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Tissue-resident memory T celis {Tpyy celis) provide superior protection against infection in extralymphoid tissues. Here we

found that CD103+CDB* Try celis developed in the skin from epithelium-infilirating precursor cells that lacked expression of

the effector-cell marker KLRG1. A combination of entry into the epithelium plus local signaling by interleskin 15 (IL-15) and
transforming growth factor-B {(TGF-B} was required for the formation of these long-lived memory celis. Notably, differentiation indo
Tam cells resulted in the progressive acquisition of a unigue transcriptional profile thal differed from that of circulating memory
cells and other types of T 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

in barrier tissues,

Infection primes a population of effector T cells that migrate to all
manner of peripheral tissues. The entry of those cells into the tissues
is controlled by 2 ‘migration-imprinting’ program that depends on
the origin 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 infiltration of T cells
into nonlymphoid organs gradually decreases??, partly as a conse-
quence of the loss of cells that express the homing receptors that
permit irafficking into organs such as gut and skin®~5. Nonetheless,
fong-term T cell immunity can be maintained in regional tissues
because of the action of 2 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
{ Ty cells); the best characterized are CD8* memory T cells that bear
the o-chain (CD103) of the integrin g, together with the activa-
tion raarker CD69 (ref. 9). Such CD103HCD8Y Ty cells have been
identified in various tissues® !, where they can dominate imrunity
0 localized infections®®12-15,

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 (T cells) and extralymphoid
tissue-infiltrating effector memory T cells (Tpy cells)!S. While
some peripheral T cells probably equilibrate with the blood, some do
not!”, and the latter belong to the Tay cell category®%13, At present,
it remains unclear how the subsets of Ty cells, Toyg cells and Ty
cells are related. Considerable information is available about the

developmental processes that give rise to the distinct populations of
Ty cells and Ty cells B2, although how Tpyy cells fit into those line-
ages remains unclear. Itis known that Ty 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 cells can
be defined by differences in their expression of the receptor KLRG1
and interleukin 7 (IL-7) receptor a-chain (CD127}. Long-lived circu-
lating memory cells are progressively derived from KLRGL-CD127%
and KLRG1 CD127M precursor cells, while KERGITCD1277 cells give
rise to short-lived effector or effector-like memory populations1#-20,
Since tissue T cells are known to have enhanced effector abilities?, it
might be expected that Tpy; cells would originate from the KLRGL*
precursor cells. However, unlike circulating effector cells, CD1037CD8
Ty cells ave particularly long lived, which means that their origins are
more Hkely to be the KLRG1™ precursor cefls that give rise to persisting
memory cells, such as the Ty cells found in the circulation.

Clear definition of the development of Ty cells requires under-
standing of what controls the entry of precursor cells into nonlym-
phoid compartments. CD1037CD8* Tyy cells often reside in the
epithelium in a range of different tissues, including the gut, skin and
female reproductive tract®?223, Snch restricted localization of Ty
cells may be linked to the production of transforming growth factor-§
{(TGF-B) in those environments?»25, s this cytokine is a major driver
of CD103 expression?®28, As a consequence, it might be expected that
miigration into epithelium would be a critical step in the maturation of
CD1031YCD8" Ty cells. Here we found that this prediction held true

1Department of Microbiology and Immunology, The University of Melbourne, Parkville, Austraiia. Zinstituto de Salud Carlos i, Majadahonda, Madrid, Spain.
3Division of Biomedical Science and Bicchemist fy, Research School of Bmlugy, The Aus‘frahan National Umvers:ty Car‘ber’a, Ausstraha ‘Department af Pat’:o ogy, The

University of Melboum
addressed to F.R.C. {fv

1284

VOLUME 14 NUMBER 12 DECEMBER 2013

NATURE IMMUNQLOGY

UMass Exhibit 2040 - Page 1 of 8

Forte Biosciences v. UMass - PGR2023-00014




4]

(=2
z
©
2

{woeks)

-0 Total . 4t <fi 3 @ Epl Rar
~ CD10S ] i . v 100
22 g0- 8k - & 8
g X j‘;\ 3 3 .
=0 04\ # g g £ .
B8 e i i 012354 . L 2
R 2 b g - Time atter infection 10° 10 10° ¢ 107 10t 108
a G0 3 <t ISERS i
61284 {waaks) 88 ———ip 03P
Time after 10* 3
infectior: Spl 3
giﬁ %
= E
2 3

s
S—

5 10° 15t 40°
Bal-2

11

e L S R

o

o 1W§ek Time after infaction
F 10858 L3 {wooks)

[ 10ty ‘

o 10°

& ¢

G

crpgonser rgaiers g
o 10 10*40°
cD103

ap vy Sy

Time after infection
ODAB.D mememememmmememememememememen » {woaks)
Figure 1 CD103 and CDEY regulate the lodgement and persistence of Tgy celis. (&) Guantification of total and CD103+ gBY-1 celis in skin from mice
given naive gBT-1 celis and then infected with HSY; gBT-{ cells were tracked by their expression of V2, CD45.2 and CD45.1. (b) Expression of CD103
and Bel-2 by gBT-1 cells in the skin {Sk) and Spleen (Spi) of mice as inaat 1, 2 or 4 weeks after infection (above plots), assessed by flow cytometry
with gating on g8T-1 celis. Numbers in quadrants indicate percent events in each throughout. (e,8) Expression of CDE9Y and CD103 by gBT-1 celis in

skin from mice as in & at 1-4 weeks after infection (above plots; ¢) and frequency of CDBYSH and CD103* gBT-I ceils in the skin of those mice {d).

(e} 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 COB9+ cells (left) or CDLO3* calls (right); colors match key. (f) Expression of CD45.1 and CD45.2 in gBT- cells from the spleen {gated on CO8*
cells) and skin {gated on V,2* ceiis) of host mice given transfer of wild-type {WT) and Cd69-- gBT-i cells (top row) or wild-type and figas~- gBT-i celis
{bottom row), with distinct patierns of expression of CD45.1 and CD45.2, followed by infection of the host with HSY and analysis >30 d after infection.

© 2013 Nature America, Inc. All rights reserved.

74//;

Numbers adjacent to ouilined areas indicate percent CD45.1+CD45.2+ (wild-ype) cells {both rows, top}, CD45.1+CD45.2- (Cd69--) cells {top row,
bottom) or CD45.1-CD45.2+ (figae-) celis (bottom row, bottom). (g) Ratic of wild-type cells to Cd69- celis {top) or ligae/- celis (bottom) at various
timaes after infection {(horizonta! axes) of mice as in f. Data are pooled from three experiments with 8~12 mice per time point (a}, 4-12 mice per time point
{d} or 9-12 mice per time point (g; error bars (3,d.8), 5.8.m.}, are from one experiment with 4 mice (g} or are representative of three experiments {b,e, 1.

for the skin, with entry into the epidermis being a pivotal transition
peint for the successful maturation of Ty cells. We exploited that
requirement for entry into the epidermis to characterize the develop-
ment of Ty cells and to distingunish those memory cells from their
Tom and Ty counterparts in lymphoid tissues.

RESULTS

Roles of CDEY and CDI03 in the development of Tpy celis

To analyze the formation of CD1037CD8 Ty cells inskin, we used 3
combination of infection with herpes simplex virns (HSV) along with
adoptive transfer of gBT-I cells, which have transgenic expression of
a T cell antigen receptor (FCR) specific for that pathogen. Fracking
gBT-1 cells by their expression of the TCR t-chain variable region 2
{V42) and of the markers CD45.1 and/or CD345.2 revealed their rapid
accumulation in infected skin, with numbers peaking around day 7
and then rapidly falling thereafter (Fig. 1a). In contrast, the number
of CD103* gBT-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 CID103% subset, the T cells upregulated
expression of the prosurvival molecule Bcl-2 (Fig. 1b). Skin-infiltrating
gBT-I cells also upregulated expression of the activation marker
CID6% (Fig. Ic), which preceded the expression of integrin oy chain
{CD103)} (Fig. 1d). We also found analogous patterns of progressive
upregulation of the expression of Bcl-2, CD69 and CD143 in endog-
enous nontransgenic T cells (Supplementary Fig. 1a.b). Separating
the skin into epidermis and dermis at day 11 after infection showed
that virus-specific T cells had heterogeneous CD69 expression in the
dermis but were nearly all CD69* in the epidermis (Fig. 1e). At the
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same time, a large portion of epidermal gBT-I cells expressed CD103,
while their counterparts in the dermis were predominantly CD103~
(Fig. 1e). It should be noted that dermal preparations contain hair
follicles with residual epithelial cells, including intraepithelial T cells
{Supplementary Fig. 1c).

Both CD69 and CD103 were necessary for the optimal forma-
tion andfor survival of CD8* Ty cells in the skin, as deletion
of these molecules resulied in 2 reduction in Tpy cell numbers
after adoptive cotransfer of equal numbers of wild-type and CD89-
deficient (Cd69~~) or CD103-deficient (tigae ) 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 CD6% and
CD103 (Fig. 14), we anticipated that the absence of the individual
molecnles would affect the development of Tyyg cells in a pro-
gressive way, with loss of CD69 having an early effect and dele-
tion of CD103 having 2 downstream effect on T cell numbers.
Indeed, Cd69 '~ gBT-I cells were lost at a much faster rate than
were Jtgae™'~ gBT-1 cells {Fig. 1g). In each case, the starting ratio
of wild-type gBT-I cells to mutant gBT-I cells in skin and spleen
was roughly I, 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 ftgae~~ gBT-1 cells were able to reach that compartment
(Supplementary Fig. 1e). These combined results suggested that
deficiency in CD69 had an effect shortly after T cells entered the
skin, while deletion of CD 103 affected the persistence of Tpp cells
long after the cells had reached the epidermis.
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Figure 2 Tpy cells develop from KLRGI-

__2woeks

precursor cells that selectively infiltrate the
epidermis during acute infection. {a) Expression
of KLRG1 and CD103 by gBT-] cells in the skin
and spleen of mice {(n = 12 per time point) given

22 7|

naive CD45.2+CD45. 1% gBT-1 celis, followed by
infection with HSV and analysis during acute
infection (1 week), after resolution of infection
{2 weeks) and during early memory {4 weeks);

wf

plots are gated on Vy2+CD45.27CD45.1+

o wtehed

events, {b,c} KLRG1 expression by gBT- Cho3

cells isolated from the epidermis, dermis and

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

a, essessed at 6.5 d (b} or 4.5-6.5 d (&) after @ Epl o Der O Spl
infaction. Numbers adjacent fo plot {b) indicate 106 4 @y

percent KLRGL* gBT- cells {colors match
key), {d) Microscopy of skin from mice given
GFP+ gBT-} celis and infected as in & (6 d after
infection}, to detect KLRG1 by staining with
fluorescence-labeled antibody to KLRGY
{anti-KLRGL; top) and identify gBT- cells by
GFP expression (gBT-1-GFP; bottom); arrows e

Events
{% of max)

o =% 150
indicate examples of KLRG1+ celis {(yellow 55 100
arrows) and KLRGL gBT-] cells {red arrows); % 4 a0
dashed lines indicate the epidermal-dermal =2 o
e

junction. Scale bars, 100 pum. {e} Quantification
of CD103+ gBT-! cells in skin from recipient
mice { = 12 per group} infected with HSY and,
4 d later, given transfer of effector gBT- cells
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{sorted into KLRG1* and KLRG1- subsets from spleens of donor mice & d after infection with HSV), assessed 3 weeks after infection of recipients,
*P < 0.05 (two-tailed Mann-Whitney test). Data are representative of three sxperiments (8} or two experiments (b,d) or are pooled from two experiments (¢}

or three experiments {e; error bars, s.4. (¢} or s.e.m. (e}).

Tam celis derive from KLRG 1~ precursor calis

After skin infection with HSV, there was a gradual shift of gBT-1
cells in the spleen from CD62L-CD127-KLRGL* effector cells to
2 predominantly CDE2LTCDI27TELRGI™ Teyy cell population at
iate times {1 year) after infection, with heterogeneous populations
of Tep cells and Typy cells {the latter being CDE2L-CD1Z7KLRGL
or CE62L-CD127 KLRGIY) at intermediate times (Supplementary
Fig. 2a). We also noted changes in skin T cells when we examined
expression of KLRGI and €303 (Fig, 2a). Early after infection
{week 1), skin T cells were predominantly KLRGITCD103~ effecior
cells, while at memory times (week 4), the surviving memory cells were
almost exclusively CD103% Ty cells with little or no KLRG1 expres-
sion (Fig. 2a), as has been described for Ty, cells in other organs!h22,
Endogenons CD103+ T cells in the skin also Jargely lacked expression
of KLRG1 {Supplementary Fig. 2b). While over 50% of splenic gBT-1
cells were KLRG1 4 weeks after infection, less than 10% of the corres-
ponding skin T cells expressed that marker (Fig. 2a). That difference
was consistent with published studies showing disequilibrium between
Tra cells in the skin and circulating memory cells and, in particular,
cells of the Ty phenotype (which largely express KLRG1) that survive
through to the time of memory development>13,

Those data supported the hypothesis that the skin CD103+ Tpy
cell population developed from KLRGL™ precursor cells. Consistent
with that, separation of the skin into dermis and epiderrais at early
times after infection showed that the latter contained almost exclu-
sively KLRG1E™ gBT- cells, whereas the former contained 2 mixtare
of KLRG1~ and KLRG1* cells, similar to what was found in the
spleen (Fig, Zb.c). To better visnalize the localization of the differ-
ent populations, we examined, by immunofluorescence microscopy,
KLRG1 expression by skin acutely infected with HSV (Fig. 2d}.
In those sections, the KLRG1+ gBT-1 cells exhibited a weaker but
clearly discernable fluorescence signal (Fig. 2d), in contrast to an
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undefined population with strong fluorescence. In confirmation of
the data obtained by flow cytometry, almost all gBT-I cells in the
epidermis and in the upper regions of the dermis lacked expression
of KLRG1 (Fig. 24). Finally, re-transfer of gBT-1 effector cells isolated
from spleen 6 d after infection with HSV and sorted into KLRG1*
and KLRGL™ subsets showed that only the latter generated CD103*
Ty cells in the skin of HSV-infected recipient mice (Pig. 2¢). These
data formally demonstrated that KLRG1™ precursor cells gave rise to
intraepithelial Tryy cells in skin, As an extension of those results, we
found that KLRG1~ cells also ‘preferentially’ generated Tyy cells in
the sensory ganglia (Supplementary Fig. 2¢).

The formation of Try cells requires epithelial infiltration

Our data indicated that infiltration of the epithelium and the forma-
tion of Tpyy cells by virus-specific CD8* T cells were functionally
linked; however, our results fell short of demonstrating that entry
into the epithelium was indeed required for the maturation of Tpyy
cells. To examine the migration of T cells from the dermis to the ept-
thelium independently of their initial priming or recruitment from
the blood, we activated gBT-I cells in vitro by culturing them with
HSV glycoprotein B peptide~pulsed splenocytes and then directly
injected the gBT-1 cells into the dermis to determine if those cells
could develop into epithelinm-lodged CD103* Ty cells. The popu-
lation of injected cells gradnally increased 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 Fig. 3b). To show that entry
into the epithelium was necessary for the formation of Tpyy cells,
we treated the in vifro-activated T cells with pertussis toxin before
injecting them intradermally into the flank skin of recipient mice.
Pertussis toxin inactivates G protein—coupled receptors and thereby
blocks chemckine-driven migration?®. While untreated cells gave
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Figure 3 Opposing chemokines regulate the entry into the epidermis and differentiation of Tpy cells versus egress from tissues. (8) Expression of
CD45.1 and CD103 by cells isolated from the epidermis and dermis of CD45.2% recipient mice given intradermal injection of in vitro-activated
CD45.2"CD45, 1+ gBT-I cells left unireated {No PTx) or treated with pertussis toxin (+PTx), assessed 8 d after cell transfer, with gating on CD45.2+
events; gBT-1 cells were identified as ¥, 27CD45.1% events (fop quadrants). (b} Quantification of CO103* gBT-{ celis in total skin preparations from
raice as in a {n = 6 per group), at 8 or 30 d after transfer. (¢) Migration of KLRG1- and KLRG1+ effector gBT-1 cells toward CXCL10 gradients ex vivo
after enrichment from spleens of mice 7 d after infection with HSV. (d) CXCR3 expression by KLRGL™ and KLRG 1~ effector gBT- celis isolated from the
spleen 6.5 d after infection with HSV. Numbers adjacent to plot indicate percent CXCR3+ gBT- cells {colors match key). iso, isotype-matched control
antibody. (&} Ratio of Oxer3-- (left) or Cor7-"- {right} CD8* effector T cells to wild-type effector cells in draining lymph nodes (dLN) and skin {CD103+
Sk {Tpp) from recipient mice given intradermal cotransfer of in vitro-activated cells, assessed at various times (horizontal axes) after transfer,

*P< (.05, **P<0.01, ***P<0.001 and ****P < 0.0001 {two-tailed Mann-Whitney test (b) or two-tailed paired #test {¢,e)). Data are pooled from
two experiments with 5 raice per group {b), five experiments with cells pooled from 5 mice in each (e} or two to three experiments with 7-12 mice per
group {e; error bars (b,¢.8), s.2.m.} or are representative of two experiments (a,d).

rise to a population of CD69YCD103" Ty cells after intradermal
injection, treatment with pertussis tozin blocked beth infiltration
of the epithelinm and in vive CD103 expression (Fig. 3a,b and
Supplementary Fig. 3¢). Pertussis toxin-treated gBT-I cells were
still able to upregnlate CD103 expression when exposed to TGF-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 that migration 1o the epithelium was necessary for the
development of CD103YCDSY Ty cells in the skin.

Chemokines reguiate epidermal eniry of Tpps coll precursors
We next sought to identify the chemokines that promoted the entry
of cells into the epidermis and thus the formation of Ty cells. The

chemokines CXCLS and CECLIO have been shown to facilitate
entry into the epithelium during infection of mucosal surfaces with
HSV type 2 (HSV-2)}1%, and we found that mRNAs encoding those
chemokines were synthesized by keratinocytes during infection of
the skin with HSV (Supplementary Fig. 4a). Notably, KLRG1 pre-
cursors of Tyy cells showed ‘preferential’ migration toward those
chemokines in Transwell assays ex vive (Fig. 3¢ and Supplementary
Fig. 4b), consistent with higher expression of CXCR3 (the receptor
for CXCLY and CXCLL3) on this subset than on KLRG1 effector cells
{Fig. 3d). Intradermal injection of in vitro-activated CD8% T cells
lacking expression of CXCR3 (Cxcr3/) resulted in the generation of
fewer CD¥103% Tyyy cells than did injection of wild-type CD8* T cells
(¥ig. 3e}. That decrease was not a consequence of poor survival of
the Cxer3 1~ T cells, as they were present in higher freguency in

Figure 4 Signaling via the TGF-3 receptor a b

and IL-15 is required for the development 109

of CD103* Tpy ceils. {8) CD103 exprassion Act fransier B gk

by wiid-type (WT) and Tgfbr2VdLok-Cre OT-1 N 4 —,“0" &l

cells in the skin of recipient mice after in vitro by e 34 A
igadi H + 4 29 24 .

activation and intradermal transfer (Act transfer) g 2% 7

or transfer of naive cells and infection of host E Eé PR ==,

mice with ovalbumin-expressing HSY (Naive Naive vansier 012354

transfer + HSV.OVA), assessed 4-30 d (above Hsvove © imgg: ?ngm)

plots) after cell transfer {top} or infection P

{bottom); plots are gated on OT-1 cells. (B} Ratio g oowrowr

of wild-type OT-{ cells to Tgfbr2Midlck-Cre B W5

OT-i cells in the skin and spleen of mice e NS Wt

{n=10-11 per group} treated as in a, bottom Qs st

row. {¢.d) Quantification of CDIC3+ (Sk) or total P w - ::”

{Spi} gBT-I cells in wild-type and //15-- host 84 44 T8+ @@; 1

mice (7= 11-12 per group; ¢} or bone marrow EE 5. 2% | EX

chimeras {described beiow; n = 8-10 per ;’Ng iﬁ s 4 f”“g 0.5

group; d} infected with H3V and, 4 d fater, given B 5 o R P 35

transfer of effector gBT-f ceils enriched from 8% 2wk s4wosks st

the spleens of wild-type mice 6 d after infection

with M3V, analyzed 2 and >4 wesits (¢} or 3 and 6 wesks (d) after infection of recipients. Chimeras {d): wild-type mice given transfer of wild-type
(WT—WT) or 415 (#1157-—WT) bone marrow, and 15~ mice given transfer of wiid-type (WT— /15 or HI5- (11157 1i157-) bone marrow.
Each symbol (£} represents an individual mouse; small horizontal lines indicate the mean. NS, not significant; *P < 0.05, **P< 0.01, ***P < §.001 and
*Rx P« 0.0001 (two-tailed Mann-Whitney test (¢} or Kruskal-Wallis test followed by Dunn’s multiple-comparison post-test {d)). Data are representative
of two experiments (@} or are pooled from two experiments {b,d} or three to four experiments (¢; error bars (b,d}, s.e.m.}).
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Figure 5 Definition of a core transcriptional profile of Tpy cells that is
progressively engaged during differentiation. (a} PCA of gene-expression
data for various subtypes of lvmphoid and peripheral CD8* T cells and
DETCs {(key); circles indicate three distinct clusters of T cells. (b) Mi
analysis of the genome-wide gene-expression distributions for each pair of
cel types (presented as information entropy of natural logarithms ('nats)).
(¢} Gene expression of Tgy celis from the skin, lung and gut relative to that
of Tew cells and Ty cells {pairwise compatison); numbers in overlapping
regions indicate gene transcripts shared by the overiapping Tay cell subsets;
numbers in non-overiapping regions indicate gene transcripts unigue to
each Ty cell subset. (d) Heat map of transcripts with different expression
in the lymphoid group (Circulation) than in the Tay cell group (Periphery)
presented as logy-normalized expression {key). (8} Quantitative PCR analysis
of the expression of various genes (key} in gBT- cells sorted from total skin,
dermis or epidermis of host mice that received naive gBT- celis followed

by infection of the recipients with H3V, assessed 8 or 14 d after infection,
during Ty differentiation; results are presented as median values relative to
exprassion by Ty celis. Data are pooled from two to five experiments.

lymphoid organs (Fig. 3¢}, which snggested 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 chemokine receptor CCR7 is required for exit from tissues via
the lymphatics®®*1, so we reasoned that CCR7-deficient cells might
give rise to greater numbers of D037 Tpyy cells. Indeed, Cor7—/-
CD8* T cells displayed greater formation of Tryy 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 of CD103* Tpyy cells.

Development of Ty cells in skin requires TGF-B and iL-15
TGF-P, which is expressed in the skin epithelium?4, is a known driver
of the upregulation of CD103 expression and has been shown to be
important in promoting the maturation of Ty cells in other tissues®®,
However, its contribution to the formation of Ty, cells in the skin has
remained unknown. Thus, we sought to determine what effect signaling
via the TGE- receptor had on the formation of Tgyg cells in the skin.
Qur initial experiments involved direct intradermal injection of wild-
type OT-I cells (which have transgenic expression of an ovalbumin-
specific TCR} and OT-I cells deficient in the type If TGF-§ receptor
(Tgfor2dLck-Cre OT-1 cells) activated by splenocytes coated with
the cognate ovalbumin peptide before transfer. After intradermal
injection, ouly the wild-type OT-I cells upregulated CD103 expres-
sion (Fig. 4a, top). In addition to their lack of CD103 expression,
the TGF-B receptor-deficient cells were also selectively lost from the
skin but not from the spleen (Supplementary Fig. 5a). We verified
that the TGF-B receptor was also required for the upregulation of
CD103 expression after infection. For this, we transferred a mixture
of wild-type and Tgfbr2¥idLck-Cre OT- cells into C57BL/6 mice
and then infected the recipient mice with recombinant ovalbumin-
expressing HSV, We noted upregulation of CDD103 expression only
on skin-infiltrating wild-type OT-I cells, whereas Tgfbr2¥dLck-Cre
OT-I cells lacked CD103 expression and gradually disappeared from
the skin (Pig. 4a,b).

The formation and/or survival of CD103+ Ty cells was also
dependent on [L-15, as its absence resulted in fewer Tgay cells than
in wild-type mice (Fig. 4¢). In these experiments, we primed effec-
tor gBT-1 cells in wild-type donor mice and re-transferred them
into infected wild-type or IL-15-deficient (J11577) recipient mice
to minimize the potential effect of initial T cell priming in the
absence of IL-15. Reduced formation of Ty cells in HI57 mice
was evident by 2 weeks after infection of the secondary recipients
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with HSV, with very low numbers of Ty cells present in the skin of
1157/~ mice by week 4 and, similarly, also in their dorsal root gan-
glia {Supplementary Fig. 5b). That reduction correlated with muted
induction of Bcl-2 expression in CD103% skin T cells in the absence
of IL-15 {Supplementary Fig. 5¢). We also noted such IL-15 depend-
ence for splenic memory cells, although to a lesser extent than for the
skin Tpy cells (Fig. 4¢). The generation of Ty cells was cormpletely
restored in bone marrow chimeras in which IL-15 production was
restricted to radiovesistant cefls (Fig. 4d). Thus, IL-15 from radiore-
sistant cells such as skin keratinocytes and Langerhans cells was suf-
ficient to support optimal development and survival of Tyyy cells.

A unigue transcriptional profile of Tpy cells

Although transcriptional analyses of Tgy cells and Tgy, cells have
been published??, no comparison between those transcriptomes and
that of the Tyy cell subset has been made. Thus, we analyzed by
microarray the expression patterns of CD1037CD8* Try cells from
the skin, gut or lungs after infection with HSVY, lymphocytic cho-
riomeningitis virus (LCMV) or influenza virus, respectively, and
compared those with the expression patterns of Ty cells and Tyy
cells isolated from HSV-infected mice. To facilitate the identification
and isclation of subsets of memory cells, we used T cells with trans-
genic expression of TCRs of the desired specificity and transferred
them into C57BL/6 wmice before infection. For infection with HSV or
LCMY, we used mice given adoptive transfer of T cells specific for
the natural viral determinants {from gBT-1 mice and P14 mice (which
have transgenic expression of a TCR specific for an epitope of LCMV
glycoprotein), respectively), while for infection with influenza virus,
we used a recombinant virus (flu.gB) that expresses HSV glycoprotein

VOLUME 14 NUMBER 12 DECEMBER 20713 NATURY IMMUNQLOQY

UMass Exhibit 2040 - Page 5 of 8

Forte Biosciences v. UMass - PGR2023-00014




© 2013 Nature America, Inc. All rights reserved.

2
]

i

‘%
%

Table 1 Transcripts that define the core signature of Ty celis

formed a transcriptomically distinct subset

Gene Product Entrez 1D Probe iD Reg that as 2 group was less similar to the Tgy
Cdzad 003244 natural killer cell rsceptor 2B4 18106 10351644 1 celf and Ty cell subsets than the Ty cell
Cdhl Cadherin 1 12550 10575052 T and Ty cell subsets were to each other or to
Chn2 Chimerin 2 £9993 10538356 ¥ Circulaﬁng naive T cells.
Jitad Cytotoxic T lymphocyte~associaied protein 4 12477 10346790 We made a detailed comparison of senes
Hpgds Hematopoistic prostagiandin D synthase 544856 10545101 T ; ted diff ﬁf? ; Pmﬂ_ é} . ge b
Hspala Heat-shock protein 1A 193740 10450368 T teguiated diierently i &gy CoHS Hlan in Sub-
10444589 t sets of circulating memory cells (Fig. 5¢4). For
10450367 T this comparison, we used cormbined thresholds
1'005 i :“d“}?ﬂ??e TI Ci“ w‘sﬁ_mfa‘;f N . Zg‘ééffz i?:{fgzzg 1 of 3 change in gene expression of 1.5-log, fold
1?5 ;1 s i:?::'?n r;nlyp osphate-4-phosphatase, type 00700 1 (; 4122‘98 I and Pvalues of less than 0.05 to identify genes
iigae integrin o, epithelium associated 16407 10378286 T with different expression in the circulating
Litaf Lipopolysaccharide-induced tumornecrosis factor 56722 10437687 T and resident populations of memory cells.
LOC100503878  Zinc-finger protein 683-ke 100503878 10508903 1 Bach Ty cell subset had unique elements,
LOC841050 Hypothetical protein LOCE841050 641080 105?9476} T with between 25 and 127 transcrivts specific
10538892 T LS P
Nrdal Nuclear recepter subfamily 4, group A, member 1 15370 10427035 T i:f)r each of the .mdividufa]. Frm feﬂ popula-
KrdaZ Nuclear receptor subfamily 4, group A, member 2 18227 10482772 T tions from the different tissnes (Fig. 5¢), such
Qpot Glutaminyl-peptide cycictransferase {glutaminy] 70536 10447056 T 2s transcripts encoding the chernokine recep-
wgs , cyciia_se) 6 oot ) 50778 l035edos 1 tors CCRY {expressed only in gut Ty cells)
Res sgulator of G protein sig ; L
Rgs? Regulator of G protein signaling 2 19735 10358388 7T and CCRS (expressed _"”‘1"’ in skin Tyy cells).
Sikl 17691 10449741 T We also found transcript expression common
Skif 20482 10491300 T to Ty cell populations, with 51-73 transcripts
Tmem123 Transmembrane protein 123 71929 10583145 $ shared by any given pair. Those included tran-
Vos376 Vacuolar protein sorting 378 (yeast) 330182 1053372% . 1) .
Xell Cherckine (C motif} ligand 1 16963 10358637 T scriésts’ suchas Ehz;i ;enwimg the aryll hy.dr(;
Cmah Cytidine monophospho-N-acetyineuraminic acid 12763 10404132 | carbon receptor {Afir), that were selectively
apregulated in gut and skin Tpy cells but not
hydroxylase pregl g RM
Elovi7 ELOVL family member 7, slongation of long chain 74556 10407072 | the corresponding population in the lungs.
; . faity ZWS f‘)’iaﬁ) o 0% e 13813 lossssed L Notably, our comparison identified 37 tran-
omes srmescdermin homolog (Xenopus lasvis) 1 ! . )
Fam65b Family with sequence similarity 55, member B 193385 10404152 | scripts commonly up Or_d"f’:mreguimed byall
Fefia Fibroblast growth factor 13 14168 10604781 | three Ty cell subsets (Fig. 5¢.d and Table 1).
Kirel Killer cell iectin-like receptor family E member 1 243655 10542205 & About 60% of the transcripts with a difference
Lybc2 Lymphecvie antigen 6 complex, locus C2 100041544 10429573 i in e;q)ressign were upreguiateci on TRM cells
RasgipZ RAS, guany! releasing profein 2 19385 10460968 relative to their expression on cireulating mer-
Siprl Sphingosine 1-phosphate receptor 1 1360¢ 10501586 3 T cells. alh pres: i & *.k
Siprs Sphingosine 1-phosphate recepior § §4226 10591494 d Ory 1 cells, ough genes enco N ng S[).m“ <y
Sigt] SID1 transmembrane family, mermber 1 320007 10439583 | molecules were downregulated, including that
Slamfs SLAM family member & 30925 10351691 ) encading the sphingosine 1-phosphate recep-
firl Toll-like receptor 1 21807 10630145 | tor S1B,. Overall, those 37 transcripts and
Usp33 Libiquitin specific peptidase 33 170822 10496819 d

their products distinguished Ty cells from

Transcripts commonly regulated in Ty ceils from the skin, gut and lung, upregulated {T} or downregulated (4} in Try
calls relative to their expression in Toy celis and Tey calls from the spleen {overlapping region, Fig. S¢; heat map,

, accession code for the gene database of the Nationai Center for Biotechnology Information;

trix probe set identifier.

Fig. 54). Entrez ID
Probe 1D, Affyn

8 in combination with gBT-1 cells. As our study had focused on skin
Trm cells, we also included two other skin-resident intraepithelial
T cell subsets in these comparisons: W& TCR-expressing dendritic
epidermal T cells (y8 DETCs) and a population of uff TCR-bearing
cells (uff DETCs) that populate the epidermal niche in mice that lack
Y8 DETCs (Terd ™'~ mice).

We subjecied the transcriptional data to principal-component
analysis (PCA) (Fig. 5a) to delineate variations in the dats, and we
calculated the similarities and distances between T cell subsets by a
mutual information (MI) approach (Fig. 5b). The PCL and PC2 axes
of variation in the PCA distinguished the circulating T cell subsets
from those that were resident or DETC like (Fig. 5a). That pattern was
consistent with the pairwise relationships defined by the M{ analysis
{Fig. 5b), which showed that Ty cells from different tissues were
transcriptionally related. The PCA showed that the transcriptomes of
the Tppy cell and Ty cell subsets were more similar to the transcrip-
tome of naive T cells than that of Tyyy cells, which were themselves
distinet from the 8 and off DETCs. Thus, both the PCA- and Ml-
based metrics demonstrated that the various Ty cell populations
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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 Try cell maturation pathway in the
skin. From the results presented above, we predicted that Ty cells
would mature from the time they entered the dermis at the peak
of the effector response, through to their recruitment into the epi-
dermis and, finally, their acquisition of surface expression of CD103
(Supplementary Fig, &), We focused on KLRG1I™ T cells in this analy-
sis, as neither skin Tyy, cells nor their precursors expressed KLRGI.
We isolated T celis from the dermis and/or epidermis at either the
height of the effector response (day 8) after infection with HSV or
during memory conversion {day 14). Quantitative PCR aunalysis of
genes commonly regulated in all subsets of Ty cells (Cdhl, Siprl,
Tirl, Hgal, Itgae and Cd244) or selected subsets of Tpy cells (Cerd
and Ahr) showed appropriate up- or downregulation as the cells
progressed along this putative maturation pathway in skin {Pig. 5¢).
Overall, this analysis showed the transcriptional development of Ty
cells from early KLRG1™ effector-type precursor cells to fully mature
CD103* Tyy cells lodged in the epidermis.
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DISCUSSION

Cur study has provided a detailed description of the development
and extended phenotype of CD103*CD8T Ty cells. It has defined
2 maturation pathway for the development of skin Typy 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 manuer. We found that
1L-15 and TGF-§ were involved in the formation and/or survival of
skin Ty cells, with the latter probably driving the upregulation of
CD103 expression, consistent with what has been noted for a variety
of other tissues™ 2533, The precursors of Tpy cells were notend-stage
differentiated effector cells or mature Ty, cells. Both of those popula-
tions have KLRG1 expression!®?", whereas the precursors of CD§*
Tru cells that reached the epithelium and the mature skin-resident
memory cells did not. Once formed, the Tyy cells do not seem to
apdergo any contraction but instead remain numnerically stable over
a considerable time®!421, Ag for that longevity, CD103*CD8* Ty
cells seem to be more closely related to the circulating Ty cells than
to the Tras cells that ace ultimately lost from the cirenlation®5, That
matches their derivation from KLRG1 ™ precursor cells, which are also
the origin of the long-lived Ty cell population®3637 In addition,
Ty cells seem able to proliferate in situ after restimulation®®3® and,
although this is not universal!l, in some cases they do so after in vivo
transfer??, attributes typically associated with the Teyy cell subset®®,

Entry into the epidermis involved the action of CXCRS3 ligands,
although additional molecules probably also participate in this event,
as the absence of CXCR3 did not completely abrogate the formation
of Ty celis. 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 Ty cells in the epithelium of the lower female reproductive
tract!®, The formation of Tyy cells was enhanced in the absence of
CORT expression on T cells introduced directly into skin, probably as
a consequence of reduced return of precursor cells to the circulation,
as CCR7 promotes the egress of T cells from the skin and other tis-
sues’®40, Such a scenario wonld suggest that the precursor cells are not
fully committed to the Try cell fate when they first enter the skin.

While traoscriptional analysis of brain Tgy cells has been
reported®!, the broader comparison we used here uniquely identified
just under 40 transcripts that defined a core set of genes expressed
differently in this population. One of the transcripts with a difference
in expression encodes the receptor SIPy, which controls the entry
of T cells into the lymphatics®® and must be downregulated for the
retention of Ty cells in peripheral tissues®?. Complementing that,
CIDES expression is rapidly upregulated once the T cells reach the skin,
which provides additional impetus for retention in the tissues, as this
melecule is known to functionally ichibit 517y {ref. 44). We found
that CD69 independently affecied the number of Tyyy cells, simi-
lar to what has been shown for CR103*CD8* T cells in the lungs?.
However, while previously it was thought that loss of CD69 inhibits
the ongoing recruitment of T cells”?, our data here suggested that it
affected early retention of precursors of Ty cells. Our microarray
analysis also showed that expression of a second member of the fam-
ily of S1P receptors, $1P;, was downregulated. In contrast to S1Py,
S1P; is not inhibited by CD69 (ref. 45). Additional gene products
associated with tissue retention are RGS-1 and RGS-2, both known G
protein-coupled inhibitors®, Separate from that, Ty cells upregulate
their expression of CD49a, E-cadherin and integrin opfy, all associ-
ated with cell tethering or adhesion?. Overall, our results showed
that downregulation of egress from the tissues seemed to be a critical
feature of the maturation of CD103¥CD8* Ty cells.

1380

While retention in the tissues is a central feature of the Tpy cell
phenotype, the array data indicated that these were not sizaply cir-
culating memory cells trapped within the extralymphoid eavirons.
Instead, we found that Ty cells were a phenotypically distinct pop-
ulation. For ezample, genes encoding molecules associated with the
maodulation of T cell signaling were also present in the core tran-
scriptional gene set and absent from that of the circulating memory
cell subsets. The expression of genes encoding the immunological
modifiers CTLA-4, ¥CO8, KLRE! and various members of the SLAM
fawmily, along with transcription factors, such as members of the Nrda
family and Litaf, was regulated differently in Tyy cells. Combined,
these results indicated a distinct phenotype for the resident subset
of cells. That propesal was reinforced by the PCA and pairwise MI
analyses, which showed that the Ty cell transcriptomes differed
from those of the subsets of circulating memeory cells. Notably, the
bioinformatics analysis also showed that the skin Tgy cells differed
from the main intraepithelial T cells naturally found in mouse skin,
notably the ¥8 DETCs and the off TCR-expressing cells that fill 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 healing®®% rather than contributing to adaptive immu-
ity and immune memory, as do CD1037CD8* Tyy, cells®.

Overall, our gene-expression and maturational tracking studies
showed that Tyyy cells were derived from the sarne precursor cells
that gave rise to the long-lived memory cells found in the circulation.
The memory precursor cells underwent an in situ developmental pro-
gram that resulted in their differentiation into specialized memory
cells adapted to the extralymphoid compartment. The development
of Tpy cells is not a ‘default’ program but instead is dependent on
location, requiring the action of tissue-specific cytokines and, in
sorme cases, local antigen recognition!t14, As a consequence, Ty
cells are focused on regional mmunity, consistent with the emerg-
ing view that they provide superior control of peripheral infec-
tion»!344, By identifying the precursors of Ty cells and describing
mechanisms associated with their retention and maturation,
we have provided a foundation for studies designed to manipulate the
generation and lodgment of Ty cells for the purpose of enhanced
immunological protection.

METHODS
Methods and any associated references are available in the online

Accession codes. GEO: microarray data, G

Note; Any Supplementary Information and Seurce Data files are available in the
P covsion
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