (Takara Bio, cat. R0O40A). Primers Rosa26 WT F, Rosa26 WT R, and Rosa26
Ninja R (Supplementary Figure 7) were used for genotyping of the NINJA allele, with
expected bands of 378bp for WT allele and 280 bp for NINJA allele. For CAG-rtTA3
genotyping, primers CAGrtTA common F, CAGTA WT R and CAGrtTA Transgene R
(Supplementary Figure 7) were used and expected bands were 360bp for WT allele and
330bp for Transgene. For R26-CreERT2 genotyping, primers generic-Cre_1, generic-Cre_2,
generic-Cre_3 and generic-Cre_4 (Supplementary Figure 7) were used with expected bands
of 500bp for internal control and 320bp for Transgene. For P14 genotyping, primers P14r

F and P14r R (Supplementary Figure 7) were used with expected band of 300 bp for
Transgene. For fLuciferase genotyping, primers 10946, 10947, oIMR7338 and 0oIMR7339
(Supplementary Figure 7) were used with expected bands of 324bp for internal control and
200bp for Transgene. For dsRED genotyping, primers olMR3847, 0IMR4110, oIMR7338
and 0lMR7339 (Supplementary Figure 7) were used and expected bands were 324bp for
internal control and 208bp for Transgene.

In vivo induction of NINJA antigens in the skin and antibody treatments

Mice were fed Dox-containing food (Envigo Teklad, cat. TD.120769) for ten consecutive
days. Mice also received four doses of a 50mg/mL solution of 4-OH-Tam (Millipore Sigma,
cat. T176) in DMSO (AmericanBIO, cat. AB03091) that was painted on the indicated area
of the skin on the lower back of each experimental mouse (20-30uL/dose) every other day
starting the day after addition of Dox diet.

Nature. Author manuscript; available in PMC 2024 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Damo et al.

Page 12

For CPI treatment, PD-1 blocking antibody (clone 29F.1A12) and CTLA-4 blocking
antibody (clone 9D9) were administered either in combination or as single agents at 100ug/
antibody/mouse every third day starting on the day of Dox diet addition for four total doses.

For T cell depletion, CD8 depleting antibody (clone 53-6.7) and CD4 depleting antibody
(clone GK1.5) were administered either in combination or as single agents at 200ug/
antibody/mouse every third day starting one week prior to Dox diet addition for seven total
doses. Detailed information on antibodies is provided in the Reporting Summary.

Knock-out of PD-1 in P14 CD8 T cells

Naive dsRED+ P14 CD8 T cells were isolated from spleen using the EasySep

CD8 T cell negative selection kit (STEMCELL Technologies, cat. 19853)

according to manufacturer’s instructions. Gene editing protocol was adapted from*6,
Briefly, Cas9/sgRNA ribonucleoproteins (RNPs) were formed by mixing PD-1-

targeting (5’-GACACACGGCGCAAUGACAG-3’) or non-targeting control sgRNA (5’-
GCACUACCAGAGCUAACUCA-3’) (CRISPRevolution sgRNA EZ Kit, Synthego) with
Cas9 nuclease V3 (IDT, cat. 1081059). 5-10 * 10% dsRED+ P14 CD8 T cells were

mixed with Cas9/sgRNA RNPs and electroporated with the Lonza P3 Primary Cell
4D-Nucleofector X kit (cat. V4XP-3032) according to manufacturer’s instructions. 10°
electroporated dSRED+ P14 CD8 T cells were then transferred into N/C recipients by retro-
orbital injection (1.V.) one day prior to initiating Dox/4-OH-Tam regimen for skin-specific
Ag induction. Leftover electroporated P14 CD8 T cells were used to extract genomic DNA
(DNeasy Blood & Tissue kit, Qiagen, cat. 69504) or were restimulated /n vitro with hlL-2
(PeproTech, cat. 200-02) and anti-CD3/CD28 Dynabeads (ThermoFisher Scientific, cat.
11452D) to confirm PD-1 knock-out by Sanger sequencing and flow cytometry, respectively.

LCMV infections

B6 mice were infected with LCMV-Armstrong at 2 * 10° pfu/mouse I.P. or LCMV-Clone13
at 4 * 108 pfu/mouse 1.V. Mice were euthanized 8 or 28 days after infection to collect
spleens. Both LCMV-Armstrong and LCMV-Clonel3 were produced in house.

Preparation of skin, LN cells, and spleen cells, in vitro antigen-specific restimulation and
flow cytometry

4-OH-Tam-treated skin was harvested at experimental endpoint and processed using the
mouse epidermis dissociation kit according to manufacturer’s instructions (Miltenyi, cat.
130-095-928). LN and spleen cells were harvested and processed as previously described 23,

For Ag-specific restimulation, 1 * 108 cells from skin were cultured for 6hr at 37°C

in 5% CO, in complete RPMI-1640 (10% HI-FBS, 55uM beta-mercaptoethanol, 1x Pen/
Strep and 1x L-Glut) supplemented with LCMV GP33_41 peptide (0.5pug/mL, AnaSpec, cat.
AS-61296) or left unstimulated in the presence of 10* wild-type congenically marked donor
LN Ag-presenting cells.

For flow cytometric analysis or FACS, 1-5 * 10° cells were stained with 1:300 dilutions of
antibodies specific for surface markers Thy1.2 (30-H12), Thyl.1 (OX-7), CD8a (53-6.7),

Nature. Author manuscript; available in PMC 2024 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Damo et al.

Page 13

CD8p (53-5.8), CD4 (GK1.5 or RM4-4), CD44 (IM7), PD-1 (29F.1A12), CTLA-4 (UC10-
4B9), EpCAM (G8.8), CD45 (30-F11), CD11b (M1/70), CD11c (N418), PD-L1 (10F.9G2),
and CD107a (1D4B). Tetramers for H2Db/GP33_41-specific CD8 T cells were obtained from
the NIH Tetramer Core Facility. For intracellular staining, cells were processed using the
Fixation/Permeabilization kit from BD Biosciences (BD Cytofix/Cytoperm, cat. 554714)
following manufacturer’s instructions and stained with 1:200 dilutions of antibodies specific
for GrzA (3G8.5), GrzB (GB11), IFNy (XMG1.2) and TNFa (MP6-XT22). Detailed
information is provided in the Reporting Summary. Samples were analyzed on a BD
Biosciences Symphony A5 flow cytometer or sorted on a BD Biosciences FACSAria flow
cytometer using BD Biosciences FACSDiva software v6.1.3.

In vivo imaging by IVIS

IF/IHC

Hair was removed from back of mice and mice were adoptively transferred with 5 x 103
fLuc+ P14 T cells by retro-orbital injection (1.V.) one day prior to initiating Dox/4-OH-Tam
regimen. Two, five, ten, fourteen, twenty-five or thirty days later mice were injected I.V.
with a PBS solution containing 3mg of luciferin/mouse (XenoLight D-Luciferin - K+ Salt,
PerkinElmer, cat. 122799) and imaged using an /n Vivo Imaging system instrument with
Living Image Software v4.7.3 (IVIS, PerkinElmer).

For adoptive transfer experiments, mice were adoptively transferred with 5 x 103 dsSRED+
P14 T cells by retro-orbital injection (1.V.) one day prior to initiating Dox/4-OH-Tam
regimen. Mice were euthanized at experimental endpoint to collect 4-OH-Tam-treated skin.

For IF, tissue was fixed overnight at 4°C with a paraformaldehyde-lysine-periodate fixative
(PLP), subsequently cryoprotected with 30% sucrose in PBS for 6-8hr at 4°C, and then
embedded in cryomolds with 100% optimum cutting temperature (O.C.T.) compound
(VWR, cat. 25608-930) on dry ice for freezing. Tissue sections were stained with 1:200
dilutions of primary antibodies specific for CD3e (SP7), CD8p (YTS156.7.7), CD11b
(M1/70), Keratin-10 (DE-K10) or Thy1.1 (OX-7) followed by staining with 1:200 dilutions
of AF488 goat-anti rabbit, AF647 goat anti-rat, or AF594 goat anti-mouse secondary
antibodies as previously described 23 and processed with Vectashield Antifade mounting
medium with DAPI (Vector Laboratories, cat. H-1200-10). Imaging was performed on a
Leica SP5 confocal microscope with LAS X LS software (Leica).

For IHC, skin tissues were fixed in a 1x formaldehyde solution in PBS (Millipore-Sigma,
cat. 252549) and then embedded in paraffin and sectioned by the Yale School of Medicine
Comparative Pathology Research Core. All skin tissues were processed and stained with
H&E or with 1:200 dilutions of primary antibodies specific for CD3e (clone SP7) or dSRED
(polyclonal) followed by staining with a 1:200 dilution of HRP goat anti-rabbit secondary
antibody as previously described 23, Detailed information is provided in the Reporting
Summary. Imaging of IHC samples was performed using an EVOS Imaging System with
EVOS M5000 software (ThermoFisher Scientific).

Nature. Author manuscript; available in PMC 2024 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Damo et al. Page 14

Epidermal thickness score calculation

H&E-stained slides were obtained and imaged from each experimental sample as described
above. Three independent ROIs were considered in each H&E image from various locations
along the epidermis. Epidermal thickness was then calculated within each ROI by The
Histological Inflammation Computation (THIC) analysis in MATLAB vR2020b. Briefly, the
pixel area and perimeter of each ROl were defined by the total number of white pixels and
the boundary length of the observed binary epidermis. For each ROI, epidermis thickness in
pum was calculated by dividing the ROI area by the perimeter. MATLAB code for initializing
the THIC GUI and project files are available to use for research purposes only at https://
github.com/dakwok/The-Histological-Inflammation-Computation-software.

Cutaneous pathological severity scoring calculation

Experimental mice were scored blindly. The scoring method is based on the Lichen Planus
Severity Index 2°. Briefly, each pathological score is calculated at experimental endpoint
by assigning weights to the various morphologies of skin pathology: erythema (weight =
1), scale (weight = 1), lichenification (weight = 2), and erosion/ulceration (weight = 4).
For each morphology seen in a given experimental mouse, the weight of that morphology
is multiplied by the percentage of “at-risk” skin involved, defined as the area treated with
topical 4-OH-Tam. These products are calculated for each morphology of lesion, and the
results are summed, giving the final pathological score.

Single-cell RNA sequencing

For Ag OFF, Ag ON and Ag ON/CPI samples, NINJA and N/C mice were adoptively
transferred with 5 x 103 dsSRED+ P14 T cells by retro-orbital injection (1.V.) one day prior to
initiating Dox/4-OH-Tam regimen. Mice were euthanized at experimental endpoint to collect
4-OH-Tam-treated skin, which was processed as described above.

For human skin samples, biopsies were collected and processed as described above.

For LCMV-infected samples, Thy1.2+CD8+CD4-GP33tetramer+ cells were isolated by
FACS 28 days post infection from the spleen of B6 mice infected with either LCMV-
Armstrong or LCMV-Clonel3 as described above.

scRNAseq libraries were prepared by the Yale Center for Genome Analysis using Chromium
Single Cell 5” Reagent Kit (10X Genomics), according to manufacturer’s instructions, and
sequencing was performed on an Illumina NovaSeq 6000 system with NovaSeq Control
Software v1.7.5.

For mouse skin sample analysis, SCRNAseq datasets were processed with CellRanger
v3.1.0 using the mm210 mouse genome indices from 10X Genomics. Libraries were
further preprocessed in Python v3.10 using the scprep package (https://github.com/
krishnaswamylab/scprep), removing cells with library size lower than 1500 unique
molecular identifiers (UMI) per cell and more than 15000 UMI per cell. Cells with high
mitochondrial content (>85th percentile per sample) were removed, and genes not detected
in any of the six samples were removed. The resulting data matrix was then normalized by
library size to 1,000 counts per cell and log-transformed. After the above filtering, there
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were 21,178 cells and 21,515 genes used for all downstream analysis. This corresponds to
8,167 cells from Ag ON samples; 3,944 cells from Ag ON/CPI samples; and 9,067 cells
from Ag OFF samples. For visualization, we embedded the cells based on similarity in
transcriptional profiles using PHATE 27 or UMAP with knn=40 and decay=10. We clustered
the cells using spectral clustering of the cellular graph, and we annotated clusters based on
marker expression. After annotation, our dataset consisted of 8,196 T cells; 10,521 epithelial
cells; 2,008 myeloid cells; and 453 fibroblasts. To characterize differences across conditions,
we leveraged MELD 3! which, for each cell, quantifies the likelihood that it was affected

by the experimental condition. This provides a continuous measure of the effect of each
condition across the transcriptomic space, and aids in visualization of the experimental
response. To visualize gene expression, we imputed missing and dropped-out values with
MAGIC 4.

To compare differentiation trajectories for Ag-specific CD8 T cells in Ag ON and Ag
ON/CPI conditions, we first built a cell graph for each condition and defined pseudotime
as the Fiedler vector of the graph. As the majority of cells resided in the later part of the
trajectory, we compared gene expression for several markers over pseudotime between 0.5
and 1. Expression counts were smoothed with MAGIC and z-score normalized for direct
comparison.

For cell-cell communication analysis, we used an efficient reimplementation of the
CellPhoneDB algorithm and the CellPhoneDB repository of ligand (L)-receptor (R)
interactions 2%, CellPhoneDB predicts R-L interactions between two cell types based on
expression of a R by one cell type and a L by another cell type. Rs and Ls expressed
specifically and robustly in each cell type are considered enriched, and enrichment is
computed based on a random permutation test of cell type labels. To compare interactions
between conditions for myeloid -> T cell interactions, we calculated the Pearson correlation
of each L expression with the sample likelihood in myeloid cells, and the Pearson
correlation of each R expression with the sample likelihood in T cells. For each L-R pair, we
took the mean ligand and receptor correlation to summarize the interaction association.

The LCMV scRNAseq datasets were processed with CellRanger v5.0.0 using the mm10
mouse genome indices from 10X Genomics. Libraries were further preprocessed in Python
v3.10 using the scprep package (https://github.com/krishnaswamylab/scprep), retaining cells
with library size between 15th and 85th percentile. Cells with high mitochondrial content
(>85th percentile per sample) were removed, and genes not detected in either the LCMV-
Armstrong or the LCMV-Clonel3 sample were removed. The resulting data matrix was
then normalized by library size to 1,000 counts per cell and log-transformed. After filtering,
there were 7,853 cells and 15,660 genes. This corresponds to 7,056 cells from the LCMV-
Armstrong sample, and 807 cells from the LCMV-Clonel3 sample.

For human skin samples, scRNAseq datasets were processed with CellRanger v3.1.0 and
output data analysis was performed using the Seurat package v4.1.0. All cells identified
in the CellRanger expression matrices were filtered to exclude those with fewer than 500
transcripts, low RNA complexity (log10 genes per UMI < 0.8), and greater than 20%
mitochondrial transcripts. 19,851, 11,955, and 4,209 cells were included in the dataset for
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lesional, non-lesional and healthy skin samples, respectively. Genes expressed in fewer
than 5 total cells were excluded from further analysis. Data from multiple samples was
integrated using the Seurat IntegrateData workflow. The combined data was scaled and
principal component analysis (PCA) was performed. After review of principal component
contributions to variance, UMAP was performed using the first 40 PCs. Clustering was
performed using shared nearest neighbor clustering in Seurat with a resolution of 0.25
(chosen based on iterative analysis). Cluster identification was based on marker expression
as identified by Seurat’s FindConservedMarkers and FindAllMarkers functions. Clusters
representing cell types of interest were isolated using the Seurat subset function. Subsets
were re-scaled, and another iteration of PCA and UMAP was performed, after which
sub-clustering was performed using FindClusters with resolution varying by cell type and
chosen based on iterative analysis of clustering results. Differential expression analysis was
performed using the “RNA” assay, with scatter plot, dot plot, violin plot, and heatmap
visualizations constructed using the appropriate Seurat functions and colored / annotated /
scaled using the ggplot package.

Other quantifications, statistical analyses and renderings

FlowJo v10.8.1 software was used for flow cytometric analysis. Prism v9.5.0 software was
used to determine statistical significance using Student’s two-tailed unpaired #or Mann
Whitney tests. Pvalues are indicated in each figure legend. Parts of Figures 1A and 5A
and Supplementary Figure 2A were created with BioRender.com under publication license
CU258HTCZ9.
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Extended Data Figure 1 - Induction of Ag expression in EpCAM +CD45- skin cells coupled to

CPlsleadsto quantifiable cutaneous pathology

A) NINJA allele and Dox/4-OH-Tam-driven recombinations required for induction of
NINJA Ag expression. B) Average + s.d. of frequencies of Ag (GFP)-expressing skin
cell populations identified by EpCAM and CD45 expression. n = 3 (Ag ON, Ag ON/
CPI, Ag ON/CPI + aCD8) or 6 (Ag OFF), representative of > 3 experimental repeats.
C) Representative pictures of cutaneous pathology by range of pathological scores. D)
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Extended Data Figure 2 - Ag-specific CD8 T cellsinfiltrate skin upon local Ag expression with
and without CPIs

A) Average * s.d. of normalized counts of skin-infiltrating CD4 and CD8 T cells from mice

in the indicated conditions. * £=0.0495 (Ag ON vs. Ag OFF), * £=0.0437 (Ag ON/CPI

vs. Ag OFF), and ns = not significant by two-tailed ftest. n = 4 (Ag OFF, Ag OFF/CPI) or

5 (Ag ON, Ag ON/CPI), representative of 3 experimental repeats. B) Gating strategy and
average + s.d. of frequencies of gated populations from skin in the indicated experimental

Nature. Author manuscript; available in PMC 2024 April 03.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Damo et al. Page 19

conditions. n =5 (Ag OFF, Ag OFF/CPI) or 6 (Ag ON, Ag ON/CPI), representative of 3
experimental repeats. C) Average + s.d. of normalized counts of endogenous GP33-specific
CD8 T cells from skin of mice in the indicated experimental conditions. * £#=0.0196, ** P
= 0.004 and ns = not significant by two-tailed #test. n =5 (Ag ON); 6 (Ag OFF/CPI); or 7
(Ag OFF, Ag ON/CPI). Representative of 3 experimental repeats.
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A) Experimental schedule. B) VIS imaging of fLuc-expressing P14 CD8 T cells in
representative mice from the indicated conditions. n = 4 (Ag OFF) or 6 (Ag ON),
representative of 2 experimental repeats. C) Average + s.d. of frequencies of Ag (GFP)-
expressing skin cells (top) and Thyl.1+ P14 CD8 T cells (bottom) in 4-OH-Tam-treated skin
from mice in the indicated conditions. n = 4 (Ag OFF) or 6 (Ag ON), representative of

2 experimental repeats. D) Representative pictures of the back of mice from the indicated
conditions in C. E) Pathological scores assigned to mice in the indicated conditions in C.

ns = not significant by two-tailed #test. F) Confocal microscopy analysis of skin from mice
in C. Dotted line = epidermis (top)/dermis (bottom) interface. G) Experimental schedule for
comparison of concomitant vs. delayed administration of aPD-1 antibodies in Dox/4-OH-
Tam-treated N/C mice. H) Pathological scores of mice from the indicated conditions. Black
and red dotted lines indicate median pathological scores of Ag OFF and Ag ON conditions,
respectively, from Fig 1E. ns = not significant by two-tailed ftest. n =5 (day 0) or 6 (day 5),
representative of 2 experimental repeats.
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Extended Data Figure 4 - Skin-specific Ag expression leads to changesin local cell populations
identified by scRNAseq analysis
A) UMAP projection of total skin cells sequenced across experimental samples and
annotated by cell type. n = 21,178 total cells sequenced. B) Dot plot of genes defining
populations of skin cells shown in A. C) UMAP projections of total skin cells from A by
experimental condition. D) Frequencies of skin cell types from A by experimental condition.
E) PHATE map of total skin cells sequenced across experimental samples and annotated

by cell type. F) PHATE maps of total skin cells from E by experimental condition. G)
UMAP projection of Ca3e-expressing cells from A sequenced across experimental samples
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and annotated by T cell type. H) Dot plot of genes defining populations of CD3e-expressing

Page 22

cells in skin in G. 1) UMAP projections of Ca3e-expressing cells in G by experimental
condition. J) PHATE map of Ca3e-expressing cells from E annotated by T cell type. K)
PHATE maps of Ca3e-expressing cells in J by experimental condition.
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Extended Data Figure5 - Transcriptomic analysis of myeloid cell populations from the skin of
Ag OFF, Ag ON and Ag ON/CPI mice

A) Dot plot of genes defining populations of skin-infiltrating myeloid cells from Figure
4A. B) PHATE map of myeloid cell populations sequenced across experimental samples.
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C) PHATE maps of myeloid cell populations in B by experimental condition. D) Gating
strategy and representative histograms for skin-infiltrating CD11b+CD11c+CD16+ cells in
the indicated conditions. Numbers represent average = s.d. of frequencies of the gated
populations (dot plots) or average + s.d. of MFIs of the indicated markers (histograms). n =
3, representative of 3 experimental repeats. E) PHATE map of /fng expression by total skin
cells from Extended Data Figure 4E. F) PHATE map of /fng expression by CD3e+ skin cells
from Extended Data Figure 4J. G) PHATE maps of expression level of the indicated genes
by skin-infiltrating myeloid cells sequenced across samples shown in B.
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Extended Data Figure 6 - Multi-layer interactions between skin-infiltrating myeloid cellsand T
cellsarerevealed by scRNAseq analysis

A,B) CellPhoneDB algorithm and Pearson correlation analysis of the gene expression levels
of the indicated ligand/receptor pairs in skin-infiltrating myeloid cells and T cells (A) and T
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cells and myeloid cells (B), respectively, sequenced from mice in the indicated experimental
conditions. One-sided P values are shown.
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Extended Data Figure 7 - Transcriptomic analysis of P14 CD8 T cells from the skin of Ag ON
and Ag ON/CPI mice

A) PHATE maps of skin-infiltrating P14 CD8 T cells sequenced in the indicated
experimental conditions. B) PHATE maps of expression level of the indicated genes by
skin-infiltrating P14 CD8 T cells sequenced across samples. C) PHATE maps of the
likelihood of skin-infiltrating P14 CD8 T cells calculated by MELD. D) PHATE maps
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of the pseudotime analysis of skin-infiltrating P14 CD8 T cells sequenced across samples.
E) Skin-infiltrating P14 CD8 T cell number distribution along the pseudotime shown by
experimental condition. F) Z-score-normalized expression levels of the indicated genes over

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

pseudotime in skin-infiltrating P14 CD8 T cells in B.
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Extended Data Figure 8 - Integrated transcriptomic analysis supportsa linear differentiation
trajectory for skin Ag-specific CD8 T cells

A) PHATE map of skin-infiltrating P14 CD8 T cells from Ag ON and Ag ON/CPI mice
and GP33-specific CD8 T cells from an LCMV-Clonel3-infected B6 mouse (28 days
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post infection) and GP33-specific CD8 T cells from an LCMV-Armstrong-infected B6

Page 26

mouse (28 days post infection). B) Average + s.d. of frequencies of gated populations of
skin-infiltrating P14 CD8 T cells from Ag ON and Ag ON/CPI mice, and GP33-specific
CD8 T cells from the spleen of LCMV-Clonel3-infected B6 mice (28 days post infection) or
LCMV-Armstrong-infected B6 mice (8 or 28 days post infection). Naive CD44- CD8 T cells
from the spleen of one B6 mouse are shown as negative controls. n = 3 (LCMV-infected
mice); 4 (Ag ON); or 5 (Ag ON/CPI). Representative of 2 experimental repeats. C) PHATE
maps of expression level of the indicated genes by skin-infiltrating P14 CD8 T cells and

GP33-specific CD8 T cells in A.
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A) UMAP projection of sScRNAseq data from total cells harvested from matched lesional
and non-lesional skin of two patients with lichenoid irAEs and from three healthy donors.
n=19,851, 11,955, and 4,209 cells from lesional, non-lesional and healthy skin samples,
respectively. B) UMAP projection of the dataset in A color-coded by cell population. C) Dot
plot of genes defining the cell populations identified in B. D) Frequencies of the skin cell
populations in B.
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Extended Data Figure 10 - CD8 T cellswith a cytotoxic gene expression profile infiltrate healthy
and diseased skin in patients with cutaneous lichenoid ir AEs
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A) UMAP projection of CD3e-expressing skin cells from the dataset shown in Extended
Data Figure 9. B) UMAP projection of CD3e-expressing skin cells in A color-coded by
Cluster. C) Dot plot of genes defining individual Clusters in B. D) Frequencies of the T
cell populations identified in B in lesional vs. non-lesional skin. E-H) Dot plot of genes
characterizing activation, cytotoxicity, exhaustion and interferon-response signatures8 in T
cell Clusters from B,C. I) Frequency of cells with and without associated 7RAV/TRBV
sequences from Clusters 1-5 defined in B,C. J) Number and size of all T cell clones from
Clusters 2-5 sequenced in lesional and non-lesional skin.
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Figure 1 - Skin-specific Ag induction and CPIslead to local cutaneous disease
A) Experimental schedule. B) Average + s.d. of frequencies of Ag (GFP)+ skin cells from

the indicated conditions. n = 5 (untreated NINJA or B6, N/C) or 7 (N/C + Dox/4-OH-Tam),
representative of 4 experimental repeats. C) Confocal microscopy of skin from the indicated
conditions. Dotted line = epidermis (top)/dermis (bottom) interface. n = 3, representative

of 2 experimental repeats. D) Representative pictures of the back of experimental mice
treated as indicated. Red box indicates the 4-OH-Tam-treated area that expresses the NINJA
Ags. n =6 (Ag ON) or 7 (Ag OFF, Ag OFF/CPI, Ag ON/CPI), representative of 3
experimental repeats. E) Pathological scores by experimental condition. * £=0.0112, **
P=0.0023, and ns = not significant by two-tailed ¢test. n = 6 (Ag ON) or 7 (Ag OFF, Ag
OFF/CPI, Ag ON/CPI), representative of 3 experimental repeats. F) H&E staining of skin
sections from the indicated conditions. n = 6 (Ag ON) or 7 (Ag OFF, Ag OFF/CPI, Ag
ON/CPI), representative of 3 experimental repeats. G) Epidermal thickness quantification
by experimental condition. *** £=0.0006 (Ag ON/CPI vs. Ag OFF), *** £=0.0008 (Ag
ON/CPI vs. Ag ON), and ns = not significant by two-tailed #test. n = 3 ROIs/mouse for
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3 mice, representative of 3 experimental repeats. H) Confocal microscopy of skin from the
indicated conditions. Dotted line = epidermis (top)/dermis (bottom) interface. n = 5.
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Figure 2 - Ag-specific CD8 T cells cause cutaneous disease by eliminating epidermal Ag-
expressing cells

A) CD3e IHC staining of skin sections from the indicated conditions. n = 6, representative
of 3 experimental repeats. B) Pathological scores by experimental condition. Black, red and
blue dotted lines indicate median pathological scores for T cell-sufficient Ag OFF, Ag ON,
and Ag ON/CPI mice, respectively, from Fig 1E. **** P< 0.0001 and ns = not significant
by two-tailed ¢test. n = 6, pool of 2 experimental repeats. C) IVIS of fLuc-expressing P14
CD8 T cells in representative mice from the indicated conditions. n = 3 (Ag OFF, Ag OFF/
CPI); 4 (Ag ON); or 5 (Ag ON/CPI), representative of > 3 experimental repeats. D) Average
+ s.d. of radiance in the ROIs shown in C. * P=0.0228 by two-tailed #test. n =4 (Ag ON)
or 5 (Ag ON/CPI), representative of > 3 experimental repeats. E) Confocal microscopy of
skin from the indicated conditions. Dotted line = epidermis (top)/dermis (bottom) interface.
n = 3, representative of 2 experimental repeats. F) Average + s.d. of Ag (GFP)-expressing
skin cell frequencies from the indicated conditions. * £=0.0360, ** £=0.0043 (Ag ON vs.
Ag ON/CPI), ** £P=0.0019 (Ag ON/CPI + aCD8 vs. Ag OFF), **** p<(.0001, and ns =
not significant by two-tailed #test. n =5 (Ag OFF, Ag OFF/CPI); 6 (Ag ON/CPI + aCD8);
or 7 (Ag ON, Ag ON/CPI), representative of > 3 experimental repeats. G) Average + s.d. of
Ag (GFP)-expressing skin cell counts from the indicated conditions. **** P< 0.0001 and ns
= not significant by two-tailed #test analysis of EpCAM+CDA45- cells. n = 3, representative
of > 3 experimental repeats.
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Figure 3 - PD-1 prevents epidermal infiltration and cutaneous disease by skin Ag-specific CD8 T
cells

A) Average * s.d. of MFIs of PD-1 and CTLA-4. n = 5, Representative of > 3 experimental
repeats. B) Pathological scores by experimental condition. ** £=0.0013 (Ag ON/aPD-1 vs.
Ag ON), ** £=10.0096 (Ag ON/aPD-1 vs. Ag ON/aCTLA-4), *** P=0.0003 (Ag ON/CPI
vs. Ag ON), and ns = not significant by two-tailed ftest. n =5 (Ag ON, Ag ON/a.CTLA-4)
or 8 (Ag ON/aPD-1, Ag ON/CPI), representative of 2 experimental repeats. C) Average +
s.d. of frequencies of skin-infiltrating Thyl.1+dsRED+ PD-1 wt or PD-1 KO P14 CD8 T
cells. n =5, representative of 2 experimental repeats. D) Pathological scores by experimental
condition. * £=0.0124 by two-tailed ftest. n = 11, pool of 2 experimental repeats. E)
Frequency = s.d. of Ag (GFP)-expressing total skin cells from mice in D. **** P< 0.0001
by two-tailed Mann Whitney test. n = 11, pool of 2 experimental repeats. F) dsSRED IHC
staining of skin sections from mice in D. Representative of 2 experimental repeats.
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Figure4 - Aginduction in skin leadsto local CD8 T cell-myeloid cell modulatory interactions
A) UMAP projection of myeloid cell populations across experimental samples. B) UMAP

projections of myeloid cell populations in A by experimental condition. C) Average + s.d.
of frequencies of skin-infiltrating CD11b+CD11c+CD16+ cells in the indicated conditions.
* p=0,0487 (Ag ON vs. Ag OFF), * P=0.0216 (Ag ON + aCD8 vs. Ag ON), **P
=0.0076 (Ag ON/CPI vs. Ag OFF), and ns = not significant by two-tailed #test. n =

3 (Ag OFF, Ag OFF/CPI, Ag ON/CPI) or 4 (Ag ON, Ag ON + aCD8), representative

of 3 experimental repeats. D) Average + s.d. of MFIs of the indicated surface markers
expressed by skin-infiltrating CD11b+CD11c+CD16+ cells from the indicated conditions. *
P=0.0187 (PD-L1), * P=0.0181 (CD86), * P=0.0124 (CD80), and **P=0.0020 (H2Db)
by two-tailed ftest. n = 4, representative of 2 experimental repeats. E) Confocal microscopy
of skin sections from the indicated conditions. Dotted line = epidermis (top)/dermis (bottom)
interface. n = 3, representative of 2 experimental repeats.

Nature. Author manuscript; available in PMC 2024 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Damo et al.

Page 37
E ors . F AgOFF ~ AgON AgON/CPI
- e 0007 =y (dLN) (skin) (skin)
£ — 40009 = i h f
3T i 3000 14 0l 1 2
£ = 30001 = ° Y ) \i
o @ 2000 [T
£ T 20001 % 2 T
% O 4000d m O 1000 "2 <é1 &
— &l O M
B 0007w 2500 PR :i T
é T 3000 i 20001 !? 2 ey 9
3 o
B = 2000 = 1500 e
> i 1000 N .
L 10004 ﬁ g 500{ ege. L R
; ol Al 1
0 ey 1
_ 50 *x E o -1 ‘
E 400 oo ©®AgON 3 [T
= a0 @Ag ON/CPI =N 6
5 . S L L o
S 200 2 o e
8 100 2o
can £ 3 - i
=TS - r 7
= kg 9 S
Z W * . Py g
G  AgON Ag ON/CPI Fo rppyy e L
c
o SRR * &g I 59 +24 1 25+8 43+6
o e} . i
o S o | »
c g v § 55 ] R
Gzma 3|, @’ 8% all :
‘ : S e e o et
. s o CD8 (FITC)
= e o T cells| T cells
S Lyeg, g;.-‘ : UMAP1
o Ifitm2,.+ % -
o’ ltgaed L adE ‘m:l:s
< I
\ Im?':' ifi2712a H

Ag ON

Pdcd1 Haver2 Lag3 Tigit Gzma Gzmb Ifng  Tnf

TR T LT AT A
Rl | ) 1) L RN >
ALLITELL

‘A A_‘,\ ‘L L A‘\ ‘L £ 200
gene expression § 150
Cd28 Mki67 Ccl3 Ccl5 Itgae @ 1004
504
005 06 07 08
‘A, L . ‘A pseudotime

Ao L L Al Ao

gene expression

Figure5 - Tolerant and pathogenic skin Ag-specific CD8 T cells are different statesalong the
samedifferentiation trajectory

A) 2-model hypothesis of skin Ag-specific CD8 T cell differentiation. B) UMAP projections
of skin-infiltrating P14 CD8 T cells by experimental condition. C) Scatter plot of total gene
expression levels in skin-infiltrating P14 CD8 T cells from B. D) Expression levels of the
indicated genes in skin-infiltrating P14 CD8 T cells from B (red = Ag ON; blue = Ag ON/
CPI). Expression levels in total skin-infiltrating CD8 T cells are shown for Ag OFF (grey).
E) Average * s.d. of MFIs shown for skin-infiltrating P14 CD8 T cells from the indicated
conditions after ex vivo restimulation with GP33 peptide. Dotted line = average MFI of P14
CD8 T cells from the dLNs of Ag OFF mice. ** P=0.0044, **** £<(.0001, and ns = not
significant by two-tailed #test. n = 4 (Ag ON/CPI) or 5 (Ag OFF, Ag ON), representative

of > 3 experimental repeats. F) Average + s.d. of frequencies of gated skin-infiltrating P14
CD8 T cells from the indicated conditions after ex vivo restimulation with GP33 peptide. n
=5, representative of > 3 experimental repeats. G) MELD analysis quantifying likelihood of
skin-infiltrating P14 CD8 T cells from B by experimental condition. H) Pseudotime analysis
and cell number distribution along the pseudotime for skin-infiltrating P14 CD8 T cells in B.
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Figure 6 - Cytotoxic CD8 T cellsare found in healthy human skin and arelikely drivers of
cutaneous lichenoid irAEs

A) Representative pictures of cutaneous lesions in patients diagnosed with lichenoid irAEs.
Dotted square highlights the skin region shown in B. B,C) Representative macroscopic
features (B) and histological features (C) of cutaneous pathology in an Ag ON/CPI mouse
vs. human lichenoid irAE (from patient in A). Dotted line = epidermis (top)/dermis (bottom)
interface. n = 6 (Ag ON/CPI mice) or 3 (human patients). D) Expression levels of the
indicated genes in cytotoxic CD8 T cells (Cluster 1 from Extended Data Figure 10)
sequenced in lesional and non-lesional skin from lichenoid irAE patients. E) Scatter plot

of total gene expression levels in cytotoxic CD8 T cells from Cluster 1 sequenced in lesional
vs. non-lesional skin from lichenoid irAE patients. F) Number and size of T cell clones
containing cells from Clusters 1-5 (from Extended Data Fig 10) in lesional and non-lesional
skin from lichenoid irAE patients.
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