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Background: Elicitation of allergic contact dermatitis (ACD), an
inflammatory type 4 hypersensitivity disease, induces skin
infiltration by polyclonal effector CD8 af3 T cells and
precursors of tissue-resident memory T (Tgyy) cells. Because
Trm have long-term potential to contribute to body-surface
immunoprotection and immunopathology, their local regulation
needs a fuller understanding.

Objective: We sought to investigate how Trys-cell maturation might
be influenced by innate-like T cells pre-existing within many epithelia.
Methods: This study examined CD8* Tgy-cell maturation
following hapten-induced ACD in wild-type mice and in strains
harboring altered compartments of dendritic intraepidermal
v0 T cells (DETCs), a prototypic tissue-intrinsic, innate-like
T-cell compartment that reportedly regulates ACD, but by no
elucidated mechanism.

Results: In addition to eliciting CD8 Tgyy, ACD induced DETC
activation and an intimate coregulatory association of the 2 cell
types. This depended on DETC sensing IFN-y produced by CD8
cells and involved programmed death-ligand 1 (PD-L1). Thus,
in mice lacking DETC or lacking IFN-y receptor solely on

vd cells, ACD-elicited CD8 T cells showed enhanced
proliferative and effector potentials and reduced motility,
collectively associated with exaggerated ACD pathology.
Comparable dysregulation was elicited by PD-L1 blockade
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in vitro, and IFN-y-regulated PD-L1 expression was a trait of
human skin-homing and intraepithelial y8 T cells.
Conclusions: The size and quality of the tissue-infiltrating CD8
T-cell response during ACD can be profoundly regulated by
local innate-like T cells responding to IFN-y and involving PD-
L1. Thus, interindividual and tissue-specific variations in tissue-
intrinsic lymphocytes may influence responses to allergens and
other challenges and may underpin inflammatory pathologies
such as those repeatedly observed in y6 T-cell-deficient settings.
(J Allergy Clin Immunol 2023;152:1520-40.)

Key words: Tissue-intrinsic innate-like lymphocytes, tissue-resident
memory T cells, y6 T cells, tissue immuno-ecology, IFN-y, PD-LI

Although immunological memory is a defining tenet of
adaptive immunity, the factors that regulate the phenotypes and
locations of different memory lymphocyte compartments remain
largely unknown.'~ In this regard, there is ever-increasing accep-
tance that important memory responses are launched by tissue-
resident memory T (Try) cells in peripheral extralymphoid sites,
such as the lungs, gut, or skin. Those cells seemingly mature un-
der the influence of local cues from precursors evoked in local
lymph nodes concurrent with the initial effector response to
primary challenge. However, anatomical space constraints
emphasize the importance of limiting the scope of the tissue-
infiltrating effector T-cell response and its maturation toward a
durable Tgrys-cell compartment. 1.2

Among possible local regulatory mechanisms, it is important to
note that effector T cells and Trys-cell precursors recruited to tis-
sues frequently enter environments already occupied by other im-
mune cell types, including tissue-intrinsic T cells that become
associated with a tissue developmentally, rather than following
systemic priming. Thus, effector CD8 T cells and Tgrps-cell pre-
cursors maturing in the murine or human intestinal epithelium
will likely encounter large subsets of unconventional intraepithe-
lial lymphocytes expressing either a3 or yd T-cell receptors
(TCRs). Nonetheless, although Tgrys-cell maturation in the murine
epidermis has been well-studied, little attention has been paid to
how it may be influenced by the presence of intraepidermal y& T
cells, known as dendritic epidermal T cells (DETCs), which ex-
press a canonical Vy5V81™ TCR, and which compose a large,
highly organized intraepithelial compartment that develops
exclusively in the fetus, that displays lifelong self-renewal, and
that contributes to epidermal homeostasis.®”’

In fact, there exist clear examples of local yd T-cell regulation of
epidermal o3 T cells. For example, DETCs limit cutaneous graft-
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Abbreviations used
ACD: Allergic contact dermatitis
CLA: Cutaneous lymphocyte antigen
DETC: Dendritic epidermal T cell
DNEFB: 1-Fluoro-2,4-dinitrobenzene
FACS: Fluorescence-activated cell sorting
FVB: Friend leukemia virus B
GEO: Gene Expression Omnibus
GFP: Green fluorescent protein
LC: Langerhans cell
PCA: Principal component analysis
PD-L1: Programmed death-ligand 1
RNA-seq: RNA-sequencing
scRNA-seq: Single-cell RNA-seq
Tac: FVB/NTac
TCR: T-cell receptor
Treg: Regulatory T
TrMm: Tissue-resident memory T
t-SNE: t-distributed stochastic neighbor embedding
WT: Wild-type
Yeti: YFP-enhanced transcript for IFN-y
YFP: Yellow fluorescent protein

versus-host disease induced by inoculation of autoreactive CD4 ™
af T cells, and thereafter exclude subsequent CD4™ T cell
inocula from becoming established in the same epidermal site,
rendering the mice graft-versus-host disease—resistant.” Further-
more, TCRvyd-deficient mice display exaggerated a3 T-cell-
dependent allergic contact dermatitis (ACD) responses that could
be completely prevented by reconstitution with fetal DETC pro-
genitors.” Thus, in these qualitatively distinct settings, local
v8 T cells limited the pathogenic potential of infiltrating o3 T
cells: nonetheless, potential mechanisms were wholly
unexplored.

Of note, mechanistic insights into how y3-DETCs regulate
Trum cells might give clues of general importance, given that
many anatomical sites ranging from the gut to the testicles display
inflammatory pathologies in y& T-cell-deficient mice.'*"'* More-
over, the study of DETCs has repeatedly provided fundamental
insights into body surface immunology, applicable to species,
including humans, that lack a formal DETC-equivalent, but that
harbor many other tissue-associated T-cell compartments.” 1317
Those insights reflect the fact that the murine epidermis is vitally
important for barrier maintenance, is exposed to infections and
other insults, and, by being dominated at steady-state by a single
tissue-intrinsic lymphocyte compartment (DETC), offers a
simplified experimentally tractable system to assess the biology
of tissue-intrinsic T cells.

Thus, to better understand how tissue-intrinsic T cells might
interact with tissue-infiltrating CD8 T cells, we have returned to
chemically induced ACD, a prevalent T-cell-dependent pathology
of humans that is commonly modeled in mice; %2 that elicits a
local CD8 T-cell response, including a local Try-cell compart-
ment that contributes to immunopathology on chemical re-expo-
sure;’' and that is regulated by local yd T cells, albeit by
unknown mechanism(s).” Here we show that several parameters
of the elicited murine polyclonal CD8 T-cell compartment are pro-
foundly influenced by local y3 T cells. As one component of this
crosstalk, we found that elicited CD8 T cells generated IFN-vy,
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which induced programmed death-ligand 1 (PD-L1) on local
vd T cells, and that the 2 cell types intimately interacted as
Trm-cell maturation was occurring in the early stages of ACD.
This interaction imposed overt constraint on the local CD8 T cells,
akin to checkpoint blockade. Indeed removing either DETCs, or
the Ifngr gene from DETCs significantly dysregulated the prolif-
erative, effector, and motility traits of the elicited CD8 T cells, out-
comes that were phenocopied in vitro by anti—-PD-LI.
Additionally, CD8 T cells in the absence of DETC-mediated regu-
lation showed reduced expression of CDS5, a sentinel of T cells
with reduced TCR affinity for antigen.””** Collectively these
changes were associated with exaggerated inflammation, consis-
tent with long-standing findings.” Thus, our finding argues that
ACD should be viewed as an aggregate response of infiltrating
CDS8 T cells and neighboring tissue-intrinsic lymphocytes, with
the 2 cell types jointly composing a local, cross-regulating immu-
nological ecosystem. While the details of such anatomical site-
specific regulation may not be precisely conserved in every tissue
or species, the underlying principles of local immunological eco-
systems may well be and consistent with which we offer anatom-
ically distinct examples of human y& cells expressing PD-L1
upregulated by IFN-y, as is the case in the mouse.

METHODS
Resource availability

Lead contact. Further information and requests for resources
and reagents should be directed to and will be fulfilled by the lead
contact, A.C.H.).

Materials availability. Mouse lines generated in this study
will be maintained in the lead author’s (A.C.H.’s) current
institute’s animal house and/or stored locally as frozen embryos
and can be made available on request.

Data and code availability. The RNA-sequencing (RNA-
seq) datasets reported in this paper can be found at Gene
Expression Omnibus (GEO): GSE164023 (GSE164022). The
single-cell RNA-seq (scRNA-seq) datasets reported in this paper
can be found at GEO: GSE164023 (GSE164021). The RNA-seq
data set reported in Fig 4, D has been submitted: GEO:
GSE160477. Flow cytometry data (from the TRACERX study)
used or analyzed during this study are available through the
CRUK and UCL Cancer Trials Centre (ctc.tracerx @ucl.ac.uk)
for academic non-commercial research purposes. Access will
be granted upon review of a project proposal, which will be eval-
uated by a TRACERX data access committee, and entering into an
appropriate data access agreement, subject to any applicable
ethical approvals.

Experimental model and subject details

Mice. Adult male mice were used at 4-20 weeks of age. All
mice were bred at the Francis Crick Institute (London, United
Kingdom). C57BL/6J background: C57BL/6J.WT, TCR3 /",
TCRB™'~, TCR8 /" TCRB™'", Ifngr2™ > yellow fluorescent
protein  (YFP)-enhanced transcript for IFN-y (Yeti),*®
Nur779°C 27 Ifngr1™= 2% and  Terd“>  Ifngr2™ mice
were kindly provided by Jean Langhorne (Francis Crick Insti-
tute). Friend leukemia virus B (FVB) background: FVB.WT,
FVB.5 /", FVB.Vy5 /"V31 /", FVB.™/~, FVB.p /8 /",
FVB.cxcr6™" ", and FVB/NTac (Tac) mice carrying a muta-
tion in the Skint! gene were from Taconic farms (Taconic
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Reagent or resource

Source

Identifier

Antibodies

Brilliant violet 605 anti-mouse CD8a (53-6.7)

PE anti-mouse CD5 (53-7.3)

Brilliant violet 605 anti-mouse CD5 (53-7.3)

FITC anti-mouse Ly-6A/E (Sca-1) (D7)

APC anti-mouse CD103 (2E7)

PE anti-mouse CD103 (2E8)

PE/Cy7 anti-mouse CD8a (53-6.7)

Pacific blue anti-mouse CD8a (53-6.7)

PE/Cy7 anti-mouse CD69 (H1.2F3)

APC/Cy7 anti-mouse CD69 (H1.2F3)

PE/Cy7 anti-mouse/human CD44 (IM7)

PerCP/Cy5.5 anti-mouse CD45 (30-F11)

APC/Cy7 anti-mouse CD45 (30-F11)

FITC anti-mouse TCR-yd (GL3)

Brilliant violet 421 anti-mouse TCR-yd (GL3)

Brilliant violet 421anti-mouse TCR-B (H-57)

APC anti-mouse TCR-B (H-57)

Brilliant violet 605 anti-human/mouse/rat CD278 (ICOS)
(C398.4A)

Alexa Fluor 647 anti-human/mouse/rat CD278 (ICOS) (C398.4A)

APC anti-mouse CD314 (NKG2D) (CX5)

PE anti-mouse CD314 (NKG2D) (CX5)

FITC anti-mouse CD314 (NKG2D) (C7)

PE/Cy7 anti-mouse CD159a (NKG2AB6) (16A11)

APC/Cy7 anti-mouse CD3e (2C11)

Brilliant violet 605 anti-mouse CD119 (IFN-y Ra) (GR20)

PE IFN-yR B chain antibody

Brilliant violet 605 anti-mouse CD366 (Tim-3) (RMT3-23)

PE anti-mouse CD254 (TRANCE, RANKL) (IK22/5)

PE anti-mouse CD137 antibody (17B5)

FITC anti-mouse CD279 (PD-1) (29F.1A12)

Brilliant violet 421 anti-mouse CD274 (B7-H1, PD-L1) (10F.9G2)

PE anti-mouse TIGIT mAb (GIGD7)

Purified anti-mouse CD274 (B7-H1, PD-L1) (10F.9G2)

Purified rat 1gG,y, k isotype control (RTK4530)

TCR-B mAb (H57-597), functional grade

PE anti-human/mouse CLA antibody

APC anti-human CD274 (B7-H1, PD-L1) antibody

TCR V31 antibody, anti-human, REAfinity

FITC anti-human TCR V32 antibody

Chemicals, peptides, and recombinant proteins

FBS, heat inactivated

Penicillin-streptomycin

RPMI 1640

LIVE/DEAD Fixable Blue Dead Cell Stain Kit

Hoechst 33342

Olive oil

Acetone

DNFB

Red Blood Cell Lysing Buffer Hybri-Max

4-OH tamoxifen

Ammonium thiocyanate

Trypsin from bovine pancreas

DNase I from bovine pancreas

Trypsin/EDTA solution

HBSS

Collagenase type IV

DNAse 1

BSA

rTGFb

Recombinant mouse IL15

BioLegend

BD Biosciences
BD Biosciences
eBioscience
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

BD Biosciences
Miltenyi Biotec
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
eBioscience
BioLegend
BioLegend
eBioscience
BioLegend
BioLegend
Miltenyi Biotec
BioLegend

Gibco (Thermo Fisher Scientific)

Sigma-Aldrich

Gibco

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Gibco

Thermo Fisher Scientific
Worthington
Sigma-Aldrich
Sigma-Aldrich
PeproTech
ImmunoTools

Cat# 100744, RRID:
Cat# 553022, RRID:
Cat# 563194, RRID:

AB_2562609
AB_394560
AB_2738061

Cat# 11-5981-82, RRID: AB_465333

Cat# 121413, RRID:
Cat# 121406, RRID:
Cat# 100722, RRID:
Cat# 100725, RRID:
Cat# 104512, RRID:
Cat# 104526, RRID:
Cat# 103030, RRID:
Cat# 103132, RRID:
Cat# 103116, RRID:
Cat# 118106, RRID:
Cat# 118119, RRID:
Cat# 109230, RRID:
Cat# 109212, RRID:
Cat# 313538, RRID:

Cat# 313516, RRID:
Cat# 130212, RRID:
Cat# 130207, RRID:
Cat# 115711, RRID:
Cat# 142809, RRID:
Cat# 100330, RRID:
Cat# 745111, RRID:

AB_1227503
AB_1133989
AB_312761
AB_493425
AB_493564
AB_10679041
AB_830787
AB_893340
AB_312981
AB_313830
AB_10896753
AB_2562562
AB_313435
AB_2687079

AB_2122582
AB_1236372
AB_1227713
AB_2133291
AB_2728160
AB_1877170
AB_2742716

Cat# 130-105-671, RRID: AB_2652252

Cat# 119721, RRID:
Cat# 510005, RRID:
Cat# 106106, RRID:
Cat# 135214, RRID:
Cat# 124315, RRID:

AB_2616907
AB_315553
AB_2287565
AB_10680238
AB_10897097

Cat# 12-9501-82, RRID: AB_11042152

Cat# 124302, RRID:
Cat# 400601, RRID:

AB_961228
AB_326545

Cat# 16-5961-82, RRID: AB_469169

Cat# 321311, RRID:
Cat# 393609, RRID:

AB_2565588
AB_2749926

Cat# 130-120-442, RRID: AB_AB_2752100

Cat# 331405, RRID:

Cat# 10270106
Cat# P4333
Cat# 21875-091
Cat# 134962
Cat# H3570
Cat# 75343
Cati#

Cat# D1529
Cat# R7757
Cat# H7904
Cat# A7149
Cat# T1005
Cat# 11284932001
Cat# 25200-056
Cat# 14175095
LS004188

Cat# D5025-15
Cat# A4503
Cat# 100-21
Cat# 12340155

AB_1089231

(Continued)
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Reagent or resource

Source

Identifier

Matrig
Critical

el
I commercial assays

CD8a+ T-Cell Isolation Kit, mouse
Deposited data

RNA-s

eq data

scRNA-seq data
Experimental models: organisms/strains

Mouse

Mouse

Mouse
Mouse
Mouse
Mouse

: WT: C57BL/6]

: C57BL/6-Tg(Nr4al-EGFP/cre)820Khog/J

: B6.129P2-Tcrdtm1Mom/J

: B6.129P2-Tcrbtm1Mom/J

: B6.129P2-Terbtm1Mom Terdtm1Mom/J

: Yellow fluorescent protein (YFP)-enhanced transcript for

IFN-y (Yeti)

Mouse:
Mouse:
Mouse:
Mouse:
Mouse:

Mouse:
Mouse:

Mouse

Mouse:

Mouse:

B6.129S7-Ifngr1tm1Agt/J

IFN-yR2 floxed
B6.129S-Tcrdtm1.1(cre/ERT2)Zhu/]
FVB/NJ (FVB.WT)

FVB.3 ™"~

FVB/NTac (FVB.Tac)
FVB.Vy5~/7;Vva1 ™/~

:FVBR ™/~
FVBR 87/~

FVB.Cxcr6tmlLitt

Corning
Miltenyi Biotec

This paper
This paper

Jackson Laboratory

Jackson Laboratory

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Francis Crick Institute

Jackson Laboratory
Francis Crick Institute
Jackson Laboratory
Francis Crick Institute
Francis Crick Institute

Francis Crick Institute
Francis Crick Institute

Francis Crick Institute
Francis Crick Institute

Francis Crick Institute
Francis Crick Institute

Cat# 734-0270
Cat# 130-104-075

GEO: GSE63473
GEO: GSE164023

Cat# JAX:000664; RRID:
IMSR_JAX:000664

Cat# JAX:016617, RRID:
IMSR_JAX:016617

Cat# JAX:002120, RRID:
Cat# JAX:002118, RRID:
Cat# JAX:002122, RRID:
Stetson et al”®

Cat# JAX:003288, RRID:
Kok et al*®

Cat# JAX:031679, RRID:
Cat# JAX:001800, RRID:

IMSR_JAX:002120
IMSR_JAX:002118
IMSR_JAX:002122

IMSR_JAX:003288

IMSR_JAX:031679
IMSR_JAX:001800

Mouse: FVB/N.R26 mTmg

Software and algorithms
Imagel

GraphPad Prism version 8.0.2
FlowJo version 10 BD

Developer: Wayne Rasband (NIH)
GraphPad Inc

https://imagej.nih.gov/ij/, RRID: SCR_003070
RRID: SCR_002798
RRID: SCR_008520

APC, Antigen-presenting cell; Cy, cyanine; FITC, fluorescein isothiocyanate; PE, phycoerythrin; PerCP, peridinin chlorophyll; TRANCE, TNF superfamily member 11

(TNESF11).*

*eBioscience: Thermo Fisher Scientific (UK); Worthington: Worthington Biochemical (US); Peprotech: Rocky Hill, NJ; ImmunoTools: ImmunoTools GmbH, Gladiolenweg,

Germany; Corning: Corning Inc (US); Jackson Laboratory: The Jackson Laboratory (US).

Biosciences, Germantown, NY) (Table I). Mice were kept in
filter-topped cages with sterilized food and water ad libitum
and autoclaved corncob bedding that was changed at least
once weekly. All experiments were performed according to
the UK animal protection laws.

Humans. Gut. Human endoscopy biopsies were obtained
from macroscopically healthy mucosa from the ascending colon
of adult patients undergoing diagnostic colonoscopy after
informed consent was obtained and in compliance with ethical
approval (16/L0O/0642) from the National Health Service Health
Research  Authority (London—Fulham Research Ethics
Committee).

Lung. All clinical samples used were collected from patients
recruited to the lung TRACERX (Tracking Non-small Cell Lung
Cancer Evolution Through Therapy) study (approved by an
independent Research Ethics Committee, National Research
Ethics Service Committee London, REC:13/L.0O/1546; https://
clinicaltrials.gov/ct2/show/NCT01888601). All participants pro-
vided informed consent before taking part. Participants were
not compensated.

PBMC. PBMCs were isolated from cone blood samples
provided by the NHS Blood and Transplant service (London,
UK) by Ficoll gradient centrifugation.

Experimental protocols

Contact dermatitis. To induce ACD, mice were sensitized
on day 0 by epicutaneous application to razor-shaved abdominal
skin (with Wella clippers and wecprep blades from Pilling
[Teleflex Inc, Morrisville, NC]) of 40 L of 0.5% 1-fluoro-2,4-
dinitrobenzene (DNFB) in a mixture of acetone—olive oil (3:1).
On day 6, mice were challenged (first challenge) by applying
20 wL of 0.25% DNFB in acetone—olive oil at the back skin or
ear. In some cases, mice were rechallenged 21 days later (second
challenge) (Table I). In collaboration with Making STP at the
Francis Crick Institute, a device was developed to ensure the
area of application was consistent across the experiments
(50 mm?>).

Adoptive transfers. For adoptive transfer, CD8" T cells
were purified from spleen and lymph nodes by CD8a* T Cell
Isolation Kit, mouse (Miltenyi Biotec, Auburn, Calif) according
to the manufacturer’s instructions and 1 X 10° wild-type (WT)
CD8™ T cells were intravenously transferred into T-cell-deficient
animals denoted in the text. The following day, mice were sensi-
tized and challenged.

Topical tamoxifen treatment. 4-Hydroxytamoxifen (4-
OH tamoxifen) (H7904-25MG; Sigma-Aldrich, St Louis, Mo)
was dissolved in 99.5% acetone following incubation at 37°C for
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5-10 minutes with occasional vortexing. A final concentration of
12 mg/mL was administered to mice for 5 consecutive days by
topical application (20 pL/ear).

CD8 in vitro culture. Total CD8" T cells were isolated
(CD8a™ T Cell Isolation Kit, mouse; Miltenyi Biotec) from
spleens of sensitized mice 5 days after DNFB application and
transferred into 96-well plates with cytokines and/or antibodies
described in the text. Two days after, CD8 ™ T cells were analyzed
phenotypically by flow cytometry.

Isolation of primary DETC lines (short-term DETC).
Primary DETCs were isolated and grown as previously
described.'® After approximately 1 month, cells were assessed
for purity by flow cytometry. Cell lines with >85% DETCs were
used for coculture experiments.

Trm-DETC coculture assays. Primary DETC lines were
isolated as described previously. Try-cell were sorted (see FACS
sorting) 21 days after the second challenge and added to primary
DETC cultures in a 96-well plate at a concentration of 4 X 10*
cells/type of cell. All cells were collected 72 hours later.

Human culture assays. Gut. Primary gut lymphocytes
were obtained using an adaptation of the method of Kupper and
Clarke.?® Cellfoam matrices (9mm X 9 mm X 1.5 mm; Cytoma-
trix PTY Ltd, Hawthorn East, Victoria, Australia), were auto-
claved and incubated in 100 mg/mL rat tail collagen I (BD
Biosciences, San Jose, Calif) in PBS for 30 minutes at 37°C,
and washed twice in PBS. In compliance with local ethical
approval, endoscopic biopsies were taken from the ascending co-
lon of donors. Biopsies were washed for 20 minutes in 5 mL wash
medium (RPMI 1640 10% FCS, B-mercaptoethanol, penicillin
[500 U/mL], streptomycin [S00 pwg/mL], metronidazole [5 g/
mL; Pharmacy department, Guy’s Hospital, London, United
Kingdom], gentamicin [100 pg/mL; Sigma-Aldrich], and ampho-
tericin 12.5 pg/mL [Thermo Fisher Scientific, Waltham, Mass]).
One endoscopic biopsy was placed on top of each matrix, which
was inverted, and pressure applied, to crush the biopsy into the
matrix. The matrices were placed into a 24-well plate (1 per
well) and covered with 1 mL RPMI 1640 (supplemented with
complete media: 10% FCS, B-mercaptoethanol, penicillin [100
U/mL], streptomycin [100 pwg/mL], metronidazole [1 pg/mL],
gentamicin [20 pg/mL], amphotericin [2.5 pg/mL]) or complete
media supplemented with 0.5 pg/mL recombinant IFN-vy [Bio-
Legend, San Diego, Calif]. Cells were harvested after 24-hour
culture and residual biopsy and empty wells were washed with
PBS 0.02 mmol/L. HEPES. The cell suspension was passed
through a 70-pwm nylon cell strainer, centrifuged at 400g for 5 mi-
nutes. Cells were subsequently analyzed by flow cytometry.

Lung. Tissue specimens were reviewed by a lung pathologist
as previously described.”’ Of note, non-tumor (NT) tissues were
taken as far away as possible from tumors at primary surgery and
H&E sections examined afterwards by a trained histopathologist
to ensure that samples were fully tumor-free. Fresh NT tissues
were finely minced with sterile scalpels and dissociated in type
1 collagenase (10 U/mL, Thermo Fisher Scientific) and DNase |
(75 pg/mL, Roche) on a gentleMACS (Miltenyi Biotech) for
60 min at 37 °C. Digested material was passed through a 0.07
mm cell filter before tumor-infiltrating lymphocyte (TIL) enrich-
ment by Ficoll-paque gradient centrifugation (GE Healthcare).
Isolated TILs were frozen in 10% dimethylsulfoxide (DMSO)/
fetal calf serum (FCS) and stored in liquid nitrogen until analysis.

Flow cytometry. To analyze epidermal T-cell populations,
separate epidermal cell suspensions were prepared as described ™
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from ears or back skin of individual animals. When back skin was
analyzed, always the same amount of skin (equivalent to 962
mm?”) was digested. After overnight culture to allow
re-expression of trypsin-sensitive epitopes, epidermal cells were
blocked with normal hamster IgG plus anti-FcR (2.4G2), and
stained with anti-CD8a (53-6.7), anti-CD5 (53-7.3), anti-Ly-
6A/E (Sca-1) (D7), anti-CD103 (2E7), anti-CD69 (H1.2F3),
anti-CD44 (IM7), anti-CD45 (30-F11), anti-TCR +vy8(GL3),
anti-TCR B(H-57), anti-CD278 (ICOS) (C398.4A), anti-CD314
(NKG2D [KLRKI1]) (CX5), anti-CD314 (NKG2D) (C7), anti-
CD159a (16Al11), anti-CD3 & (2C11), anti-CD119 (GR20),
anti-CD366 (RMT3-23), anti-CD254 (IK22/5), anti-CD137 anti-
body (17B5), anti-CD279 (PD-1) (29F.1A12), anti-CD274 (B7-
Hl1, PD-L1) (10F9G2), and anti-TIGIT (GIGD7) (Table I).
Isotype-matched control antibodies were used at the same con-
centrations as test antibodies. Analysis was performed with a
LSRFortessa (BD Biosciences) with electronic gates set on live
cells by a combination of forward and side light scatter and pro-
pidium iodide exclusion. A minimum of 100 live events was
collected per sample and data were analyzed with FlowJo soft-
ware (BD, Franklin Lakes, NJ).

FACS sorting for bulk RNA-seq and scRNA-seq. To
isolate epidermal T-cell populations, separated epidermal cell
suspensions were prepared as described from back skin of
individual animals,”” incubated with mAbs for 30 minutes at
4°C in fluorescence-activated cell sorting (FACS) buffer (2%
FBS in PBS, pH 7.4, stabilized with 0.09% sodium azide), then
washed twice in FACS buffer. Viable CD457CD103"TCRB™"
CD5™ for scRNA-seq and CD45"CD3*TCR3™ for bulk RNA-
seq cells were sorted into PBS buffer + 0.04% BSA and retained
on ice. Sorted cells were confirmed to be >85% to 95% pure prior
to RNA extraction.

RNA-seq. cDNA was prepared from 10-ng input RNA using
the NuGEN Ovation RNA-Seq System (V2; Manchester, United
Kingdom), and libraries constructed using the NuGEN Ultralow
Library System V2. Both these steps followed the manufacturer’s
instructions. The resulting libraries were pooled for sequencing
on an Illumina HiSeq 2500 platform (San Diego, Calif) with
single-ended 75-bp reads. Read adaptor removal and quality
trimming was carried out with Trimmomatic (version 0.36;
Ilumina).* Reads were then aligned to the mouse genome, using
Ensembl GRCm38, release 86 (Saffron Walden, United
Kingdom) as reference. Read alignment and gene level quantifi-
cation was performed by STAR alignment (v.2.5.2a)* together
with RSEM package (v.1.2.31).”” Differential expression analysis
was carried out with DESEq2 (v 1.28.0)*° within R programming
environment (R Core Team, Vienna, Austria). Genes are desig-
nated as differentially expressed if P,g; < .05.

scRNA-seq. Samples were prepared using the 10x 3> mRNA-
Seq kit version 3.0 (10x Genomics, Pleasanton, Calif). Briefly,
cell viability was assessed using an EVE cell counter (Nano-
Entek, Seoul, Korea) and trypan blue viability stain. Approxi-
mately 10,000 cells were loaded into the 10x Genomics
Chromium, which was operated according to manufacturer’s
instructions. Sequencing was carried out on the [llumina HiSeq
4000 with a read configuration recommended by 10x Genomics
for the sequencing of these libraries (28-bp read 1, 98-bp read 2,
8-bp index 1). Cell Ranger software (version 2.1.1; 10x
Genomics) was used to de-multiplex Illumina BCL (binary
base call format) output, create fastq files, and generate single-
cell feature counts for each library using mm10-v1.2.0 as
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reference. All subsequent analyses were performed in R v.3.5.1
using the Seurat (v 2.3.4) package.”’ Genes were removed if they
were expressed in <3 cells and cells with <500 genes detected
were also removed. Data was integrated following Seurat’s
vignette. In brief, for each sample the top 1,000 most variable
genes were selected for data integration using canonical correla-
tion analysis with 25 dimensions used for dimensional reduction
using t-distributed stochastic neighbor embedding (tSNE) and
cluster calling. On initial examination of the clusters, we
excluded cells that expressed Cd47 >4 times (myeloid cells)
and Krt15 >2 times (keratinocytes) prior to integration, and the
analysis was repeated with the same parameters using resolution
of 0.4 to define clusters. Cluster markers were identified using
“FindConservedMarkers” with default parameters. To find genes
expressed differentially between WT and Tac mice within each
cluster, we used the DESeq23(’ test in “FindMarkers”. Gene set
enrichment analysis was carried out with the GSEA software
(version 2.2.3) from the Broad Institute (Cambridge, Mass).
The software compares ranked lists of genes, in this case, differ-
entially expressed genes ranked by the “stat” value obtained
from DESeq2 in decreasing order, with gene sets
“c2.cp.v7.0.symbols.gmt” and  “c5.bp.v7.0.symbols.gmt”
downloaded from the Broad Institute.

Quantitative RT-PCR. Epidermis from back skin was
separated from dermis as described in the flow cytometry section.
To isolate specific epidermal T-cell populations, cell suspensions
were prepared as described in the FACS sorting section. Samples
were directly frozen in RLT buffer prior to RNA purification with
DNAse digest (RNeasy kit; QIAGEN, Venlo, The Netherlands).
cDNA was generated using Superscript-II (Invitrogen, Thermo
Fisher Scientific) and analyzed using Sybr-green assay (Invitro-
gen) using a Viaa7 Real-time PCR machine (Applied Biosystems,
Thermo Fisher Scientific). cDNA was analyzed for Skintl and
Skint2, and the expression levels of each gene were normalized
to cyclophilin.

Confocal microscopy. Ears were separated from their
epidermis with 0.5 mol/L ammonium thiocyanate in PBS. The
mechanically split ears were floated with their dermal side down
in the petri dish and incubated in CO, incubator at 37°C for 35 mi-
nutes. The epidermis was physically separated from the dermis
and it was fixed with cold acetone for 20 minutes. The epidermal
sheets were blocked with PBS containing 5% normal goat serum
and stained for 1 hour with antibodies at room temperature in PBS
containing 5% normal goat serum and 0.5% BSA using TCR&-
BV421 and CD8-FITC antibodies. z-sections were acquired on
aLeica SP5 confocal microscope (Leica Microsystems, Deerfield,
I11) using a 10X/1.25 numerical aperture objective and processed
and analyzed using Fiji.”® For quantitative analysis, confocal re-
cords were processed to identify cells shown in Fig 4, B, using Ot-
su’s automated thresholding and multiresolution segmentation in
Definiens Developer XD software (Munich, Germany). Morpho-
logical parameter sphericity was calculated as the ratio of cell ob-
ject border length to its volume, ranging from 0 to 1 with higher
values corresponding to more spherical objects.

Confocal microscopy ex vivo. Challenged ears of the
animals were placed on a #1.5 coverslip to be imaged on a Zeiss
Upright LSM880 NLO (Oberkochen, Germany), with a Plan-
Apochromat 20X/0.8 numerical aperture objective. Migration of
cells was monitored exciting sequentially the sample with 488-nm
and 561-nm laser lines, detecting the signal between 510 to
550 nm (green fluorescent protein [GFP] channel) and 580 to
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640 nm (tdTomato channel). A volume of 213 mm X 213
mm X 30 mm (z-step = 5 mm) was acquired every 30 seconds
(time interval), for a total duration of 30 to 60 minutes. Cells
were manually tracked using the Manual Tracking plugin avail-
able in Fiji*® and the tracks were analyzed (steps distribution,
mean square displacement, and directionality) with custom-
made python (Python Software Foundation) scripts.

Trm-cell movement modeling. The simulation includes
2 cell populations, one set to be steady, with no change in XY
position (green cells, imitating DETCs), and the other allowed to
move (red cells, imitating Tgry; cells). The behavior of the simu-
lated red cells has been modeled including 2 terms that change
the possible movement, compared to randomly generated step
size and angles: an “initiation” factor that increases the possible
maximum step size, and an “attraction” factor that allows the cell
to move with bigger steps toward the nearest cell of the second
population if the latter (green cell) happens to be within a proper
distance (attraction radius).

Additionally, the model includes terms to simulate potential
contacts between the 2 cell populations; in the case of close
proximity with a green cell, the red cell direction is generated
according to an inhomogeneous angle distribution.

The parameters used to simulate “1” were step_max = 14 um,
activation = 0.99, attraction_radius = 100 pm,
attraction_Probability = 0.7; while “2” has been simulated using
step_max = 14 pm, activation = 0.2, attraction_radius = 100
pm, attraction_Probability = 0.01.

Normalization and statistical analysis

When indicated in each experiment, every value was divided by
the average value of the normal control condition. This process of
division allowed us to normalize the data and compare it across
different experiments. After normalizing the values, we combined
or pooled the data from different experiments.

Groups were compared with Prism software (GraphPad
Software, San Diego, Calif) using the 2-tailed unpaired Student
t-test for comparison of 2 groups or 1-way ANOVA for compar-
ison of 3 groups. Data are presented as each data point and mean
or mean * SD. P <.05 was considered significant. The experi-
ments were not randomized, and the investigators were not
blinded to allocation during experiments and outcome assess-
ment. No statistical methods were used to predetermine sample
size. All experiments were performed at least twice, either with
similar results obtained and representative data shown, or with
pooled data shown. Graph bars with pooled data from multiple
experiments include all experiments performed. Where represen-
tative histograms are shown, data reflect >2 independent experi-
ments with >3 mice per experiment, in which similar results were
obtained.

RESULTS
ACD elicits a polyclonal epidermal CD5"CD103™
CD8 T-cell compartment

Mimicking frequent human exposure to chemical irritants, we
employed a well-established system of ACD,”" in which mice were
initially sensitized to DNFB on their abdomen, followed by re-
exposure (“challenge”) ~6 days later on their back or ear skin
(Fig 1, A, top panel). During sensitization, naive a3 T cells in
the draining lymph nodes undergo antigen-driven clonal expansion
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FIG 1. ACD elicits a polyclonal epidermal CD5*CD103* CD8+ T-cell compartment. A, ACD experimental
protocol in WT mice (upper); flow cytometry evaluation of CD8*CD5" Try cells (middle), and of epidermal
CD103"CD8" o T cells and DETCs (/ower). B, CD103 and CD5 expression on epidermal CD8" Try cells and
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week after DNFB treatment of ears (n = 24). C, (Left) Normalized GFP levels on CD8"CD5"9" and
CD8'CD5'°™ T cells, 48 and 72 hours after first challenge of Nur77¢ mice (n = 8; data from 3 independent
experiments); (right) representative flow cytometry of GFP levels on CD8*CD5"9" versus CD8*CD5"" T
cells, 72 hours after first challenge of Nur77¢™ mice (“gfp"®? total CD8" denotes signal from nontransgenic
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and differentiate into effector cells and into cells that are systemic
precursors of Tgry cells. On allergen challenge, those precursors
accumulate at sites of allergen reapplication, initiating a proinflam-
matory cascade, and developing into mature Tgy, cells under the
influence of local cues.’® Indeed, applying flow cytometry gating
strategies shown (see Fig El in this article’s Online Repository
at www.jacionline.org), we observed increased epidermal a3 T-
cell representation in DNFB-sensitized mice following primary
and secondary challenges, by comparison to unmanipulated mice
(Fig E1 and see Fig E2, A in this article’s Online Repository at
www.jacionline.org), and the infiltrating a3 T cells were primarily
CD8" and were also CD5™ (Fig 1, A and Figs E1 and E2, B),
in clear contrast to CD5 " tissue-intrinsic yd T cells (Fig E2, B).

The epidermal CDS™ CD8" T «cells were mostly
CD103(«EB7) and KLRG1 ™~ (Fig 1, A and Fig E2, C), expressed
CD69, CD44, and PD1, but only low levels of T-cell immunoglob-
ulin mucin family member 3 (HAVCR2, also known as TIM3) and
of TIGIT (Fig 1, A), consistent with a phenotype commonly re-
ported for Try cells.***! Interestingly, the cells mostly displayed
very low CD3 expression (Fig 1, A), possibly reflecting a protein
conformational change since TCRf3 staining was not atypically
low (Fig E2, A). Conversely, TCRy3* DETCs that coinhabit
the epidermis displayed essentially the opposite phenotype:
CD3" PD1" TIGIT" CD5™° (Fig 1, A and Fig E2, B), demon-
strating that whereas the local environment is a major driver of
Trm-cell differentiation, it does not impose phenotypic homoge-
neity on different T-cell subsets.

Further illustrating this point, epidermal CD8* o T cells har-
vested 1 week after DNFB treatment of mice that had not been
previously sensitized were more akin to T-effector cells than to
Trum cells, displaying significantly less CD103 upregulation and
lower CD5 expression (Fig 1, B) (see Methods for how
normalization was undertaken). Indeed, in sensitized and
challenged mice, significant increases were observed in the
percentages of cells that expressed Try-associated CD103 and
CD5, while there was an almost complete loss of cells
expressing KLRG1, which is a T-effector cell marker (Fig E2,
(). Moreover, the levels of expression of CD5 and CD103 were
incrementally upregulated between 48 hours and 1 week post
challenge, while NKG2D and CD69 expression levels were
concurrently reduced by approximately 30% and 50%,
respectively (Fig E2, D).

With regard to CDS5 upregulation, we noted that higher CD5
expression has been reported to mark Try cells with higher affin-
ity TCRs.*? Thus, we used Nur77°F mice in which a GFP re-
porter is expressed from the TCR-regulated promoter of the
Nur77 gene, a gene required for Try-cell maturation.*’ Hemizy-
gous Nur77°"" mice were DNFB-sensitized, challenged 6 days
later, and epidermal CD8 T cells were examined 48 and 72 hours
post challenge. At both time points, CD5" versus CD5%™ CD8 T
cells (gated as in Fig 1, C) showed significantly higher GFP levels
(<50% greater) (Fig 1, C), indicating that they had experienced
stronger TCR-dependent signal transduction. Likewise receptor
activator of nuclear factor kB ligand ([RANKL], another TCR-
responsive gene),”* was expressed significantly more strongly
(~3-fold) by epidermal CD5"CD8 T cells versus CD5%™CD8
T cells (Fig E2, E). Conversely, CD5%™CD8 and CD5MCD8 T
cells expressed comparable levels of CD8 and CD103, neither
of which reflects TCR signaling strength (Fig E2, E). Thus, in
this system of ACD, we consider CD5 levels to be a quantitative
index of TCR responsiveness that might therefore be considered a

MUNOZ-RUIZ ET AL 1527

marker of the quality of the elicited polyclonal Try cells, as is
considered further below.

To examine functional potentials of elicited CD8 T cells, we
induced ACD in hemizygous YFP-Yeti (enhanced transcript for
IFN-vy) mice, in which YFP reports transcriptional activity from
the gene encoding IFN-y. YFP staining was spontaneously
evident in over one-third of epidermal CD8 T cells 96 hours
post challenge, whereas no staining was detectable among
DETCs, Langerhans cell (LCs), or low numbers of
tissue-intrinsic a3 T cells that could be distinguished from Tgy;
cells by their high expression of CD3, that is, TCRB* CD3"ig"
cells (see above) (Fig 1, D). Additionally, Yeti cells stimulated
ex vivo were stained for intracellular IFN-v to validate YFP as a
surrogate marker for cytokine production (Fig E2, F). In sum,
DNFB sensitization elicited systemic CD8 cells comprising T
effector cells and Tryi-cell precursors that on epicutaneous chal-
lenge showed rapid, incremental maturation into epidermal T
cells collectively displaying a Tgrpy-cell-associated phenotype
with potential for IFN-y production, and a gradation of CD5
expression consistent with a spectrum of polyclonal TCR signal
strengths.zz’23

Dysregulated Try-cell elicitation in hapten-
challenged yd T-cell mutant mice

Because it was reported that TCRS '~ mice show exaggerated
ACD responses,” we examined 3 strains of yd T-cell mutant mice
for the phenotypes of ACD-elicited epidermal CD8 T cells
following sensitization and challenge. The strains were Tac,
which specifically lack canonical Vy5V81" DETCs because of
a mutation in Skintl, the obligate DETC-selecting determi-
nant;**> TCRS ™~ lacking all y8 T cells; and Vy5V81~ lacking
canonical Vy5V31" DETCs. In all strains of DETC-deficient
mice, the percentage representation and absolute numbers of
epidermal CDS8TCD5" Tgwm cells were significantly greater,
particularly following a second DNFB challenge 3 weeks after
the first (Fig 2, A and B). Furthermore, CD8™" T cells recovered
from mice specifically lacking Vy5V3d1 DETCs showed signifi-
cantly increased levels of expression of T-effector-cell-associated
markers, including TNFRSF9 (or 4-1BB), NKG2D, and the integ-
rin CD49a (ITGA1) (see Fig E3, A in this article’s Online Repos-
itory at www.jacionline.org).

Both Tac and Vy5V81~~ strains harbor “replacement” DETCs
expressing a range of noncanonical yd TCRs, whereas replace-
ment DETCs in TCR3™~ mice comprise TCRaB™ CDS cells
that are distinguishable from CDS8 Tgy; cells because they are
CDS8" and do not express CD5 (Fig 2, A; compare upper with
lower right-most panels). Because of these replacement DETCs,
greater Try-cell expansion in yd-deficient settings could not
easily be ascribed to there being an empty niche to fill (see below).
Nonetheless, to avoid the issue of replacement T cells, we adop-
tively transferred CD8 T cells from Yeti mice to either TCRBf/f
mice or TCRBB_/_ mice that were then sensitized and subse-
quently challenged (Fig 2, C). By comparison to epidermal
CDS8 cells recovered from TCRB’/ ~ recipients, those recovered
from TCRBS"‘ mice expressed significantly higher levels of
T-effector cell markers including NKG2D, ICOS, 4-1BB, and
NKG2A (Fig 2, D), comparable to the findings with V'ySVSlf/f
mice. Additionally, the cells’ YFP-fluorescence was higher indi-
cating increased [fng transcription (Fig 2, E), and they expressed
significantly lower CD5 levels (Fig 2, F), as was the case for
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FIG 2. Dysregulated Tgm-cell elicitation in hapten-challenged y3 T-cell mutant mice. A, Representative CD8
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B, (Left) Protocol for sensitization and challenge
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second challenge of strains shown; data from 3 independent experiments, n = 40 mice; data are mean = SD;
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epidermal T-effector cells maturing in mice exposed only once to
DNFB without prior sensitization (see Fig 1).

Thus, across a range of mouse strains and experimental setups,
a consistent pattern emerged by which CD8 T cells elicited by
ACD in the absence of canonical, tissue-intrinsic yd T cells
showed greater numbers, higher effector potentials, and lower
CD5 expression. The relationship between the frequency of eli-
cited CD8" Tgy cells and inflammatory pathology was evident
from their comparable dose-dependent responses to amounts of
hapten applied (Fig E3, B), with ear thickness in TCR '~
mice being significantly exaggerated even at a low dose
(0.125%) of hapten (Fig E3, C).

Finally, the dysregulated elicitation of local CD8" T cells in
TCRS™~ mice was strikingly phenocopied independently of
ACD by inoculating mice with the squamous cell carcinoma
line, PDV.*° Thus, when TCR3™~ versus WT mice were inocu-
lated, the influx of epidermal CD5*CD8™ T cells was signifi-
cantly larger (Fig E3, D), but a significantly smaller proportion
of the cells was CD5™ (Fig E3, E).

Tissue-intrinsic yd T cells regulate the status of
ACD-elicited CD8 T cells

To better understand the regulation of epidermal CD8 Tgy,-cell
formation by local yd T cells, we compared the phenotypes of
CD8 T cells at 72 hours after a second DNFB challenge of WT
mice versus age-matched Tac mice (see above). Guided by the
signature surface-marker phenotype described for ACD-elicited
epidermal CD8 T cells, freshly isolated CD8 T cells from chal-
lenged WT and Tac mice were flow-sorted for
CD45 TCRBTCD1037CD5™ cells (Fig 3, A) and subjected to
3’ mRNA single-cell transcriptomics, obtaining 483 mean reads
per cell for the WT sample and 1346 for the Tac sample, with
the top-most 1000 variably expressed genes selected for each.
Sequencing saturation was >90% for all samples, indicating
comprehensive sampling of available transcripts. After prepro-
cessing, normalization, and batch correction, integrated analyses
were applied to discriminate common cell types and facilitate
comparative analyses, as described.”” The application of t-SNE
to a mixed data set from challenged WT and Tac mice permitted
5 distinct lymphocyte clusters to be discriminated according to
their aggregate gene expression profiles (Fig 3, A).

For the purposes of illustration, the 10 genes whose expression
was most enriched in the respective clusters are denoted (Fig 3,
B), whereas the complete information is provided online (GEO
accession number: GSE164023). The most prominent clusters
were 2 Cd8a™ T cell clusters, cluster 1 and cluster 2, which
will be further considered below; cluster 3 comprised a small
group of Cd4™ T cells enriched in regulatory T (Treg) cell-
associated transcripts; cluster 4 comprised contaminating
Cd3 TCRB  innate lymphoid cells; and cluster 5 comprised a
very minor group of Cd3-expressing cells of uncertain classifica-
tion, but note that they were not TCR'yB+.

A
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Accepting a false discovery rate of <1%, the largest grouping
was cluster 1 (GSE164023) (Fig 3, A and B) displaying a proto-
typic Trm-cell signature that is conserved in mice and humans
and that includes Cxcr6, CdS8a, Itgae (encoding CD103), Pdcdl
(encoding PD1), Ccl4, and Cd69 (Fig 3, B and see Fig E4, A in
this article’s Online Repository at www.jacionline.org).”* Addi-
tionally, genes associated with activated CD8 T-cell effector re-
sponses were highly expressed, including Gzmb, Icos, Tnf, and
Ifng (Fig E4, A). Conversely, cluster 1 showed scant expression
levels of genes associated with lymph node-homing and T effector
memory cells, including Sell (encoding CD62L), Ccr7, Siprl,
SIpr5, Klrgl, and KIf2 (GSE164023) (Fig E4, B).>**

In many respects cluster 2 cells shared the collective cluster 1
Trm-cell signature (GSE164023) (Fig E4, A), but they were
uniquely enriched in RNAs associated with active cell cycling,
including Stmnl (encoding stathminl), Tubb5, Rrm2 (encoding
ribonucleoside-diphosphate reductase subunit M2), and Mki67
(encoding Ki67, which is a marker of cells outside of Gg) (Fig
3, B and Fig E4, O.SO Moreover, cluster 2 was strongly enriched
in RNAs associated with the S and G,-M phases of the cell cycle
by contrast to a scarcity of RNAs associated with Gy and G, (Fig
3, C). Thus, the epidermis at 72 hours after the second challenge
concurrently housed resting (cluster 1) and cycling (cluster 2)
CD8™ Ty cells.

We next compared how the epidermal T cells recovered from
Tac versus WT mice at 72 hours post challenge were distributed
across these clusters (Fig E4, D and E). There was a relative loss in
Tac of cells from minor clusters 3 and 4 that evidently reflects
fewer contaminating Ty, and innate lymphoid cells, but besides
this, the major ACD-elicited epidermal CD8 T-cell subtypes
(clusters 1 and 2) were comparably elicited in the absence of pro-
totypic DETCs and in equivalent ratios. Nonetheless, Tac-derived
CDS8 T cells showed significant quantitative shifts in the expres-
sion of specific gene-sets. For example, at single-cell resolution,
Tac-derived cluster 1 cells showed increased normalized counts
(reflecting levels of expression) for genes associated with cyto-
Iytic effector functions, including Ctla2a, Nkg7, Ctsw, Klrkl,
and signaling status including Ptpn6 (encodes Shp1) and Ptprcap,
both of which encode regulators associated with the modulation
of highly activated T cells (Fig 3, D).”">*

Likewise, cluster 2 CD8 T cells from Tac mice showed striking
increases in normalized counts retrieved for genes associated with
cytotoxicity, including Ctsw and Nkg7; with mitosis, including
Stmnl, Tubalb, Tubb5, Rrm2, and Hmgbl; with outcomes of
TCR signaling; and with oxidative phosphorylation; and as well
as Ccl8, which also reflects activation (Fig 3, E and F). The in-
crease in mitosis-associated genes is clearly consistent with the
increased numbers of elicited CD8™ T cells in yd mutant mice.
Conversely, cluster 2 CD8 T cells from Tac mice showed rela-
tively reduced expression of genes associated with responsiveness
to cytokines (Fig E4, F), an issue returned to below. In sum, the
status of polyclonal epidermal CDS8 T cells elicited by ACD in
mice lacking canonical yd DETCs was atypical, with greater

1-way ANOVA with Holm-Sidak’s post hoc test. C, ACD protocol following adoptive transfer of YFP-Yeti
CD8" T cells to TCRR™ and TCR8”"TCRB™ recipients. D, Normalized surface expression by transferred
CD8™" cells of indicated proteins. E, (Leftf) Normalized Try-cell expression of YFP; (right) representative
YFP expression by intravenously transferred CD8" cells. F, (Left) Normalized Try-cell expression of CD5;
(right) representative CD5 expression by intravenously transferred CD8™ cells. D-F, Data from 3 independent
experiments, n = 33 mice. Data are mean + SD; Student t-test. *P < .05, **P < .01,***P < .001.
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FIG 3. Tissue-intrinsic vd T cells regulate the status of ACD-elicited CD8 T cells. A-F, scRNA-seq analysis of
CD8™ T cells from WT and Tac mice 72 hours after first challenge. A, ACD experimental protocol and work-
flow for isolating cells (upper); t-SNE plot demarcating 5 clusters based on differentially expressed genes for
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B. B, Heat map for cells grouped into 5 indicated clusters; the 10 genes most highly differentially expressed
by each cluster are denoted (right). C, t-SNE plot of scRNA-seq data set reflecting cell cycle analysis. D,



J ALLERGY CLIN IMMUNOL
VOLUME 152, NUMBER 6

cytolytic effector potentials that phenocopied CD5“™NKG2D"™
effector T cells observed in mice exposed to DNFB without prior
sensitization (see Fig 1), and higher proliferative activity previ-
ously reported for CD5' Tgy cells that generally have lower
TCR affinities relative to CD5™ Tgy cells.””””

ACD concurrently elicits local yd T-cell activation

To understand how local y8 T cells might regulate Tgrys-cell
maturation, it was important to ask whether ACD concurrently
induced DETC activation, creating a context in which epidermal
CD8 T-cell differentiation would occur. At steady-state,
Vvy5V81" DETC-specific epithelial selecting elements, Skintl
and Skint2, maintain canonical DETCs in an activated-yet-
resting state.!” However, RNAs encoding Skint2, and to some
extent Skintl, were rapidly downregulated in DNFB-treated
mice (Fig 4, A), and by 72 hours post challenge of sensitized
mice, at a time of heightened Try-cell maturation (exemplified
by CD5 and CD103 upregulation), most DETCs displayed a fully
activated phenotype reflected by increased sphericity and CD69
upregulation (Fig 4, B, arrows; and see Fig E5, A and B in this ar-
ticle’s Online Repository at www.jacionline.org). By contrast,
replacement, noncanonical DETCs in Tac mice showed much
reduced activation in response to DNFB (Fig E5, B). Indeed,
the activated phenotype in WT mice was that of bona fide DETCs,
because those cells uniquely express V5 and there was no evi-
dence of epidermal infiltration by y3 T cells using other TCRs,
for example, Vy4, which is common among dermal v T cells,’ 4
or Vyl, which is common among so-called replacement DETCs
that can commonly be found in the epidermis of Vy5V31-
deficient mice (Fig E5, C).

At a higher level of resolution, there were profound differences
in the gene expression profiles of Vy5V81" DETCs recovered
72 hours after challenging sensitized mice versus those at
steady-state, as illustrated by a principal component analysis
(PCA) of an RNA-seq analysis (GSE164023) (Fig 4, C; see
Table E1 in this article’s Online Repository at www.jacionline.
org). Specifically, by 72 hours many mRNAs associated with T-
cell activation were increased, including those encoding cyto-
kines, cytokine receptors, selected chemokines, key cytolytic me-
diators, and costimulatory and coinhibitory receptors, for
example, 4-1BB, ICOS, and Tim3 (Fig E5, D). Conversely,
some mRNAs strongly expressed at steady-state, for example,
1d3 and Xcll, were decreased (Fig ES5, D).

IFN-v contributes to local v& T-cell activation
Within the highly activated profile of DETCs recovered
72 hours after challenge, we noted conspicuous upregulation of
many IFN-y-responsive genes, including Ly6a, Statl, Cxcll0
(encodes IP10), and Cd274 (encodes PD-L1) (Fig ES5, E). Strik-
ingly, by comparison to keratinocytes and LCs, DETCs were
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the intraepidermal cells most consistently expressing RNA and
protein for the 2 chains of IFNGR that are both required for
IFN-vy responsiveness (GSE160477) (Fig 4, D; Fig ES, F).55
Consistent with this, a significantly greater fraction of DETCs
versus LCs were responsive to IFN-vy, as measured by Scal upre-
gulation (Fig ES5, G).5 ° Therefore, we next investigated the DETC
response to ACD in mice lacking IFNGR (CD119). DETCs
entirely failed to show PD-L1 upregulation when sampled every
24 hours for 4 days following challenge of sensitized Ifngrl™~
mice (Fig 4, E), and a PCA of DETCs from Ifngrl™" versus
WT mice sampled at 72 hours following DNFB challenge showed
them to express substantially different transcriptomes
(GSE164023) (Fig 4, F; see Table E2 in this article’s Online Re-
pository at www.jacionline.org), including reduced expression of
Statl, Tbx21 (encodes T-bet), and Ly6a, and ablated PD-L.1 (Table
E2). We could therefore conclude that during ACD, the local
v8 T-cell phenotype is in part regulated by IFN-v. Strikingly,
sensitized and challenged Ifngrl™~ mice phenocopied y8 mutant
mice in displaying increased frequencies of elicited CD8 T cells
(Fig 4, G), a result that is at least consistent with the hypothesis
that the impact of IFN-y on ACD was mediated via local
vd T cells.

To test this hypothesis, we generated an inducible y3-specific
Ifngr2-deficient mouse strain by crossing a floxed allele of Ifngr2
with a mouse expressing a tamoxifen-responsive cre-recombinase
(CreER) under the control of the TCR® promoter (Fig 4, H). In the
epidermis, this would preclude the upregulation of IFN-
y—dependent genes specifically in DETCs. The penetrance of
TCR™ER_mediated deletion is almost 100% in skin yd T cells,
by contrast to yd T cells at other sites,”” and this was reflected in
their loss of Ifngr protein expression (Fig E5, H), and their greatly
reduced capacity to upregulate Scal in response to IFN-vy (Fig ES,
I). Strikingly, the ACD response of these mice phenocopied the
ACD response of DETC-deficient mice and Ifngr”™ mice, in
that there was a highly exaggerated elicitation of CD8 T cells
that expressed significantly lower levels of CD5 and significantly
higher levels of effector T-cell-associated proteins including
NKG2D (Fig 4, I). Thus, the phenotype of local, ACD-elicited
CD8" af Tgry cells was significantly affected by the targeted
deletion of a single gene (Ifngr) in an heterologous cell type
(DETC). Moreover, because the DETC compartment is full in
TCRFR [fngr™™ mice, this observation emphasizes the point
that increased Tgry-cell frequencies cannot be explained simply
by a loss of local y& T cells creating an empty niche.

Based on the data using Yeti mice, we next considered that
ACD-elicited epidermal CD8" T cells might be a local and sus-
tained source of IFN-y to which DETCs respond during ACD.
Indeed, IFN-v is reportedly most active within close proximity
of its cellular source.”’ Seemingly consistent with this, when
whole epidermis was harvested from ACD-challenged mice and
rested for 48 hours, >80% of TCR'\(S+ cells expressed PD-L1,
whereas explanted yd T cells that were first flow-sorted prior to

A

Violin plots comparing expression of genes associated with cytotoxicity and signaling in cluster 1 cells from
WT (green-blue) and Tac (pink) mice. E, Violin plots comparing expression of genes associated with cyto-
toxicity and proliferation in cluster 2 cells from WT (green-blue) and Tac (pink) mice. D,E, Shown are
violin-shaped fitting areas for statistically significant differences in gene expression for Tgy cells from
WT versus Tac mice. ***P<.001. F, Gene set enrichment analysis of Tg-cell mitotic cluster from Tac versus
WT backgrounds using indicated public gene sets: enrichment scores (NES) and Pvalue are reported. FDR,
False discovery rate; FSC-A, forward scatter area; SSC-A, side scatter area; SSC-H, side scatter height.
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FIG 4. ACD concurrently elicits local vd T-cell activation. A, Skint1 and Skint2 expression after sensitization
and first challenge; n = 3; data are mean = SD of a representative of 2 independent experiments. B, DETCs
stained for TCR-y3 (green) in unchallenged WT mice or 72 hours post first challenge; representative of 3 in-
dependent experiments. Arrows denote rounded cells. C, PCA of RNA-seq analysis of v3 cells from unchal-
lenged mice (n = 3) or 72 hours after first challenge (Chall) (n’ = 3). D, Ifngr1 and Ifngr2 transcript counts by
indicated cell types from unchallenged mice (n = 3). E, (Upper) CD3 and CD119 (IFNGR1) expression on
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being maintained in culture mostly became PD-L.1"°¢ (Fig E5, J).
Further evidence that DETCs respond to IFN-v produced by local
aof T cells was provided by exposure of the 48-hour explant cul-
tures to low concentrations of an activating anti-TCRf3 antibody,
H-57, which induced DETCs to display increased phosphoryla-
tion of STAT1 that is downstream of IFNGR engagement. More-
over, this was increased further when the cultures were explanted
from challenged mice (Fig ES, K).

These observations would be consistent with locally maturing
CD8 T cells and activated tissue-intrinsic yd T cells being con-
nected by an [FN-y—dependent feedback loop, akin to a “sensing
and alarm” function by which Tgy cells condition the immuno-
logical tenor of local tissues.”® Whereas af3 Tryv cells would acti-
vate DETCs via IFNGR, activated DETCs might reciprocally
regulate a3 Try cells via PD1, which was highly expressed by
most elicited Tryy cells (see Fig 1). At least consistent with this,
anti-PD-L1-treated mice showed increased ear swelling 72 hours
post challenge, relative to controls (Fig ES5, L), as was also
recently reported for Pdll /" mice.”” Thus, we next sought evi-
dence that ACD-elicited CD8 T cells directly interacted with
DETCs. Note that this would not conflict with the report that
epidermal areas occupied by Try cells and DETCs were largely
nonoverlapping at steady-state because those observations were
made some weeks following Herpes virus-induced Tgry-cell
formation.”

Local y& T cells interact with ACD-elicited CD8 T
cells in vivo

To interrogate whether direct DETC-CDS8 T-cell interactions
were occurring, we applied confocal microscopy to vital
epidermal sheet preparations from the ears of Yeti mice at
72 hours post challenge, detecting YFP as a surrogate of IFN-
y—producing cells (see above, and staining with antibodies
against CD8 and TCRS3, respectively (Fig 5, A). High densities
of CD8 T cells were visualized at the challenge site, many of
which expressed YFP (that could be sufficiently bright as to
diminish the CD8 signal) (Fig 5, A, red), and many of which
were intimately juxtaposed with DETCs, including those express-
ing PD-L1 (Fig 5, A, blue; arrowed; Fig 5, B, white; Fig 5, C; see
Video E1 in this article’s Online Repository at www.jacionline.
org).

A potent, relatively underexplored consequence of PD-L1/PD1
engagement is the markedly increased motility of PD17* T cells.
Thus, in the context of type I diabetes, enhanced PD-L1-depen-
dent motility of pancreatic islet antigen-specific TCRaB™ cells
within tissue-draining lymph nodes was interpreted as promoting
tolerance by restricting antigen/TCRa3-dependent “strong-stop”
contacts with dendritic cells to only those T cells with the highest
affinity TCRs, that is, the highest quality T cells.’” By contrast the
activation of lower affinity T cells, which is a common trait of au-
toreactive T cells, would be physically limited by enhanced

»
<
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PD-L1-dependent motility. Indeed, greatly enhanced PDI1-
dependent T-cell motility was observed during tissue regeneration
following oncogene-induced tissue injury and was interpreted as
promoting tolerance by limiting a3 T-cell interactions with
damaged and proliferating cells.®' We therefore investigated the
regulated motility of epidermal CD8™ T cells following induction
of ACD and the potential roles that DETCs and PD-L1 might play.

To this end, we employed CXCR6™" mice in which DETCs at
steady-state are GFP ™, as are tissue-infiltrating CD5"CD8™* a8 T
cells following challenge (see Fig E6, A in this article’s Online
Repository at www.jacionline.org). Those mice were crossed to
homozygosity for TCRB—-deficiency, so that now DETCs were
the only epidermal GFP™ cell type, and those mice were then re-
constituted with CD8" ap T cells that could be distinguished
from DETCs because they were from TdTomato mice. Those re-
cipients were sensitized and at 72 hours post challenge their ears
were assessed by intravital confocal microscopy (Fig 5, D). Green
cells (ie, DETCs) were essentially sessile, as previously re-
ported,® with the motility of tracked cells being captured at every
30 seconds over a time frame of 60 minutes (ie, 120 steps) by a
circle with an average radius of 1.02 = 0.18 mm (Fig 5, E). By
contrast, red (CD8) cells were captured in the same time frame
by a circle of radius 14.17 = 2.97 mm, attesting to their motility
(Fig 5, F). Moreover, there were clear instances of motile CDS§
T cells making episodic and repeated interactions with DETCs
(see Video E2 in this article’s Online Repository at www.
jacionline.org). Analyzed in greater detail, the CDS cells showed
an average step size (the distance measured in each 30-second in-
terval) of ~3.5 mm and no skewed directionality. Nonetheless,
their mean square displacement from their start positions did
not increase linearly with time (ie, their velocity was not uni-
form), with some restraint on motility, particularly in early imag-
ing intervals, as evidenced by negative deviation from the straight
line (Fig 5, F; see Video E3 in this article’s Online Repository at
www.jacionline.org).

To better understand this motility pattern, we composed several
simulations in which a red motile cell was positioned among
sessile green cells precisely modeling the arrangement of cells
observed in the tissue by microscopy. We assigned several value
functions, reflecting: (1) the random movement of the cells in
terms of displacement (0.0-1.0) and direction (0°-360°); (2) their
hypothetical activation by an initiation factor, for example, a
response to PD-L1 engagement that would increase step size
(0.99); and (3) their hypothetical attraction to a nearest neigh-
boring DETC within 100 mm (0.7) that would affect cell direc-
tion. Additionally, we imposed a maximum step size of 14 mm
based on our real-world observations, and we included terms to
simulate potential contacts between the 2 cell populations, oper-
ative where 2 cells are <3 mm apart. To a striking degree, this
simulation phenocopied the data obtained from tracking
epidermal CD8 T cells following DNFB challenge (compare
Fig E6, B with Fig 5, F). Moreover, by observing 40 CD8 T cells

epidermal cells from WT and Ifnyr17™~ mice (3 independent experiments); (lower) frequency of PD-L1-ex-
pressing epidermal 3 cells at indicated times post sensitization and first challenge, with representative
plot of CD45" epidermal cells at 96 hours. F, PCA of RNA-seq analysis of epidermal 3 cells sorted 72 hours
after sensitization and first challenge of WT (n = 3) or Ifngr1'/'mice (n’ = 3). G, Trm-cell frequency in WT (n =
7) and Ifngr1”~ mice (n = 5) 21 days post second challenge; data are mean * SD of 2 independent experi-
ments; Student t-test. H, Protocol for y3-specific Ifngr2 deletion, followed by ACD. I, Tgm-cell counts and
normalized Tgy-cell surface expression of denoted proteins; data from 3 biologically independent experi-
ments, n = 36 mice; Student t-test. A,D,E, Statistical analysis performed using 1-way ANOVA with Holm-Si-
dak’s post-hoc test. D, Only statistical comparisons with DETCs are shown. ¥*P < .05, **P < .01,***P < .001.
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FIG 5. Local vd T-cell interactions with ACD-elicited CD8 T cells in vivo. A, ACD experimental protocol (/eft).
A-C, Confocal microscopy images of ear epidermal sheets of YFP-Yeti mice (n = 3) stained as indicated; ar-
rows denote juxtaposed cells. D, Protocol for adoptive transfer of tdTomato-CD8" cells to CXCR6S™'".
TCRB™ or CXCR6ST* TCRB™TCR5™ mice followed by ACD. E, Confocal microscopy cell migration tracks
of individual CXCR6%F™* 3 cells normalized for their origin. F-H, Confocal microscopy cell migration tracks
of individual tdTomato Tgy cells in the skin normalized for their origin. The gray circle radius is the weighted
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in a given field-of-view containing sessile DETCs, the model
permitted us to estimate that ~25% of CD8 T cells would be in
contact with DETCs over the 60-minute time frame (Fig E6, C).

Given that the simulation so closely phenocopied the cell
tracking data, we tested some key components of it. First, CD8
T-cell movement in the absence of ¥ T cells might be signifi-
cantly altered by both a lack of a y8 T-cell-dependent PD-L1-
dependent activation function, and a lack of an attraction
function. Thus, we repeated the study by using TdTomato CDS8
ap T cells to reconstitute CXCR6™ TCRBS /™ mice that lacked
all T cells and that were then sensitized and challenged. Indeed, at
72 hours post challenge, CD8 T-cell motility (» = 3.01 * 1.35
mm) was much reduced relative to that observed in yd-sufficient
mice (compare Fig 5, G with Fig 5, F). Furthermore, the modal
step size was O, reflecting the fact that there was negligible
mean square displacement (Fig 5, G), and the rare instances of
motility showed no directional skewing. These observations
were strikingly phenocopied by a simulation in which the activa-
tion and attraction functions were assumed to be negligible
(compare Fig E6, D with Fig 5, G).

We next investigated whether motility post-ACD was PD-L1—
dependent by administering anti-PD-L.1 antibody 24 hours prior
to DNFB challenge of presensitized CXCR6%"F TCRB ™~ mice
reconstituted with TdTomato CD8 T cells. Indeed, the cells’
movement was greatly impaired by anti-PD-L1 (r = 3.17 *
0.59 mm; modal step size = 0) (Fig 5, H), closely phenocopying
the setting of yd T-cell deficiency, just as the significantly
increased ear swelling responses to DNFB challenge of anti-
PD-L1-treated mice phenocopied those of yd T-cell deficient
mice. We can conclude that following ACD, the high motility
of elicited Try cells was equally dependent on local y& T cells
and on PD-L1 that was primarily expressed by local y8 T cells,
dependent on their activation by IFN-v, for which the primary
source was local CD8* af3 T cells. We note, however, that despite
their failure to upregulate CD69 (see Fig ES5, B), replacement
DETCs in post-challenge Tac upregulated PD-L1 (Fig E6, E),
which clearly indicates that although PD-L1 is essential for regu-
lating CD8 T-cell motility (Fig 5, H), it cannot be sufficient.

Mouse and human y8 T and Tgy cells in vitro

Next, we examined the capacity of DETCs to regulate Trys-cell
formation in vitro. These studies were rooted in our observation
that a Tgys-cell signature could be induced in circulating T cells
from mice 5 days post-DNFB sensitization following 2 days’
exposure ex vivo to 2 epithelium-associated cytokines, TGFB
and IL15, whereas this induction was much less efficient for
splenic CD8 T cells from unchallenged WT mice (~45% conver-
sion compared to ~15%). This was evidenced by the cytokine-
dependent acquisition of CD103, and by CDS5 upregulation,
which was mostly a trait of CD103™ cells (see Fig E7, A-C in
this article’s Online Repository at www.jacionline.org). This
phenotypic change was further enhanced by TCR stimulation
(Fig E7, D), and it is noteworthy that CD103 upregulation was
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limited to KLRG1  CDS8 T cells (Fig E7, E), which are reportedly
the near-exclusive source of Try-cell progenitors.*”-*

Based on this, we repeated the cytokine-supplemented cultures
of splenic CD8 T cells from sensitized and challenged mice, butin
addition interrogated whether yd T cells could directly influence
Trm-cell regulation. Thus, we added to the cocultures short-term
lines of Vy5V3a1 * DETCs, established as previously described,”?
observing significant increases in the fraction of CD8 T cells ex-
pressing CD103, and those cells expressed significantly higher
CD5 levels (Fig 6. A). Interestingly, CD5'® versus CD5™ CD8 T
cells were reported to respond less well to cytokines and to
show increases in outcomes associated with TCR signaling,’”
which were precisely those traits deduced from the transcriptomic
analysis of Try cells from yd —deficient mice as described above.
Thus, canonical DETCs can directly influence the acquisition of a
Trm-cell signature in the absence of any other cell types in vitro.

We then sorted ~2 X 10* Trum-type CD8 T cells into culture
with very low concentrations of activating anti-TCR{ antibody,
H57, sufficient to sustain the cells with moderate, albeit variable
levels of expansion over a 3-day period (Fig 6, B; left panels).
Coculture with short-term DETC lines significantly limited
CD8 T-cell expansion (Fig 6, B; left), although it is clear from
the live-dead analysis that the CD8 T cells remained >99% viable
(Fig 6, B; middle panels). Strikingly, the DETC-imposed
constraint on CD8 T-cell expansion was substantially and signif-
icantly relieved, by inclusion of anti-PD-L1 versus inclusion of an
isotype control, whether measured as cell frequencies or as abso-
lute numbers (Fig 6, B, top and bottom panels). Thus, substan-
tially greater expansions of CD8 T cells were a common feature
of Trm-cell maturation in multiple settings of yd deficiency,
IFNGR deficiency, and PD-L1 blockade in vivo and in culture.

Next, we considered that if the findings described in this paper
were to be conserved in human tissues, at least 2 key criteria
should be fulfilled: first, that tissue-tropic or tissue-intrinsic yd T
cells should express PD-L1; and second, that this should be sub-
ject to regulation by IFN-v, as is produced by human CDS T cells.
We focused initially on V327 cells, because they are conspicuous
in the dermis and epidermis within 48 hours of an ACD response
to 2,4-dinitrochlorobenzene, in which context they have been
postulated to regulate the ACD response post-initiation.** Skin-
homing lymphocytes can be identified among PBMCs by their
expression of cutaneous lymphocyte antigen (CLA),”” and
when we examined fresh CLAT V827 T cells from 4 independent
healthy donors, we found that from ~15% to 40% were PD-L1 +,
and that this invariably increased (from >35% to ~60% PD-L1 )
on exposure to IFN-y (Fig 6, C). Hence, skin-homing yd T cells
implicated in ACD® are responsive to IFN-y and upregulate
PD-L1.

To examine the more general applicability of this to human
barrier-site immunology, we examined human gut y3 intraepithelial
lymphocytes, which are enriched in cells coexpressing Vo1 and
CD103.°° Fresh populations of such cells from each of 3 donors
(donors 1, 2, and 3) were cultured for 24 hours in standard media
with and without IFN-y. The data show that there was in each

mean of the track total displacements. Reported values for r. weighted mean =SD of the weighted mean. F,
CXCR6CFP*TCRB™ mice: cells (n = 26) in 3 different experiments. G, CXCR6% ™ *TCRB"TCRS™" mice: cells
(n = 22) in 3 different experiments. H, CXCR6° ™ *TCRB™ mice + aPD-L1: cells (n = 20) in 3 different exper-
iments. F-H, tdTomato-CD8™ cells: step size distribution, mean square displacement (MSD), and direction-
ality quantified using Manual Tracking plugin in Fiji*® (lower). One representative experiment of 3

experiments performed is shown.
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case a small percentage of cells that expressed PD-L1 and that in 2
of 3 donors, this fraction was increased by IFN-y treatment (Fig 6,
D and Fig E7, F, top panel).

To assess the generality of this yet further, we examined
another site harboring intraepithelial y3 cells, namely the lung,
for which nonlesional tissue was available from persons treated
for non—small cell lung cancer. Although there were insufficient
cells to culture, the data show that for each of 3 donors (donors 4,
5, and 6) a clear percentage of cells expressed PD-L1 and that this
was in every case greater than the percentage expressed by V82"
cells (Fig E7, F [lower panel] and G). We conclude that in multi-
ple barrier sites in which human CD8" Tgry cells mature, there
exist local populations of yd T cells displaying IFN-y—regulatable
expression of PD-L1.

DISCUSSION

Trum cells exemplify the critical role played by local immune
systems in responding to secondary challenges wrought by aller-
gens, reinfections, and cancer recurrence. Their protective re-
sponses and pathological potentials can be long-lasting, added
to which Tgry cells may also respond to primary challenges via
TCR cross-reactivity and/or innate-like receptors.®” It is therefore
not surprising that Tgy cells would be locally regulated, consis-
tent with which, skin Try cells are known to be influenced by ker-
atinocytes,”® and by local, T-bet—expressing TCRap " Treg
cells.®” With this in mind, we revisited a potential for Trys-cell
regulation by local tissue-intrinsic lymphocytes that was
described many years ago, but with no elucidated mechanism.
Moreover, puzzlement over mechanism was increased by clear
evidence that Try cells and DETCs were spatially isolated
from one another when observed some weeks following epicuta-
neous Herpes infection.” However, this did not preclude an influ-
ence of DETCs in the early stages of ACD elicitation, when the
CDS8 T-cell population comprises effector cells and locally
maturing Try-cell precursors. Indeed, as an example of early
phase regulation, CD8 " effector T cells accumulating at the intes-
tinal barrier showed limited maturation toward a signature Try-
cell phenotype when local T-bet—expressing TCRaf* Ty cells
were lacking.®’

Our study now establishes that during the early stages of
epidermal infiltration in response to chemical challenge of
presensitized mice, CD8 Try-cell maturation is comparably dysre-
gulated by the absence of local 8 T cells, or of IFN-y responsive-
ness (ie, in Ifngr ’~ mice), or of IFN-y responsiveness induced
purely in y8 T cells. We show that the CD8 T cells themselves
are a primary source of IFN-y, which is absolutely required to
induce PD-L1 on local yd T cells. Moreover, the phenotype of
v8 T-cell-mediated regulation of CD8 T cells— regulated prolifer-
ation, effector function, and motility—is exactly that reported for
checkpoint regulation by PD-L1, and the use of anti-PD-L1
blocked the direct regulation of CD8 T cells by yd T cells that
we could observe in culture. Consistent with this, local yd T cells
were in intimate contact with CD8 T cells soon after their
elicitation.

Thus, the size and phenotype of the Try-cell compartment can
be shaped by local innate-like lymphocytes in the early phases of
ACD, and of other tissue-disruptive challenges as we show for the
response to cancer cell inoculation. Moreover, the atypical pheno-
type of epidermal Tgy cells in the absence of DETCs included
reduced CD5 expression that has been associated with lower
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intrinsic TCR affinity for antigen and higher propensity for autor-
eactivity and autoinflammation.”> Thus, CD8 T cells entering a
tissue en route to composing a Try-cell compartment encounter
heterologous T cells that are themselves responding to the chal-
lenge (eg, ACD), evoking an immunological ecosystem. The
likely conservation of this in humans is evident from the IFN-
y—dependent acquisition of PD-L1 by skin-homing y& T cells,
and by the expression of PD-L1 by tissue-intrinsic yd T cells in
the gut and lung.

Our findings may go some way to explaining many instances of
inflammatory pathologies associated with +yd T-cell defi-
ciencies.'' Various etiologies have been considered to underpin
such disease states, including dysbiosis caused by a deficiency
in dermal IL17-producing v3 T cells.”” Notwithstanding such
causes, tissue-associated a3 T cells are a key effector of the
described pathologies,™” and this potential will clearly be exag-
gerated if local y& T cells, by virtue of their absence, are unable
to regulate the quality and size of the Try-cell compartment.

Innate-like lymphocytes including DETCs are commonly
viewed as protecting tissue integrity, promoting repair, and
limiting inflammation,’"”” but there has been surprisingly little
consideration of whether their biology might critically include
the regulation and the establishment and maturation of Tgy, cells.
That these 2 qualitatively distinct tissue-associated lymphocyte
universes are integrated rather than parallel has many implica-
tions. For example, given that the conditional ablation of a single
gene in heterologous local v& T cells (Ifngr) profoundly affected
TrMm-cell maturation, it seems reasonable to consider tissue-
intrinsic epidermal y8 T cells as bona fide immunoregulators.
PD-L1 may be a major mediator of the critical role played by
IFN-v, conspicuously evoking the role of PD1 in suppressing T-
effector cell function and promoting Try-cell maturation
following virus infection of mouse lungs.73 Nonetheless, we
also show that PD-L1 is insufficient for Trys-cell regulation, in
which regard, DETCs express several molecules, including
glucocorticoid-induced TNFR-related TNFRSF18 (GITR) pro-
tein, that have been associated with immunoregulation.74 In short,
the full regulatory potential of tissue-intrinsic T cells in different
tissues merits much deeper investigation.

In considering the implications of local vy& T-cell-mediated
Trm-cell regulation by yd T cells, we note that in mice adoptively
transferred with T cells with lower intrinsic TCR affinity for influ-
enza viruses, the durable lung Try-cell compartment that devel-
oped following influenza infection was smaller than that which
formed in mice receiving higher affinity cells that also expressed
higher levels of CD5.** Those data in the context of our own
strengthen the prospect that tissue-intrinsic yd T cells impose fil-
ters that bias the infiltrating CD8 T cells against expansion as
short-term effector cells, commonly with lower TCR affinities,
and toward maturation and expansion as higher affinity cpst
Trwm cells. This bias toward high-quality Try cells imposed by
tissue-intrinsic T cells may in part be via the regulation of
T-cell motility that we demonstrate here, and that would limit
activation of autoreactive T cells that escaped central tolerance
based on their lower affinity.”” In sum, local ¥3 T cells may
deploy PD-L1/PD1 and other mediators to promote tissue-
tolerance while nonetheless permitting sustained immune surveil-
lance of exogenous threats by a selected population of high-
quality cells. Consistent with this, a3 T-cell-dependent autoin-
flammatory diseases have been commonly observed in multiple
strains of yd-deficient and Ifngr-deficient mice.®'!?
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FIG 6. Mouse and human v3 T cells and Try cells in vitro. A, CD103 and CD5 expression by sensitized CD8gy,
cells after 3 days in vitro coculture with short-term (S.T.) DETCs (+ v3) with TGFB + IL15. Student t-test. B,
(Upper) Trum-cell frequencies and numbers after 3 days in vitro coculture of second challenge (Tgm + S.T.
DETCs + H-57) performed in the presence of aPD-L1 blocking antibody (20 mg/mL) or isotype control (20
wg/mL) (left). Statistical analysis was performed using 1-way ANOVA with Holm-Sidak’s multiple compar-
isons post hoctest. (Lower) Representative flow plots for live/dead plus CD8 and for CD103 plus CD8. C, Per-
centage of PD-L1" cells within blood V82"CLA" cells after 24 hours in vitro culture of human PBMCs with
indicated concentrations of recombinant IFN-y (r/FN-y) (n = 4). One-way ANOVA with Holm-Sidak’s multiple
comparisons post hoc test. D, Flow cytometry of PD-L1 expression on V317CD103™ cells from human gut
after overnight culture with media alone or human rlIFN-y. Data obtained from 3 independent donors.
*P< .05, **P < .01,***P < .001.
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Our findings evoke seminal studies of Pace et al’® who showed
that a key consequence of T, activity in Listeria infection was to
limit memory compartments to higher affinity, more efficacious,
antibacterial T cells that were less susceptible to control by T,
cells. In this light, it is also the case that the perpetuation of
Trm cells that show low-affinity cross-reactivity toward neo-
antigens, for example, Try cells induced by common cold coro-
naviruses that have low affinity for severe acute respiratory
syndrome coronavirus 2 antigens, may contribute to immunopa-
thology’” and may offer another rationale for locally regulating
Trm-cell quality.

Note however that this consideration does not dismiss the
prospect that some T cells bearing lower affinity TCRs may form
Trum cells whose cross-reactivity provides valuable contributions
to a first line of defense.””’* Such contributions might be more
important at later time points when the immediate prospects of
re-encountering the initial challenge have declined, and when
the regulatory influence of DETCs will presumably be reduced
by their evident spatial exclusion.’

Trm-cell infiltration and quality has been shown by indepen-
dent approaches to be a better prognostic marker of cancer sup-
pression than was the quantification of circulating CD8* T
cells,””®" highlighting the importance of markers of Try-cell
quality. In that regard, our studies suggest that CD5 may be a use-
ful discriminator of the quality of the Try-cell compartment, as
may be RANKL. At the same time, Try cells can mediate allergic
immunopathologies, as in ACD, and may also mediate severe
adverse events during the clinical blockade of PD1 and/or other
immunological checkpoints in patients with cancer. Our study rai-
ses the interesting possibility that in all these settings, the multi-
partite, ecological nature of local immune responses may
frequently reflect critical integrations of lymphocytes of distinct
lineages that are most often studied entirely separately. Indeed,
at least some of the contributions of yd T cells to cancer con-
trol'*** might in part reflect their impact on Ty cells rather
than their direct targeting of malignant cells. Likewise, anatom-
ical site-specific variations in the responsiveness and effector po-
tentials of Ty cells may map back to variations in tissue-intrinsic
innate-like lymphocytes at steady-state and in their responsive-
ness to local changes in tissue status, which in the case studied
here was ACD. This could have profound clinical implications
and would seem an important area to pursue. Indeed, one might
consider that enhancing local ecological regulation by tissue-
intrinsic lymphocytes might ameliorate some examples of
organ-specific allergic and/or autoimmune disease.
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Key messages

o Profound regulation of tissue-infiltrating CD8* a8 T cells
by local yo T cells.

Local y8 T cells sense IFN-y produced by tissue-
infiltrating CD8 T cells establishing a coregulatory axis
involving PD-L1 that seems conserved in humans.

PD-L1 blockade may promote CD8 T-effector cell func-
tion at the cost of memory T-cell quality.
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