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The developmental pathway for CD1
tissue-resident memory T cells of skin
Laura KMackay!5, Azad Rahimpour!5, Joel ZMa!°, Nicholas Collins!, Angus T Stock!,Ming-Li Hafon!,
Javier Vega-Ramos!, Pilar Lauzurica?, Scott }NMueller!, Tijana Stefanovic', David C Tscharke?,
William BR Heath',Michael Inouye!+, Francis IR Carbone!® & Thomas Gebhardt!*

Tissue-resident memory S cells (py cells) provide superior protection against infection in extralymphoid tissues. Here we
found that CDIOS*CDS* Tey cells developed in the skin from epithellum-infiltrating precursor celis that lacked expression of
the effector-cell marker KLAG1. A combination of entry into the epithelium plus local signaling by interleukin 15 (IL-1S) and
transforming growth factor-B (TGF-8) was required for the formation of these long-lived memory cells. Notably, differentiation inte
Try cells resulted in the progressive acquisition of a unique transcriptional profile that differed from that of circulating memory
celis and other types of S cells that permanently reside in skin epithelium. We provide a comprehensive molecular framework for
the local differentiation of a distinct peripheral population of memory cells that forms a first-line immunological defense system
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in barrier tissues.

Infection primes a population of effector T cells that migrate to all
manner ofperipheral tissues. The entry of those cells into the tissues
is controled by a 'migration-imprinting' program that depends on
the oripin of infection and by the induction of local chemokines that
recruit T cells into sites of active inflammation! As the infection
resolves and local inflammation subsides, the in Gltration of T cells
into non1ymphoid organs gradually decreases*", partly as a conse-
quence of the loss of cells that express the homing receptors that

perrait trafficking inte organs such as gut and Nonetheless,
long-term T ce1l immunity can be maintained in regional tissues
because of the action of a subset of cells that lodge during the early
phase of peripheral infection and thereafter never return to the
circulation'®, Those are called 'tissue-resident memory T cells'
(Tag cells); the best characterized are CD8* memory T cel1s that bear
the a-chain (CD103) of the integrin apf, together with the activa-
tion marker CD69 (ref. 9). Such CD103+C08* Tras cells have been
identified in various tissues?" 1 where they can dominate immunity
to localized infections>*12-4,
Memory T cells in the blood and secondary lymphoid organs

have been defined as belonging to the subsets of lymphoid tissue-
recirculating central memory T cells (Tom cells} and extralymphoid
tissue-infi1trating effector memory T cells (Tpy, celis}!®. While
some peripheral T cells probably equilibrate with the bload, some do
not!', and the latter belong to the Tay, cell category**43. At present,
it remains unclear how the subsets of Tay cells, Toy, cells and Tey,
cells are related. Considerable information is available about the

developmental processes that give rise to the distinct populations of
Tey cells and Try cells 819, although how Tay cells fit into those line-
ages remains unclear. it is known that Tpy, cells lodge in tissues during
the effector phase of the immune response*", at a time when memory
precursor cells are present in the circulation. Such precursor ce1ls can
be defined by differences in their expression of the receptor K3RGI
and interleukin 7 (IL-7) receptor a-chain (CD127}. Long-lived circu-
lating memory cells are progressively derived from 127"
and KLRG1-CDi27" precursor cells,while KURGI*CD127- cells give
rise to short-lived effector or effector-like memory popu1ations!* 2°,

Since tissue T cells are known to have enhanced effector abilities, it
might be expected that Tpy cells would originate from the KLRG1*
precursor ce ls. However, unlike circulating effector cells, CD1OS*CD8*

Tem cel1s are particu1ariy long lived, whichmeans that their origins are
more Iikely to be the KLRG4 precursor cells that give rise to persisting
memory cells, such as the Tp, cells found in the circulation.
Clear definition of the development of yga, cells requires under-

standing of what controls the entry ofprecursor cells into nonlym-
phoid compartments. CD103'CD&* Tar, cells often reside in the

epithelium in a range of different tissues, including the gut, skin and
female reproductive tract?*224, Such restricted localization of Tem
cellsmay be linked to the production of transforming growth factor-B
(TGE-B) in those environments**5, as this cytokine is amajor driver
ofCD103 expression?¢-25, As a consequence, itmight be expected that

migration into epithelium would be a critical step in thematuration of
CDLOS*CDS" Tay, cells. Here we found that this prediction held true
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Figure 1 CD103 and CD&9 regu ate the lodgement ard persistence of Try cells. (a) Quantification of total and CD103* gBT-I celis in skin from mice
given naive gBT-! cells and then infected with HSV; gBT-1 cells were tracked by their expression of V2, CD45.2 and CD45.1. (6) Expression of CD103
and Bcl-2 by gBT-i cells in the skin (Sk) and Spleen (Spi) of mice as in a at 1, 2 or 4 weeks after infection (above plots}, assessed by flow cytometry
with gating on gBT-i cells, Numbers in quadrants indicate percent everts in each throughout. (¢,d) Expression of CD&9 and by gBT-I cells in
skin: from mice as in a at 1~4 weeks after infection (above plots; c) and frequency of CD69+ and CD103* gBT-I ceils in the skin of those mice (a).
(a) Expression of CD69 and CD103 by gBT-I cells in the epidermis (Epi) and dermis (Der) of mice 11 d after infection as in a. Numbers in plots indicate
percent CD6S* cells eft) or CDLOS* cells (right); colors match key. (f} Expression of CD48.1 and CD45.2 in gBT-] cells trom the spieen (gated on CD8+
cells} and skin (gated on V,2+ ce ls) of host mice given transfer of wild-type (WT) and Cd69- gBT-i cells (top row} or wild-type and gBT-I celis
(bottom row), with distinct patterns of expression of CD45.1 and ©D45.2, followed by infection of the host with HSV and analysis >30 d after infection.
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Numbers adjacent to outlined areas indicate percent CD45.1+CD45.2> (wild-type) cells (both rows, top), CD45.1+CD45.2- (Cd69"-} calls (top row,
bottom} or CD45.1-CD45.2° cel s (bottom tow, bottom). (g) Ratio of wild-type cells to celis (top) or cells (bottom) at vanous
times after infection (honzontal axes} of mice as in f. Data are pooled from three experiments with 8~12 mice per time pont (a), 4-12 mice per time point
(d} or 9-12 mice per time point (g; error bars (@,¢,z), 3.e.rm.), are from one experiment with 4 mice (@} or are representative of three experiments (b,c,f}.

for the skin, with entry into the epidermis being a pivotal transition
point for the successful maturation of cells. We exploited that

requirement for entry into the epidermis to characterize the develap-
ment of cells and to distinguish those memory cells from their
Tom and Ty, counterparts in lymphoid tissues.

RESUETS
Roles of CDS9 and C833Q3 in the development of Tay cells
To analyze the formation of CD103'*CDS* Tam cells in skin,we used a
combination of infection with herpes simp exviras (HSV) along with
adoptive transfer of gBT-I cel s, which have transgenic expression of
a T cell antigen receptor (TCR) specif c for that pathogen. Tracking
gBT-I cells by their expression of the TCR o-chain variab e region 2

(V2) and of the markers CD45. 1 and/or CID45.2 revealed their rapid
accumulation ia infected skin, with numbers peaking around day 7

and then rapid y falling thereafter (Pig. 1a). In contrast, the number
ofCD103* sBT-I cells increased at a more modest rate to reach a sta-
ble plateau around 2 weeks after infection (Fig. 1a). Consistent with
the lack of contraction of the CD103* subset, the T ce ls upregulated
expression of the prasurvivalmolecule Bcl-2 (Big. 1b). Skin-iafi irating
gBT-I ce ls also upregulated expression of the activation marker
CD69 (Fig. Ic), which preceded the expression of integrin Gg chain
(CDi03} (Fig. 1d). We also found analogous patterns of progressive
uprepulation of the expression ofBcl-2, CD69 and CD103 in endog-
enous nontransgenic T cells (Supplementary Pig. 1a.b). Separating
the skin into epidermis and dermis at day 11 after infection showed
that virus-specif c T cells had heterogeneous CD69 expression in the
dermis but were nearly ali CD69* in the epidermis (Pig. Le). At the
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same time, a large portion ofepidermal gBT-I cells expressed CD103,
while their counterparts in the dermis were predominantly CD103-
(Pig. Le). E should be noted that dermal preparations contain hair
follicles with residual epithe ial ce ls, including intraepithe ial T ceils

(Supplementary Fig. ic),
Both CD69 and CD103 were necessary for the optimal forma-

tion and/or survival of CD8* Tay cells in the skin, as deletion
of these molecules resulted in a reduction in Tpy celi numbers
after adoptive cotransfer of equal numbers of wild-type and CD69-
deficient (Cd69-'-) or CD103-deficient gBT-I cells before
infection (Fig. 1f,g). CD69 was also necessary for the persistence
of T cells in the sensory ganglia (Supplementary Fig. 1d}. Given
the sequential nature of the induction of expression of CD69 and
CD103 (Big. id), we anticipated that the absence of the individual
molecules would affect the development of Tra, cells in a pro-
gressive way, with loss of CD69 having an early effect and dele-
tion of CD103 having a downstream effect on T cell numbers.
Indeed, gBT-I cells were lost at a much faster rate than
were gRT-I cells (Fig. 1g). In each case, the starting ratio
of wild-type gBT-I cells to mutant 2BT-I cells in skin and spleen
was roughly 1, with the latter remaining close to 1 at all times
examined (Fig. 1g}. Histology showed that CD103 was dispen-
sable for the entry of T cells into the epidermis, since both wild-
type and gBT-1 cells were able ic reach that compartment
(Supplementary Big. le}. These combined results suggested that
deficiency in CD69 had an effect shortly after T cells entered the
skin, while deletion ofCD103 affected the persistence of Tay, cells
long after the ceils had reached the epidermis.
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Figure 2 Tay cells develop from KLRGI- a
precursa: cells that selectively infiltrate the
epiderm:s during acute infection. {a} Expression
of LRG] and COIGS by gBT-l ce ls in ihe skin 3k

and spleen of mice (7 = 12 per time paint) given
naive CD45.2°CD45.1+ gBT-t cel s, followed by
infection with HSV and analysis during acute

2 woeks 4 weaks

infection (1 week), after resolution of infection Spl

(2 weeks) and during early rnemory (4 weeks);
plots are pated on V,2*CD45.2'CD45 1+ a wrote
events. (b,c) KLRGI expression by gBT-! CD103

fantl-KLRGI; top) and identify gBT-E ce ls by
infection (c)

388 <1

14 at

eS at

spleen of mice (n= 8-9 per iime point) as in b c

infection}, to delect KLRG1 by staining with
LRG Time aiter

GFP expression (gBT-I-GFP; bottom); arrows @ 150
indicate examples of KLRGI* cal s (yellow
arrows) and KLRG1 2BT-] cells (red arrows); @ KLRG E

dashed lines indicate the epiderrnal-cermal 0

of CDL03+ gBT-i cells in skin from recipient
mice (n= 12 per group) infected with HSV and,

Haachst

2 683 aan * COE"oa re cs ¢

*P<0.05 (two-tailed Mann-Whitney test). Data are representative of three experiments (a) or two experiments (bd) or are pooled from two experiments (¢}
or three experiments (@; error bars, s.d. (c} or 5.e.m. (e}}.

Tay cells derive from KLRGI~ precursar cells
After skin infection with HSV, there was a gradual shift of gBT-1
celis in the spleen from effector cells to
a predominantly CD62LtCD127*KLRGI- Toy cell population at
late times (1 year) after infection, with heterogeneous populations
of Toy cells and cells (the latter being
ot CD62L-CD127-KLRGL* at intermediate limes Supplementary
Fig. 2a}. We also noted changes in skin T cel s when we examined
expression of KLRGG1 and CD103 (Big. 2a). Early after infection
(week 1}, skin T cells were predominantly KLRGI*CD103- effector
cells, while at memory times (week4), the survivingmemory cells were
almost exclusively CD103* cells with little or no KLRGI expres-
sion (Pig. 2a), as has been described for Tgy, cells in other organs!!*4,
Endogenous CD103*

T cells in the skin a so largely lacked expression
of (Supplementary Fig. 2b). While over 50% of splenic gBT-1
cells were KLRGI+ 4weeks after indection, Jess than 10% of the corres -

ponding skin T cells expressed thatmarker (Fig. 2a). That difference
was consistentwith published studies showing disequilibrium between

Tam cells in the shin and circulating memory cells and, in particular,
cells of the Tyy, phenotype (which large y express KLRG1) that survive
through to the time ofmemory development®5,
Those data supported the hypothesis that the skin CD103* Tay,

cell population developed from KLRGI- precursor ce ls, Consistent
with that, separation of the skin rate dermus and epidermis at carly
times after infection showed that the latter contained almost exclu-
sively KLRGG1 gBT-{ cells, whereas the former contained a mixture
of and KLRG1* cells, similar to what was found in the

spleen (Fig. 2h,c}. To betier visualize the localization of the differ-
ent populations, we examined, by mmunofluorescene microscopy,
KLRGi expression by skin acutely infected with HSV (Fig. 2d).
In those sections, the KLRGI* gBT-I cells exhibited a weaker but
clearly discernable fluorescence signal (Fig. 24}, in contrast to an
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undefined population with strong thuorescence. In confirmation of
the data obtained by flow cytometry, almost all gBT-1 cells in the

epidermis and in the upper regions of the dermis lacked expression
ofKLRG1 (Fig, 2d). Finally, re- transfer ofg8T- I effector cells isolated
from spleen 6 d after infection with HSV and sorted into KLRGI*
and KLRGI- subsets showed that only the latter generated CD103*
Tang Cells in the skin ofHSV-infected recipient mice (Pig. 2e). These
data formally demonstrated that KLRGA precursor cells gave rise to

intraepithelial Tay, cells in skin. As an extension of those results, we
found that KLRG1- cells also 'preferentially' generated Tyo, cells in
the sensory ganglia (Supplementary Fig. 2c).

The formation of Tay celis requires epithelial infiltration
Our data indicated that infiltration of the epithelium and the forma-
tion of Tp), cel s by virus-specific CD&" T cells were functiona ly
linked; however, our results fell short of demonstrating that entry
into the epithelium was indeed required for the maturation of Tay
celis. To examine themigration ofT cells from the dermis to the epi-
thelium independently of their initial priming or recruitment from
the blood, we activated gBT-I cells in vitro by culturing them with
HSV g ycoprotein B peptide-pulsed splenocytes and then directly
injected the gBT-I cel s into the dermis to determine if those ce ls
could develop into epithelium-lodged CD103+ cells. The popu-

ofmypected cells gradually uncreased their expression of CD69
and CD103 (Supplementary Fig. 3a} and, concomitant with those

phenotypic changes, eventually localized to the epidermis and hair-
follicle epithelium (Supplementary Big. 3b). To show that entry
into the epithelium was necessary for the formation of Tpyy cells,
we treated the mm vitro-activated T cells with pertussis taxm belore

injecting them intradermally into the flank skin of recipient mice.
Pertussis toxin inactivales G protein-coupled receptors and thereby
blocks chemokine-driven migration?®, While untreated cells gave
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Figure 3 Opposing chemokines regu ate ihe entry into the epidermis and differentiation of Tpy cells versus egress fram tissues. (a) Expression of
CD45.1 and COLG3 by ceils isolated fram the epidermis and dermis of CD45.2+ recipient mice given intradermal injection of in vitro-activated
€D45.2°C048,1+ gBT-E cells lef untreated (No PTx) or treated with pertussis toxin (+PTx}, assessed 8 d after ce l transfer, with gating on CD45.2°
events; gBT-l cells were identified as ¥,.2'CD45.1* events (lop quadrants}. (b} Quantification of CD103 gBT-I cells in total skin preparations from
roice as ina (a= 6 per group), al 8 or 30 d after transfer. (ce) Migration of KLRG1- and KLRG1+ effector gBT-1 ceils toward CXCL1O gradients ex vive
after ennchment from spleens of mice 7 d after infection with HSV. (d) CXCR3 expression by KLRG1* and KLRGI- effector gBT-I cells isolated from ihe
spleen 6.5 d after infection with HSV. Numbers adjacent to plot indicate percent CACR3* gBT-i ce ls (colors match key}. Iso, isotype-matched control
antibody > re

y y

Sk (Tey) from recipient mice given intradermal cotransfer of in vitro-activated ce ls, assessed at various times (honzortal axes) after transfer.
"P< 0.05, **P<O01, ***P<0.001 and ****P< 0.0001 (two-tai ed Mann-Whitney test (8) or two-tailed paired i-test (c,e)). Data are peated from
two experiments with 8 mice per group (b), five experimenis wilh cells poo ed fram 5 mice in each (c} or iwo to three expernmenis with 7-12 mice per
group {e; error bars (b,¢.8), $.2.1m.) or are representative of iwo experiments (2,@).

tise to a population of CD69'CD103' Tay ce ls after intradermal
injection, treatment with pertussis toxin blocked both infi tration
of the epithelium and im vive CD103 expression (Pig. 3a,b and

Supplementary Fig. 3c). Pertussis toxin-treated gBT-I cells were
still able to upregulate CD103 expression when exposed to TGP-B
in vitro (Supplementary Fig. 3d), which indicated that the lack of
upregulation in vive resulted from a migration defect rather than
from an intrinsic block in CD103 expression itself. Combined, these
data indicated thatmigration to the epitheliumwas necessary for the

development of CD103'CD8* Tpy, cells in the skin.

Chemokines reguiate epidermal entry of Tryp, cell precursers
We next sought to identify the chemokines that promoted the entry
of celis into the epidermis and thus the formation of Tg), ce ls. The

and 1L-L5 is required for the development
of CDLOS* Tey cells. (2) CD103 expression
by wild-type (WT) and TeforadLen-Cre OF |

Act transier

chemokines CXC39 and CXCLIO have been shown to facilitate
entry into the epithelium during infection ofmucosal surfaces with
HSV type 2 (HSV-2)5, and we found that mRNAs encoding those
chemokines were synthesized by keratinocytes during infection of
the skin with HSV (Supplementary Fig. 4a). Notab y, KLRG1~ pre-
cursors of Tg, cells showed 'preferentia '

migration toward those
chemokines in Transwell assays ex vive (Fig. 3c and Supplementary
Fig. 4b), consistent with higher expression of CXCR3 (the receptor
for CKCL9 and on this subset than on KLEGI' effector ce ls
(Fig. 3d}. Intradermal injection of in vitro-activated CD8* T cells

lacking expression ofCXCR3 (Cxcr3-/-) resulted in the generation of
fewer CI103* Tray cells than did injection ofwild-type CDS* T ceils

(Big. Se}. That decrease was not a consequence of poor survival of
the T cel s, as they were present in higher frequency in

Figure 4 Signaling via the TGF-B receptor a
g

cells in the skin of recipient mice after in vitro
activation and intradermal transfer (Act transfer}
or transfer of naive cells and infection of host
mica with ovalbumin @ press ng HSV (Na ve
transfer + HSV.OVA), assessed 4-30 d (above
plots) after cell transfer (top} or infection
(bottom); plots are gated on OT-1 ce ls. (b} Ratio
of wild-type OT-l cells to TefbroMfdick-Cre
OT-i cells in the skin and spleen of mice
{n= 10-11 per group) treated as in a, bottom

8

Naive vanaier

HSV.OVA

8

(Spl) gBT-I cells in wild-type and 475-- host ae 4

the spleens of wid-type mice 6 d after Infection
>4 weaks

012 3x4
Time alter

infection (weeks)

ns wr

row. (c,d) Quantification of CDL03+ (Sk} or total ae

2 weeks >4 Weeks

with HSV anc yzed Z and >4 weexs (c) or 3 and 6 weeks (@) after in"ection of recipierts Chimetas (a) wid type n ice g ven transfer of wild-type
WI->WD or U4' WE) bone marow ana 15° mice given transter ot wid type (WH-oNT4S /

por TA! (H15' +15 / ) bone marrow.
nech symbol (c) represents en ind dual mouse small horizontal jires indicate the mean NS notsignificart *P<005 **P<001 ***P<6.001 and
FERED > y cy

of two experiments (a} or are pooled from two experiments {bd} or three to four experiments (e; error bars (b,d), s.¢.m.}.
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mice (f= 11-12 per group; ¢} or bone marrow
chimeras (described below; n = 8-10 per
group; d} infected with HSV and, 4 d ater, given
transfer of effector gBT-l ce ls enriched from 2 weeks
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Figure & Definrt on of a core transcriptional profile of Tp, cells that is

progressively engaged during differentiation. (a) PCA of gene-expression
dala for various subtypes of lymphoid and peripheral CDS" T cells and
DETCs (key); circles indicate three distinct clusters of T ce ls. (Bb) Mi

analysis of ihe genome-wide pene-expression distributions for each pair of
ced types (presented as information entropy of natural logarithms (nats).
(c) Gene expression of Try cells frorn the skin, lung and gut relative to that
Ot Tey Ces and Try, cets (pacwse Lumbers .n overlapp.ag
repiors nd pere transer pie shared by the aver app ng Tay cell subsets
numbers in non-overlapping regions indicate gene transcripts unique to
each Try cell subset. (@) Heat map of transcripts with different expression
in the lymphoid group (Circulation) than in the Tay cell group (Periphery)
presented as lago-normalized expression {key}. {2} Quantitative PCR analysis
af the expression of various genes (key) in 2BT-1 cells sorted from total skin,
dermig or epidermis of host mice that receved naive ¢BT-! cells followed
by .nfecton of the rec.c.enis wih HSV, asseseed 8 or 14 1 after nfecton,
during Try differentiation; results are presented as median values relative to
expression by Try cells. Data are pooled from twa io five experiments.

lymphoid organs (Fig. 3e), which suggested more efficient return to
the circulation. Given that last result, we sought to determine what
would happen if we blocked egress from the skin. It is known that
the chemokime receptor CCR? is required lor exu from lussues via
the ymphatics?9"1, so we reasoned that CCR7-deficient cells might
give rise to grealer numbers of CD103* Tpyy cells. Indeed, Cer?--
CD8* T cells displayed greater formation ofTay cells than did their
wild-type counterparts, with a concomitant decrease in their return to
the lymph nodes (Fig. 3e). Thus, it seemed that facilitating the entry
of T cells into the epidermis or inhibiting their egress from the skin
promoted the formation ofCD103* cells.

Bevelopment of Tre celis in skin requires TGF-6 and 1L-15
TGE-B, which is expressed in the skin epithelium", is a known driver
of the upregulation of CD103 expression and has been shown to be

important in promoting thematuration of RM cells in other tssues?®.
However, its contribution to the formation ofTga, cells in the skin has His
remained unknown, Thus,we sought to determinewhat effect signaling
via the TGE-§ receptor had on the formation of Tens cells in the skin.
Our initial experiments invo1ved direct intradermal injection ofwild-
type OT-I cells (which have transgenic expression of an ovalbumin-
specific TCR} and OT-I celIs deficient in the type Tf TOB-B receptor
(Tefbr2itdick-Cre OT-1 cells) activated by splenocytes coated with
the cognate ovalbumin peptide before transfer. After intradermal
injection, on1y the wild-type OT-I ce1ls upregulated CD103 expres-
sion (Big. 4a, top). In addition to their lack of CD103 expression,
the TGE-8 receptor-deficient cells were also selectively lost from the
skin bat not from the spleen (Supplementary Fig. 5a). We verified
that the TGP-B receptor was also required for the upregulation of
CD103 expression after infection. For this, we transferred a mixture
of wild-type and Tyfbr2"fdbck-Cre OT-I cel1s into C57BL/6 mice
and then infected the recipient mice with recombinant ovalbumin-
expressing HSV. We noted upregulation of CD103 expression only
on n-infi1trating wi1d-type OT-I ce1ls, whereas Tgfbr2dLck-Cre
OT-I ceils lacked CD103 expression and gradualIy disappeared from
the skin (Pig, 4a,b).
The formation and/or survival of CD103* Tam cells was also

dependent on IL-15, as its absence resulted in fewer Tpyy, cells than
in wild-type mice (Fig. 4c). In these experiments, we primed effec-
tor gBT-I cells in wild-type donor mice and re-transferred them
uto utlected wild type or LL 15 delusent (HS ) recipient mace
to minimize the potential effect of initial T cell priming in the
absence of L-15. Reduced formation of Tay cells in mice ycoprotein), respectively), while for infection with influenza virus,
was evident by 2 weeks after infection of the secondary recipients
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with HSV, with very low mumbers of Tay cells present in the skin of
mice by week 4 and, similarly, also in their dorsal root gan-

g ia (Supplementary Fig. 5b). That reduction correlated with muted
induction ofBcl-2 expression in CID103* skin T cells in the absence
ofIL-15 (Supplementary Fig. Sc).We also noted such IL-15 depend-
ence for splenicmemory cells, although to a lesser extent than for the
skin Tam cells (Pig, 4c). The generation ofTax ceils was completely
restored in bone marrow chimeras in which {1-15 production was
restricted to radioresistant cells (Pig. 4d). Thus, IL-15 from radiore-
sistant cells such as skin keratinocytes and Langerhans celis was suf
ficient 1a support optimal development aad survival of Tae cells.

A unique transcriptional profile of Try cells
Although transcriptional analyses of Ty, cells and Toy cells have
been published>2, no comparison between those transcriptomes and
that of the cell subset has been made. Thus, we analyzed by
microarray the expression patterns of CD103°CD8* Try, cel1s from
the skin, gut or lungs after infection with HSV, lymphocytic che-
riomeningitis virus (LCMV) or influenza virus, respective1y, and
compared those with the expression patterns of Toa, celis and Tyas
cells isolated from HSV-intected mice. To faci itate the identif cation
and isolation of subsets ofmemory cells, we used T cells with trans-

genic expression of TCRs of the desired specificity and transferred
them into C57BL/4 mice before infection. For infection with HSV or
LOMY, we used mice given adoptive transfer of T cells specif c for
the natural viral determmaants (from gBT [mice and P14 mice (which
have transgenic expression of a TCR specific for an epitope of LCMV

we used a recombinant virus (flu.2B) that expresses HSV glycoprotein
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Table 1 Transcripts that define the core signature of Tay celis
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Gene Product Entrez ID Probe ID Reg

CdZ44 CDB244 natural killer cell receptor 2B4 18106
CdAl Cadherin i 12550
Chn2 Chimerin 2 69943

Cytotoxic T lymphocyte-associated protein 4 12477
Hpgds Hematopoietic prostaglandin D synthase 54486
Hspala Heat-shock protein 1A 193740

feos inducible T call costimulater 54167
inppAb inositol polyphosphate-4-phosphatase, type It 234518
ligal integrin oy 169706
ligae integrin ce, epithelium associated 16407
Litaf Linapolysaccharide-induced tumor-necrosis factor 56722
LOC100503878 Zinc-tinger protein 683-like 100503878
OC641050 Hypothetical protein LOCG41050 641050

Nrdal Nuc ear receptor subfamily 4, group A, member 1 15370
NrdaZ Nuctear receptor subfamily 4, group A, member 2 18227
Boei Glutaminyl-peptide cyclotransferase (glulaminyl 70536

cyclase}
Resi Regulater of G prolein signating 1 50778

Regulator at G protein signaling 2 19735
Siki Sak-inducibie kinase 1 17631
Sku SKi-hke 20482
TmemiZ3 Transmembrane protein 123 71929
Vos374 Vacuolar protein sorting 378 (yeast) 330192
'ell Chemokine (C moti} ligand 1 16963

Cmah Cytidine monophosoho-N-acetyineuramunic acid 12763
hydroxylase

CLOVL family member 7, elongation of long chain 74559
fatty acids (yeast)

£omes Earnesodermin hamolog (Xenopus laevis) 13813
Fam65b Family with sequence similarity 65, member B 193365
Fefi3 Fibroblast growth factor 13 14168
Kirel Killer cell lectin-like receptor fami y E mernber 1 2436855
LyGc2 Lympehocyte antigen 6 complex, locus C2 100041546
Rasgrp2 RAS, guany releasing protein 2 19398
Siprl Sohingosing 1-phosphate recentor 1 13609

Sphingosine l-phosphate receptor & 94226
Sidti SIDL transmembrane family, member 1 320007
Slamté SLAM farnily member & 30925
Tird Toll-like receptor 1 21897
Usp33 Ubiquitin spectic peptidase 33 170822 10496919

Transcripts commonly regu ated in Tey caus from the skin, gut and lung, upregulated (1) or downregulated (1) in Tey
cells relative to their expression in Toy cells and Try cells from the spleen (overlapping region, Fig. Se; heat map,
Fig. 5}. Entrez D, accession code for the gene database of the Nationa: Center for Biotechnology Information;
Probe ID, Affymetrix probe set identifier,

Bin combination with gBT-1 cells. As our study had focused on skin
Tro cells, we alse included two other skin-resident intraepithelial
T cell subsets in these cornparisons: yo TCR-expressing dendritic
epidermal T cells (y8 DETCs) and a population ofof TCH-bearing
cells (a8 DETCs) that populate the epidermal niche in mice that lack
é DETCs (Terd mice).
We subjected the transcriptional data to principal-component

analysis (PCA) (Fig. 5a} io delineate variations in the data, and we
calculated the similarities and distances between T cell subsets by a
mutual information (MD approach (Pig. 5b). The PCL and PC2 axes
of variation in the PCA distinguished the wrculating T cell subsets
from those thatwere resident orDETC like (Fig. 5a). That pattern was
consistent with the pairwise relationships defined by theMI analysis
(Big. 5b), which showed that Ty,, cells from different tissues were

transcriptionally related. The PCA showed that the transcriptomes of
the Tuy cell and Toy, cell subsets were more similar to the transcrip-
tome of naive T cells than that of yga, cells. which were themselves
distinct from the yo and of DETCs. Thus, both the PCA- and MI-
based metrics demonstrated that the various Tyy cell populations
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formed a transcripiomically distinct subset
thal as a group was less similar to the Tey

10351644. o cell and Tra, cell subsets than the Ty, cell
10575052 and Toy cell subsets were to each other or to

10444589 t sets ofcirculating memory cells (Fig. 5¢,d). For

with between 25 and 127 transcripts specific

10482772 t tions from the different tissues (Fig. 5c), such
10447056 as transcripts encoding the chemokine recep-

upregulated in gut and skin Tay, cells but not
1o4a7072 L the corresponding population in the lungs.

10604751 L three Tay cell subsets (Fig, 5¢,d and Table 1).
10542205 About 60% of the transcripts with a difference

10439583 1 moleculeswere downregulated, including that

tor SIP,. Overall, those 37 transcripts and

10538356 circulating naive T ce ls

10545101
We made a detailed comparison of genes

CHad 10346790

10450369 regulated differently in Tay, cells than in sub-
1

this comparison, we used combined thresholds10450367
10346799 ofa change in gene expression of 1.5-1og, fold1

10412298 and P values of less than 0.05 to identify genes
10573082

10378286 + with different expression in the circulating
10437687 and resident populations of memory ce1ls.

Each RM cell subset had unique elements,u508909

10427035 for each of the individual rRAM cell popula-
0538892

tors CCR9 (expressed only in gut Ty, cells)
10358389 and CCRS (expressed only in skin Tpy, ce1 s).
10358408

10449741 We also found transcript expression common
tc TRM celpopulations,with 51-73 transcripts10491300

10583145 t shared by any given pair, Those included tran-
1053372s
10359697 scripts, such as that encoding the aryl hydra
10404132 tor (Afr) that were se ectively

7

Notably, our comparison identified 37 tran

10404152 scripts commonly up- or downregu ated byal

10429573 were upregulated on yga, ce ls

10501586
relative to their expression on circulatingmem-10450968

oryT cells, although genes encoding some key10591494

10351691 encoding the sphingosine 1-phosphate recep-
10530145

their products distinguished Tp), cells from
their counterparts in the circulation and thus

represented the core transcriptional signature
of this population.

Progressive engagement of the Ty, cell transcriptome
Finally, we tracked the changes in the expression of selected genes
as T cells progressed along the Tyg, cell maturation pathway in the
skin. From the results presented above, we predicted that Tem ce1ls
would mature from the time they entered the dermis at the peak
of the effector response, through to their recruitment inte the epi-
dermis and, finally, their acquisition of surface expression of CD103
(Supplementary Fig.d).We focused on K KERGIO T cells in this analy-
sis, as neither skin Tg), cells nor their precursors expressed KLRG1.
We isolated T cel1s from the dermis and/or epidermis at either the

height of the effector response (day 8) afler infection with HSV ar
during memory conversion (day 14). Quantitative PCR ana1ysis of
genes commonly regulated in all subsets of Thay cells (Chi, Sipri,
Tird, ltgal, Itgae and Cd244) or selected subsets of Tay, cells (Corl
and Abr) showed appropriate up- or downregulation as the cells

propressed along this putative maturation pathway in skin (Big. 5e).
Overall, this analysis showed the transcriptional development of TTay,
cells from early effector-type precursor cells to fullymature
CD103+ Tang celas lodged in the epidermis.
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DISCUSSION
Our stady has provided a detailed description of the development
and extended phenotype of CD103'CDS? cells. It has defined
a maturation pathway for the development of shin Tray cells from
KLRG1 precursor cells that enter the tissues during the early effec-
tor response, with an important checkpoint being their migration
into the epidermis in a chemokine-dependent manner. We found that
IL-15 and TGE-6 were involved in the formation and/or survival of
skin Try cells, with the latter probably driving the upregulation of
CD103 expression, consistent with what has been noted for a variety
ofother tissues*":243°, The precursors ofTax; cells were not end-stage
differentiated effector celis ormature Ty), ce1ls. Both of those popula-
tions have KLRG1 expression 19,20 whereas the precursors of CD8*
Tran cells that reached the epithelium and the mature skin-resideat
memory celis did not. Once formed, the Tay ce ls do not seem to

andergs any contraction but instead remain numerically stable over
a considerable time®!47!, As for that longevity, CD103'CD&* Tay
cells seem to be more closely related to the circulating rCM cells than
to the Tuy, cells that are ubkimately lost from the clrenlation®+*5, That
matches their derivation from KERG1 precursor celIs, which are also
the origin of the long-lived Toy cell population3637, In addition,
Tan cel1s seem able to proliferate in situ after restimulation®™*° and,
although this is nol universal!!, in some cases they do so after in vivo
transfer*4, attributes typical1y associated with the Toy cell subset*,
Entry into the epidermis involved the action of CXCR3 ligands.

although additionalmolecules probab y alse participate in this event,
as the absence ofCXCR3 did not completely abrogate the formation
of Tras cells. Nonetheless, the proposal for CXCR3 -mediated recruit-
ment to the epithelium is consistent with the published finding that

exogenous application of CXCR3 ligands can promote the forma-
tion of Tay, cells in the epithelium of the lower female reproductive
tract!®, The formation of Tay; ce1ls was enhanced in the absence of
CCR? expression on T cells introduced directly into skin, probab1y as
a consequence of reduced return ofprecursor cells to the circulation,
as CCR? promotes the egress of T cells from the skin and other us-
sues?®40 Such a scenario would suggest that the precursor cells are not
fully committed to the Tr cell fate when they first enter the skin.
While transcriptional analysis of brain Tay cells has been

reported4, the broader comparison we used here uniquely identified
just under 40 transcripts that defined a core set of genes expressed
differently in this population. Gne of the transcripts with a difference
in expression encodes the receptor SLP,, which controls the entry
of T cells into the lymphatics* and must be downregulated for the
retention of Tay cel s in peripheral tissues*®. Complementing thai,
CD69 expression is rapidly upregulated once the T cells reach the skin,
which provides additional impetus for retention in the tissues, as this
molecule is known to functional1y inhibit SIP, (ref. 44). We found
that CD69 independently affected the number of Tay, cells, simi-
lar to what has been shown for CD103*CD8* T cells in the lungs'.
However, while previously it was thought that loss ofC369 inhibits
the ongoing recruitment of T cells*', our data here suggested that it
affected ear1y retention of precursors of Tay, cells. Gur microarray
analysis also showed thal expression of a second member of the fam-
i1y of SAP receptors, S1P;. was downregulated. In contrast to SIP).
SIPs is not inhibited by CD6 (ref 45). Additional gene products
associated with tissue retention are RGS-1 and RGS-2, both known G
protein-coupled inhibitors®S, Separate from that, Tp,, cells upregulate
their expression ofCD49a, E-cadherin and integrin opfy, all associ-
ated with cell tethering or adhesion'. Overall, our resu1ts showed
that downregulation ofegress fromm the tissues seemed to be a critical
feature of the maturation of CD103+CD8* Tp», ce1ls.

1308

While retention in the tissues is a central feature of the Tpy, cell
phenotype, the array data indicated that these were not simaply cir-
culating memory cells trapped within the extralymphoid environs,
instead, we found that tRM cells were a pheotypically distinct pop-
ulation. For example, genes encodingmolecules associated with the
modulation of T cell signaling were also present in the core tran-
scriptional gene set and absent from that of the circulatingmemory
cell subsets. The expression of genes encoding the immunological
modifLers CTLA-4, ICOS, KLREI and various members of the SLAM
family, alongwith transcription factors, such as members of the Nr4a
family and Lital, was regulated differently in Tpy, cells. Combined,
these resu1ts indicated a distinct phenotype for the resident subset
of cells. That proposal was reinforced by the PCA and pairwiseMI
analyses, which showed that the RM cell transcriptomes differed
from those of the subsets of circulating memory ce1ls. Notab1y, the
bisinformatics analysis also showed that the shin Tay, cells differed
from themain intraepithelial T cells naturally found in mouse skin,
notably the yS DETCs and the off TCR- expressing cells that fil1 the
void in the absence of the former. To some extent, this makes sense,
as DETCs are involved in innate processes such as skin homeostasis
and wound hea ingABAD rather than contributing to adaptive immu-
nity and immune memory, as do CD103"CD8* Tp, cells®.

Overall, our gene-expression and maturational tracking studies
showed thal Tay, cells were derived from the same precursor cells
that gave rise to the long-lived memory cells found in the circulation.
Thememory precursor cells underwent an in situ developmental pro-
gram that resulted in their differentiation into specia1ized memory
cells adapted to the extralympheid compartment. The development
of Tay cells is not a 'default' program but instead is dependent on
location, requiring the action of tissue-specific cytokines and, in
some cases, local antigen recognition!§14, As a consequence, Tay,
celis are focused on regional immunity, consistent with the emerg-
ing view that they provide superior control of peripheral infec-
tion? B44, By identifying the precursors of Tay celas and describing
mechanisms associated with their retention and maturation,
we have provided a foundation for studies designed to manipulate the

generation and lodgment of Tym cells for the purpose of enhanced
immunological protection.

METHODS
Methods and any associated references are available in the online

Accession codes. GEO: microarray data,

Note; Any Supplementary Information and Source Datafiles are available in the
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