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Hair follicle~derived IL-7 and IL-15 mediate skin-resident
memory T cell homeostasis and lymphoma
TakeyaAdachi!, Tetsuro Kobayashi!", Eiji Sugihara®, Taketo Yamada*', Koichi Ikuta', Stefania Pittaluga®,
Hideyuki Saya', Masayuki Amagai! & KeisukeNagao!

The skin harbors a variety of resident leukocyte subsets that must be tightly regulated te maintain immune homeostasis.
Hair follicles are unique structures in the skin that contribute te skin dendritic cell homeostasis through chemokine production.
We demonstrate that CD4* and CD&+ gkin-resident memory T cells {Tres cells), which are responsible for long-term skin immunity,
reside predominantly within the hair follicle epithelium of the unperturbed epidermis. Tay cell tropism for the epidermis and
follicles is herein termed epidermotropism. Hair follicie expression of IL-15 was required for CDS* Try cells, and IL-7 for CDS*
and CD4* Toy cells to exert epidermotropism. & lack of sither cytokine in the skin led to impaired hapten-induced contact
hypersensitivity responses, in a model of cutaneous T cell lymphoma, epidermotropic CD4* Tras lymphoma cell localization
depended on the presence of hair follicle-derived IL-7. These findings implicate hair follicle-derived cytokines as regulators of
malignant and non-malignant Ty), cell tissue residence, and they suggest that the cyickines may be targeted therapeutically in

inflammatory skin diseases and lymphoma.

a niche for keratinocyte and melanacyte siern cells', Various leukocyte
subsets localize to hair follicIes?We recently demonstrated that hair fol-
licles recruit skin dendritic cells to sites ofminor trauma'. Keratinocytes
in the hair follicle infundibulum and isthmus produce the chemokines

and CCL20, recruntangmyeloid cells afler experiencing physical
perturbation A subset ofkeratinocvtes the suprabasal layer of the fol
licu1ar bulge region express another chemokine, CCL8,which prevents
local Langerhans cell (LC) accumu1ation, amechanism thatmayprotect
bulge stem ce ls from excessive leukocyte infiltration*, These data estab-

T cells that reside in peripheral tissues have been described in recent
years, and their importance is nowwell established>-*, Skin-resident
Tr cells display an effector memory phenotype, and are generated
after immunological insults such as viral infection®4, In the context

ws, ome "oy PF yt A793
T cell subsets exhibited tropism to the hair follicles'. Shin Tgy, cells
express CD69 and CD103 (ref. 10). CD69 suppresses sphingosine-
i-phosphate receptor 1 expression, which prevents T ce1ls from emi-
grating from lymphoid organs or other tissues into circuaation
CD103-mediated retention of T ce1ls in the skin probab1y occurs bySO ha Pore
cells has been established in parablotic mice', and CD4' Tray cells in
buman skin have been engrafted onto immunodeficient mice!#,

coe the wey eI, EK, SOM boo, ele MeL a.ao,
>

iS
£

dl
J

both inflammatory and neoplastic human diseases, including grafi-
versus-host disease, drug eruptions and cutaneous T cell lymphoma
(CTCL). in fixed drug eruption, CD8* T cells attack the epidermis
to cause keratinocyte cell death in the presence of the drug(s}"*.
After resolution, CD8* T cells with a memory phenotype
persist within the epidermis!546 The majority of CTCL ts caused by
CD4+ lymphoma In the classic form mycosis fungoides
lymphoma cells with a Tay, cell phenotype infiltrate the epidermis,
including the follicular epithelium, and they slow1y accumulate

T cells are termed epidermotropic T ce1ls?®.

Given the importance of Tre cells in conferring long-term
immunological memory*® and regulatory functions that maintain
immunological homeostasis'?7422, elucidation ofmechanisms that

* tthe
epidermatropism ofTpa, cells is supported by the hair follicle-derived
cytokines IL-7 and LL-15.
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RESULTS
CB4* and COS* R cells in steady-state epidermis

a

cal sections of frozen skin samples taken from unmanipulated
adu1t C57BL/61 mice, and then visualized CD4* and CD8* T cells
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using immunofluorescence microscopy. We routinely observed
sma1l numbers of both CD4* and CD&* T cells in the follicular
epithelium (Fig. 1a}. Visualization of the basement membrane using
integrin O, staining confirmed that both CD4* and CD8t T cells
resided within the follicular epithelium (Supplementary Fig. 1a).
Staining epidermal sheets revealed that CD8" T cells were present both
in hair follic1es and in the interfolhcular epdermms whereas CD4*
T cells were localized exclusive1y around hair follicles {(Supplementary
Big. 1b). In flow cytometry analysis of epidermal cell suspen-
sions, exclusion of LCs and dendritic epidermal T ce1ls enabled the
identduation of small numbers of CD4t and (D8* T cells, con
sistent with the uorescence microscopy resu1ts (Pig. 1b).
The number of CD4+ T cells in the epidermis was comparable to
that in the dermis (Pig. Ic). CD8* T cells were found exc1usively
in epidermal cell suspensions (Fig. 1c)'. Contamination of the

§ CD4* T cells Epidermotropic
CD4* T cells
(day 14)

0 7 #10 14 WT

Epidermotropic
CD8* T cells

ARTICLES

epidermal preparation with dermal leukocytes and vice versa seemed

unlikely (Supplementary Fig. ic,d).
Phenotypic ana ysis suggests that most of these CD4* and

CD8* T cells are effector memory T cells, as assessed by their cell
surface expression of CD44 and CD62L, and they are resident cells,
as suggested by CD103 and CD69 co-expression (Pig. 1d}. CD4*
T cells in the epidermis expressed shghitly lower levels of CD103
than did those in the dermis (Big. Je). Furthermore, the epidermis
contained fewer CD4+ FoxP3+ regulatory Ty, cells than did the
dermis (Fig. 18), suggesting that the organization ofCD4+ Tai cells in
the two skin compartments may be differentia1ly regulated Hereafter,
memory T cells that reside in the epidermis and the follicles will be
referred to as epidermotropic Tem cells, not to indicate their entity
as a distinct T ceil subset, but solely to describe their localization
in the skin.
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Figure 1 Epidermotropic CD4+ and CDS* Try calls associate with hair follicles. (a) Skin sections from wild-type (AT) mice, stained as indicated. Dotted
lines delineate hair follicles. Asterisks and arrowheads depict CD4+ T cells in epidermis and dermis, respectively. Scate bar, 50 um. fF: infundibulum,
iM: isthmus, 5G: sebaceous glands. (b) Flow cytometry analysis of CD45*CD03*MHCII (class I MHC)-TCR (7 cell receptor) y8- epidermal calls from WT
rice. Numbers represent frequencies (%) of gated subsets among the analyzed population. (c) T cell numbers In the epidermis and dermis. *F < 0.05,
Pe 0.01 (unpaired two-tailed Student's Hest}. (d) CD44 and CD62L, and CD103 and CD69 expression on T cells in the epidermis. (e} CD103 and

CD69 expression levels on OD4+ T cells in the epidermis (blue) and dermis (red) with isotype controls (gray). (f} Frequency of CD4*FoxP3+ Treg calls In

the epidermis and dermis. (g} Number of donor T ce ls in Rag2- recipient epidermis monitored by flow cytometry at the indicated dates after adoptive
transfer of WT splenocytes. (hk) Epidermotropic T cells from g were analyzed using flow cytometry as in d, 14 d after transfer. (i) Epidermal sheets of

T ceils, respectively, Scale bar, 100 pm. Data are from one experiment representative of three independent experiments whth three mice per group
fase
mean; error bars indicate s.e.m. (c.g).
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Figure 2 Epidermotropic Tray cells require o- a
hair follicle-derived cytokines. (a) Schematic IE IF IM BB SB

representation of mouse hair follicle (HF)
keratinocytes in telogen. Keratinocytes were g
sorted inte five subsets on the basis of cell
surface marker expressions. (b} Real-time PCR
analysis for #25 and i/7 expression by hair follicle
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were treated with tamoxifen intraperitoneally (i.p.) on days 0-4. FTY720 was injected p. from day -1 for 7 consecutive days and every other day
thereafter, until ihe time of tissue harvest. (hk) Epidermotropic Tray cel numbers after tamoxifen-induced ablation of hair follicie IL-7 (a= 3). Data

Horizontal lines depict the mean, and error bars indicate s.¢.m. in all graphs.

Tay cells associate with hair follicles during epidermal entry
Tan celis are generated during skin infection and accumulate not on y
at sites ofprimary inoculation, but also at distant sites®2* To model
this distribunon of Tpy cells, we adoptively transferred wild type
CWT) splenocytes inte Rag? mice, which lack lymphocytes. After
being transferred into a lymphopenic environment, donor T cells

undergo homeostatic proliferation, and we hypothesized that such
T cells might distribute to peripheral tissues such as the epidermis
and skin. Indeed, CD4* and CD§+ T cells appeared in the epidermis
ofRag? e recipients LOd after transfer, and by day 14, their numbers

displayed effector memory and resident cell phenotypes (Pig. Uh),
and thus represent epidermotropic Tyy, cells.
Visualization of CD4t and Tpy ce ls during active epi-

dermal repopulation revealed close association with hair follicles
(Big. 13). CD4+ cells initially appeared within the dermis,
accumulated around hair fo licles in frozen sections on day 7 after
transfer, and then distributed within the epidermis and dermis
thereafter (Supplementary Pig. Le). In contrast to CD4+ Tay cells,
CD8* Tex cells appeared directly within the interfollicular epider-
mis, and then accumulated around the hair follicles (Supplementary
Fig. le,f). Thus, the anatomical modes of entry for CD4* and CD8*
Trax cells seem io be distinct.

Hair follicle keratinocytes express HIS and #7
ff tSandiL 7 are unportant cytokines that enable the generation and
maintenance ofmemory T Qur previous study? revealed that
hair fol icle Leratinovyte subsets exhibit distinct chemokine expression
profiles. To determine whether hair follicle keratinocytes expressed
mRNA encoding 1L-15 and IL-7, we sorted epidermal keratinocytes

1274
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into those from the interfollicular epidermis, infundibulum, isthmus,
basal layer bulge or suprabasal layer bulge? (Pig. 2a). Similarly to

previous y described patterns of chemokine expression', real-time
PCR analysers revealed that both 115 and H7 mRNA were predomi-
nant y expressed by keratinocytes in the infandibulum and isthmus

(Pig. 2b). Because most of the mouse pelage hair follic es are in
telogen, we studied the vibrissae to determine whether cytokines
were expressed during anagen. The transient portions ofanagen hair
follic es did not express 277, but the bulb expressed low levels of
His (Supplementary Fig. 2a). We also analyzed cytokine mRNA

11 Oe h rr
found that LCs, but not dendritic epidermal T cel s, expressed
2715 (Supplementary Fig. 2b}. Both leukocyte subsets lacked 177

expression (data not shown).

Epidermotropic Try cells require hair follicle-derived cylokines
Analysis ofCD4* and CD8* Tp, cells using flow cytometry revealed
that both T cell subsets expressed EL-15/2RB and IL-7Re (Big. 2c.d).
Given the unavailability of an animal model enabling conditional
ablation of [L-15, we generated bone marraw (8M) chimeric mice
to determine whether epidermotropic Tpy, cells were influenced by
hair follic e-derived cytokines. Reconstitution ofWT or mice
with BM from Rag2 mice led to the generation of lymphopenic
rice that either expressed (WTS) or lacked (115-knockout(KO}RS}
HL-L in peripheral tissues, including the skin (Fig. Ze). We then trans-
ferred WT splenocytes into these BM chimenc mice and analysed
the numbers of epidermotropic cells at day 14 after the transfer

(Fig. Ze). The numbers ofepidermotropic CD4* Ty,, ce ls had slightly
increased in recipient 115-KO®°"mice,whereas epidermotropic CD8*
Tpy mambers had been reduced (Fig. 24). The numbers ofCD4* and
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CDS! T cells the spleen were comparable in recyent
andWTSmice (Supplementary Fig. 2c), indicating that the difter
ence in the numbers of epideimotropic CD8* Tay, cel s was due to
the loss ot EL 15 un the skin The numbers of epidermotropic CD8t
Lem cells were tentold higher than these of unmanipulated WTmice
Upregulation of IL 15 mRNA expression im keratinocytes in letha ly
irradiated mice may have contributed to the enhanced population of
CD8* Ty, cells m the epidermis (Supplementary Pig. 2d)
Because LCs alsu expressed 1/15 mRNA, we studied the effect ofLC

depletion on epidermotropic Tpy cel s using two different models
Neither constitutive loss nor depletion of LCs affected the numbers
of epidermotropic cells (Supplementary Pig. 3a-<) Thus, hair

e~derived IL 15 1s crucial for the maintenance ofepidermott opic
CDet Tp ©ells
A different approach was taken to evaluate the contribution of hair

follicle-derived IL 7, because I ce ls faded to undergo homeostatu
proliteration when transferred wato 277 KOP*mice (data not shown}
We crossed Ki4 Cre™®? with 17 floxed mice to generate
mice in which ablanen of IL 7 in the epidermis could be specit
cally induced im the shin of adult mice by administering tamoxifen

injections (Supplementary Fig. Ze) Because of the potential for a
wontinuous oi newly generated Ty, cells, which could alter
total cell numbers dunng and after LL 7 ablation we treated mace with
FTY720, a sphingosme phosphate receptor 1 mhibstor that inhibits
lymphocyte egress from lymph nodes, thereby preventing the influx
ef endogenous Ig. cells ito the epidermis (Fig 2g} Epidermal
ablation of PL 7 reduced the numbers of both CD4* and CD8* Tpag
cel s 14 d afte: the loss ofIL 7, an effect that persisted fur at least 28 d

(Fig. Zh) The numbets of splenic T celis remained unatftected by
the loss of EL the shin (Supplementary Fig 28) Therefore, hair

AR SXAEES

jo licle-dernved IL 7 is required lor both CD4) and CDS' I'gas cells
to persist im the epidermis

impaired contact hypersensiivity responses im the absence of
and 1L-15

Impaned anatomical localization of cells during the steady state
in the absence of hair follicle derived 15 and {1 7 mught affect

subsequent ymumune responses in the slan To address this, we induced
contact hypersensutivity (CHS) with a hapten mice that lacked
haw follicle-derived cytokines To analyze the effect of IL 15

deficrency in the contest of CD&* Tp, cells, we generated W
and {115 KORmice using BM transplantation (Big. Ze) These BM
chimeric mice were injected with CD&* T cells obtamed frum
shun diaimog lymph nodes of 1 fluoro 2.4 dunttiobenzene (DNFB)
sensitized mice (Fig 3a) Transferred CD8* cells are expected
to underga homeostahc proliferation and distribute to peripheral
tissues, including the skin. im WT*%, but not in HIS mice
iFigs Igand 28) Recipient mice were then challenged with DNFB,
and ear swelhng responses were monttored Both ear swelling
and lymphocytic infiltration were reduced in the absence of
tissue derived IL 15 (Fig. 3b,c}
The roles od hairtollule dered {1 7 and Try; cells were assessed

in the contest of CD4* T cell-mediated CHS Io generate lympho
penic mice that constitutively lack IL 7 mm the epidermis, K5 Cre
mice and 177 floxed mice*/ were each crossed to the Rags

' back

ground Cre x Rag?' mice) ( D4* T cells isolated irom
shin drauming lymph aodes of DNFB sensuazed WI mie were
transferred into Cre » Rag?

' mice ur control Rag2 '

mice Recypient mice were chal enged with ENRB 14 d aftei transfet,
and ear «welling responses were assessed (Fig. 34} Lar swelling and

a b C pnrB cps* DNFB CD8* REKE

DNFB CD8t

Time after challenge (d) we
d e f pyre cps DNFB CD4+

Time after challenge (d)

Figure 3 | npaired CHS responses in the absence o* hair foll cle-oer ved cytoxines (a) Experimental scheme for ihe ar alysis a* CD&* Tay cell-med ated
CHS n the abserce of per pheral tissue tha follic e) cer ved IL 15 C08! T cels from DNFS (DNFB CDS) or veh cle immun zed (vetic e CDG4) WT
mice were *ransferrec inte lyr phoperic mice 14 d later Tecipler is were Cha lenged with ONFB on ther ears and ear swel ing responses
were measure > te yok
(g) H&E start g of ear sections from indicated tice day 2 after cf allerge ard quaniification of sxin infiltral ng noronuclear ce ls (a) Experi ental

v w w > ach) in 3}

ache ne for analyzing C04* Tay cell-meaiated CHS n ihe absence of Fair foll cle-cer ved IL 7 DNF CD4> or vebicle CD04+ were adoptively transferrec
nto noicated lymiphopenic m ce (a) Ear ihickr ess (Ar n) DNFB cba ty

*rans
morontclear ce ls Data are from one experimert represen*ative of two independent experimen's w ih three mice per group neach (be ef)
Ce i counts represent pools of three fie Js of view per seclior (or gina magn feat on 100+) frors three nice per group (¢ f} Scag bars 100 um (eA
*P<0005 **P<O OL QO01 ****P < DOGO! (two way ANOVA) Error bars are s ©
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lymphoc yiic mfilltration were both reduced in I78"K5 Cre x Rag? /

mice on days 2 and 3 after the challenge (Fig. 3e,f) This transient
effect might reflect the genetation and influx of newly geneiated
recipient Tpy cells after DNFB challenge

A CB4* T cell lymphoma model with skin involvement
Fyidermotropism of T cells is a instelogucal hallmark om human CTCL

ln particular, lymphoma cells mycosis fungoides exhibut a [py
cell phenotype!*!928 117 expression 1s increased im CTCL
Whether lymphoma ce ls also requite harr tollicle-derived cytokmes
rermanms unclear Thus, we evtended our cell repopulanon model
in Rag? / mice by generating a novel lymphoma model
Mutations in, or upregu ation of the oncugene MYC04!, as well

as mutations m the tumor suppressor gene INK4A/ARF (officia ly
known as CDKN24) have been implicated!" in human lymphoma
and CTCL Cdkn2a / muceare prone to tumor development,mlud
unig T cell ymphoma"? Cdknla '

progenitor B cel s transduced
with Myc generate B cell lymphoma?! Taking advantage of these
previous findings, we tolated CD4? T cells irom Cdkn2a' muce
and retrovirally transduced them with (Pig. 4a) Approaamately
50% uf T cells were transduced, as determined by GFP expression
(My *Cdkn2a ' CD4* T cells) (Bug. 4b) Reciptent Rag2

' mice
deve oped ervthroderma (redness and ine scalmg of the entre shan

surtace) approximately 3 weeks after the transfer ofMyc*Cdku2a /

CD4! T ce ls (Fig. 4c) Flow cytometry analysis revealed increased
numbers of epidermotropic CD4* 1 cells in Rag? / once that had
been transferred wathMy. tCdkn2a / CD4t T cells as wompared to
those transterred with WT CD4 T cells (Pig. 4d) The mayority of

epidermotropic CDiv I cells in Myc'Cdkn2a / Cb4? [ cell-
transferredmice expressedMy GFP (Big. de) with increased IL 7Ru
expression (Fig, 4e)
Eintology revealed eqidermotroptam of lymphocyies with large,

atypical nucles, recaprtulating that of human CICL (hag. af'
Consistently, flow cytometry ana ysis revealed that Mn i Cdknda !

CD4* T cells were enlarged in suse (Fig 4g) Inidtrating lym
phocytes expressed K, 67, demonstrating that they were proliferative
(Fig. 4h} Epide:rmotropic CD4' T cells were uf the Try cell
phenotype (Fig. 4i), and they accumulated around the hau tolls
cles (Fig 4£7) Collectively, MyctCdkn2a

' CD4~ T cells that had
been transferred into Rag? / muce wnlilteated the skin and epidermis,
exhibiting histologic features of human CTCL These mice also
exhibited lymphoma in the lymph nodes and spleen, and they died
within 10 weeks after transfer (Supplementary Fig. 4), thereby
also revapitulahag an aspect ol Sezary's syndrome a leukemu
subtype ofCICL?®

Epidermotropism in CTCL depends on IL-7
fo determine whether CD4' lymphoma cells also relied on hair
follule-detived IL 7, we transferred Myc'CdknZa / CD4) T cells
into Rag? / or HAKS Cre x Rag?! mice (Fig Sa) In contrast
to Rag?! me, Cre x Rag?! mice did not develop
erythroderma (Big. 56) Furthermore, the absolute numbers of
epidermotropic lymphoma cells were teduced in the absence of hair
follic e derived IL 7 (Fig 5c}, whereas sigmficant dutferences were
got observed m the lymph nodes and spleen (Fig. 5d) Histologic
analysis of control Rag2 / muce revealed abundant epidermotropic

a b Cc Cs Mye*cakn2e /ba WT CDs
cD4*

4 ag27

258

Rag2 / Adoptive

e

89 Ry

Myc*Cdkn2a "CD4* WT CD4* WT CD4* sotype control

0482

0

Figure 4 Genciat on o* an odel of ] cell ymphoma w th skir invo vemert

f cells isolavec from CodknZa' nice were retroy *z ly te nsduced with
faye GE", Cu aA 15 J

cpeg

(bp) Flow cytometry ana ysis of Myc GFP express on on My CannZe / ood 3 cells before transter (c} Sain phenorype of MycCoknZa / TD4~
transferred (left) ov wid type (VT? CD4+ trarsfered Rag2" mice (right) (d) Flow cyromatry aralysis CD3°C.24> epidarmotrap c cel 5 in rec prent
mice zs naicated by the purple grte CD45+*MCH cels are showr (e} Express on of GF? ana IL 7Re on cells w thir the purple gare n@
(f H&E stain ng of sk n sectiors fram ind cated mice (g} borward scatter (F350) ena s de scatter (SSC) pro'tes of cells with n purple gate ir d

(h) ipmunohistochemical stainirg for 67 CD44 versus CD62. and CD103 versus CD69 expression on CD45-MHGH TCRy8 CD3-C04+GFPT
ce lp (et panels} or C045+MHCL TCR CD3-C04* ce is ight panels} 0) liemtnofiuorescence microscopy of ep derma sheets visur ized for Myc GFP
C.04 ard 4oechsy Dashed | nes delineate the hair "ol icles (HF) Scale bar 100 pr (ff) All data are "ron one experiment representative of three
ndeperdent w th three mice per group n each
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MycCoknZa ' CD4~ T cells wee Rage + 7" KS Cre x Rag2* 417" KS Cre x Rag24

Ks 15x 109 5x 108 ns 4x 107 ns
Cre x Rag27

& s
0

Figure § C04+ Tay lynphorna
cells aeperd on barr foll cle-der ved

(a) Experimerta scheme e Myc*Cdkn2a* CD4*> f MyctCdkn2a? CD4* +

WAS RAS SASmic Pd fa t €

oT ce lsir sain d a ning ws (SLN)
and spleen (d} assessed on day 21 a'te adoptive transve: (r-9 "or Rage' or n~ 8 for H7tRKS-Cre \ Rage m ce) ***P< 0 001 (unpaired two tailed
Sruden's f test) Each sy nbol represents ar individual mouse hor zorta lines depies the near enor bars ndcatesem (ed) te) Histology of sk n

sections f orn indicated nce sta ned for H&E nrmunot ucrescerce m croseopy of ea: epide rnal sheers of indicated mice visua zed fo Mye GFP CD4

SHAN HHPaso ov WE Ova Rar /

afrer thansfer
of ec pient mice o* ndicated

of epider norop ¢ Tay calls te)

and Hoechst assessed on day 21 after adoptive transfe (7-3) HF havtolicles Scale bars 100 um (ef) Data are "ron one experiment represer-ative
of 'hree ndepencent exper nents w th two to three mice per group in each (b e f} or ar accurmula'ion of three indeper Jert experiments d}

lymphocytes with epidermal thickenmg. but histological changes
wereminimalin H7VOK5 Cre « Rag2 ' mice (Fig. Se) Visualization
of CD4~ cells im epidermal sheets confirmed these findings
(Big. 50) Thus, epidermotropn CD4* Tp, cells conunued to require
hau icle-~dertved IL 7 after neoplastic transformation

in CTCL, IL-7 is upregulated im human har follicles
lo exarnme whether our findings could be extended to humans, we
studied human hau fo licles Whereas harr follicles in the trunk skin

a b IL 15
'kx

0 008 ve

0 006 +

0 004
IE Interfollicular ~

epidermis 2 0 002

IF infundibulum 5 o

8 IE IF Bg SBb Bb

Bb Bulb

Figure 8 $1 7 ar iL 15 expression in he. nan fair foll cles fromm nortia scalp and cutaneous T cell lyrupho na ta) Scher ai c representation of hu nan

ofmice and humans aremostly found in telogen, themajorttyof thuse
in human sca p are im anagen The terminus end is ca led the bulb,
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suprabulb and EL? expression was highest in the infundibulum and
suprabulb (Fig. 6b)
We additionally evaluated IL 7 expression im hair follicles om

both normal human scaip and lestonal sca}p skin of patients with
CTCL Famt unmuanohistochemical stammeg for LL 7 was detected
in noimal human hair tolkcles IL 1 expiession was apparent m a

CYCL afiected subiect, in whuh the stammg was detected m the
infundibu1um and the suprabulbar area (Big. 6c), consistent with the
teal tume PCR data from normal human scalp In other patients, IL 7

stainingwas increased not only in hau follic1e keratinocytes, but also im

keratinocytes in themtertollicular epidermms (Supplementary Fig. 6)
Consistent with our observations 1n muce, IL 7R expression by

T cells was uncteased in lesionalCTCL epidermis in comparison to that
on T cells in normal human scalp skin (Pig. 6d and Supplementary
Fig §) IL 7R expression in lesional keratinocytes in ( TC} seems te
be increased relative to heratnnoc ytes in normal scalp shun, although
the significance of this has yet to be determined

DISCUSSION
Epidermotropism of cells both non malignant and malignant,
is regulated by the hair follute-detived cytokines IL 7 and IL 15
Previous studies'? have focused on Tray cell hrology im the con
text of viral mmlechons We studied the requirement of epdermo
trupic Tyy, cells during the steady state by using non malignant and
malignant mode1s The lack ot hau foNicle~derwved cytokines led to
the failure of both CD4* and CD8* T py cells to persist in skin Impaired
CHS responses in the absence of hau tollile-derived cytokines
highlight the importance uf homcostatn organization of Tgay cells
before inflammation

The requirement ol IL 7 and IL 15 for the generation and mam
tenance of memory 1 cells is well estabhshed@+2>, but the fate of
Tan ce ls in peripheral tissues that are deprived ot these cytokines
remains unclear In par ticular, whethet the cel1s undergo ce1l death or

migration deserves further atiention in the context of lymphoma
The sea 2 By wate chanted 0) athe aca atlacthawd Gbihe

onstrated in this study is compatible with and complementary to a

ptevious 1eport' in which approxumately 30% ofvirus specific CD4*
memory I cells were found to associate with the har follicles after
herpes simp1ex vitus skin infection To date. Tem cel1s in the skin have
mainly been characterwed in the context of CD8* T ceils Aithough
( D4* memory I cells may well be comparable to ( D8+ Mpa; cells
as skin residents on the busw of surlace a CAprcesiuil and past
reports!>22 thorough studies on CD4t memory T ce1ls as bona fide
Tro celis have yet to be performed Our obsei vation that epidermal
and dermal T py, cells have subtle dilferences in CD103 expression, an
conjunction with the higher observed rate ofCD4+ PoxP3* cells

ments might be regulated through distinct mechanisms
In conclusion, we have demonstrated the imporiance of hair

follicle-derived IL 7 and LL 15 in Tyy cell homeostasis un the eps
dermis, which represents an attractive therapeutic target in inflam
matory skin diseases and malignant lymphoma. and which may also
be relevant in other peripheral tussues

METHODS
Methods and any associated references are available in the ">:
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ONLINE METHODS
Mice C57 BL/61 (CD43 2) wice and 1 15 / mie were parchased trom CLEA
Japan. 057 BLi6} Rag2-* mice were purchased from the Central institute for

Jackson Laboratory (ME, USA), mice (B6.129-
Ff a4
oxed mice, K5-Cre mice, Langerin-DTA mice and Langerin-DTR mice

approved by the Keio University Ethics Committee for Animal Experiments.

rf wok ae x.

0 aw mtbr pede ule DLE MD Vitae Ga eae wake yApsve ©

number 2003-0057, 2005-0075} or NCI, NIH (protocol number 96-C-0102).
Informed consent was obtained dram all subjects betore the acquisition of the

1 So TO CN sf ae pos bs N

formalin-fixed scalp samples for histopathological examination were obtained
rn Pea td

subcutaneous skin tumors. Formalin- fixed scalp samples from subjects with
CTCL were prepared from the original biopsy specimens that were obtained
from lesional skin for diagnosis.

Preparation of epidermal sheets. Epidermal sheets were prepared as before?

using forceps. Thioglycolic acid-containing Hair Removing Body Cream Epilat
{&Kracie) was used to remove hair in some experiments. Ear halves were inc

$5

Industries) n phosphate buffer (pH 7.0). Epidermal sheets were manually
detached from the dermis under a dissecting microscope (Olympus),

Fe

ce l suspensions were prepared as before' with a slight modification. Briefly,
shaved whole trunk skin was harvested from the appropriate animals and, after
removal of subcutaneous tissues using forceps, was floated with the epider-
imal side up onto 10 ml of Trypsin-EDTA solution containing 5 mL of 0.25%
Trypsin (Nacalai Tesque} and 5 mal of .05% Trypsin-0.53 mM EDTA-4Na
Q Nyy LN Ne s ai'
i

é
v

L Ns eo
£ > wee ON «

N N oS al
> ' <

cos ened ca

0
€

> Soa AK Red Aw

s SS EN > F845 90 6 are
strainer (BD Falcon).

Antibodies for immanoflacrescencemicroscopy andow cytometry analy-
sis fox mouse samples. Anti-mouse CD4monoclonal antibody (clone GKL3,

labe ed in house with Alexa Fluor 568 ( nvitrogen). Anti-mouse cba mono-
cht
labeled with BITC, APC, APC/Cy7 or AmCyan or labeted in house with A exa
Fluor 647 Unvitragen). The following pre-labeled monoclonal antibodies and

polyc onal antibodies, all obtained from BioLegend unless otherwise stated, were
used for bmunolluorescence micoscopy and low cytometry: CDs (clone
145-2c1 1}, TCRy6 (clone GL3),MHC (anti-LA/TE; cloneM5/114.15.2}, CD34
(clone RAM34, eBioscience), CDA4 (clone IMF7}, CD45 (clone 30P-11), CD4¢f
{anti-integrina,s clone GoH3), CD62E (cloneMEL-14), CD69 (c one H1.273)},

Antibodies that were labeled in-house were stored at 0.5 mg permi comcentra-
tion. All primary antibodies for low cytometry were diluted 1:200 with the

exception ofclone G8.8, whichwas used at 1:800 dilution. For immunof uores-
cencemicroscopy, primary antibodies were used at 1: 100 di ution.

Primary antibodies were detected, if needed, with Alexa Fluor labe ed

NATURE MEDICINE

A21311; both from Life Technologies) at 1:200 di ution. Anti-mouse CD16/32
iclune $3, Biolegend) was rou'me y used (1 100 +o block Foy
receptors before siaining.

4

Imununatluorescencemicroscopy. Staining ofepidermal sheets and frozen skin
ad

sections were fixed in acetone for 5 min at ~20 °C or in 4% paraformaldehyde
1

y
5 on

2 Qos « war is

of were used for experiments. A l mice were bred and housed in specific were rehydrated orwashedin PBS for 5min. Theywere blocked in 3% drymi k
2
. D> fy Ln "Hh %

For intracellular staining, 0.2% Triton K-100 (Sigma-Aldrich) was added in

blocking buffer, Primary antibodies were diluted in blocking buffer and incu-

q q ot

+ a
z an. Boa, ok

wg pay De Seay Sp ede aaetranrn 6 be edie dd ab

33258 (nvitrogen). Mouse lipswere routine yused for vertical sections because
this provided a wide v ew of vertical and horizontal sections of both pelage

rR
SY Y ot an re rn Te

#1 with orwithout Apotome (Cark Zeiss), co ectedwith the Axiovision software
"y ors RE i an we op Cord

{Adobe}, and controls were also treated identically.

Flow cytometry analysis and cell sorting. Data were col ected using FACS
Canto I (BD Biosciences) and analyzed w th Flow fo (Tree Star). Non-viab e cel s
were omitted using propidium iodide (Sigma-Aldrich) staining or Live/Dead
Abe d beg ty pe wee Deace hee Ga Dawe,

antibody staining, Fluorescence activated cell sorting ofhair follicle keratnocyte
aA Ra eee

was performedwith FACSAria HI (BD Biosciences) orMoFlow (Beckman
w

divided inte five subsets on the basis of the expression of cel -surfacemarkers as
described before*: interfollicular epidermis (MHCIVCD45 -Sca-1tEpCAM»*),
infundibulum (MHCII-CD45-Sca-1* isthmus (MHCU-CD45~Sea-

basal layer bulge (MHCIE-CD45-Sca- 1-CD34"integrin ). Sorted ce ls were
further processed for RNA extraction.

Isolation ofhuman hair follicles for gene analysis. Samples taken from human

scalp were dissected as previously described'. Briefly, scalp samples were dis-
A er % & & 2 2

tt WY 1

SS

Ln iS ee rne «
0

5 pos te ww + bo

Re cary © x

1

sorted epidermal keratinocyte population, using an RNeasyMicro Kit (Qiagen).
NA was synthesizedusing SuperScript Pirst-Strand Synthesis SuperMix for

qRT-PCR (nv trogen), and then real-time PCR analysis was performed using
Power SXBR Green PCR Master Mix (Applied Biosystems) and the StepOne

AN? Ca aioe ANON wae 5
4

Table 1) were designed using Primer

the fo lowing cycling.conditions: 10 min at 95 °C, followed by 40 cycles of 15 s at
95 °C. and 60 s at 60 °C. Nomalization ofmRNA expression was performed on
the basis of the expression ofB-actin, using the cycling threshold (ACy)method,
and the amount of PCR product was calculated using 2-A°T (ref, 38). Results
were presented as + s.d.

Tang coll repopulation model, Spleens from
8-week-old C57BL/6] mice were

ated
GK e sm C

wy kN ¢ Ce boS ge

fuged. and resuspended in PBS to obtainwho e splenocyte single cell suspension.
5x 106 splenocytes in 200 ul PBS were adoptively transferred intravenous y (Lv)
to G- to 10-week-old ymphopenic recipients.

S

Generation of bone marrow chimeras. C57BL/6} WT or mice were
w %x

doi: 10.1038/nm.3962
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marrow cells from Rag2~/~ mice on the followiing day to generate lymphopenic
bo « coe 2 NS be are >

recipients in Tpy cell repopulation experiments.

were injected intraperitoneally (ip) with 1 mg oftamoxiien (Cayman) in 100 pl
of sunflower off (Nacalai Tesque) per day for 5 consecutive days (days 0- 4y3?

{ref. $) and every other day thereafter, until tissues were harvested.

FTX728 and diphtheria toxin (DT) treatment. For depletion of LCs in vive,
Langerin-DTR mice (or control WT mice} were injected Lp. with 500 ng of

(Cayman) was injected Lp. fromm day -1 for 7 consecutive days and every other
day thereafter, until tissues were harvested.

Hapten-induced contact hypersensitivity. WT donor mice were sensitized
as described!) with slight modification. Briefly, either 50 yl af 0.5% DNFB in

shaved-trunk skin, ears and paws ofWT mice. 5 d after sensitization, 1 x 10° Lab Vision) (1: 100), and then washed, and bound antibodies were detected
CD4* or CDS T cells, which were purified using 4 magnetic-activated cell-

sorting (MACS) cei -separation system (Miltenyi Biotec) from skin-draining
lyraph nodes, were adoptively transtertedm'o lymphopenic reciprents 2 weeks
after transfer, the ears were challenged with 10 pl of 0.3% DNEB. Ear swelling,
calculated as (ear thickness on dayx} - (basal ear thickness on day 0), wasmeas-
ured in a blinded fashion by an investigator who was not involved in the study.

T cell lymphoma model with skin involvement. Mouse c-Myc was cloned
ir rx e - ~ nF oN < Nw < x

described with slight modification .42, Briefty, the pMX-based vector (Myc-

was collected after 48 hof incubation. CD4* T cells, which were co1lectted and
enriched frors spleen and skin-draining lymph nodes of mice byposi-
tive se1ection using theMACS cell-separation system, were cuitured in comp1ete
medium (RPMI 1640 containing 10% PCS, 2 L-g utarsine, 1 mM pyruvate,
50Ufo penicillin, 50 pg/ml streptomycin, .05mM 2-ME) supplementedwith
100 2 ana 2 5 Con A at 37°C foi 24h Flow thiougd. cells that
were collected after CD4* T ce enrichment wete irradiated (5,000 rac} and
used as feeder cells for co-cu1ture with CD4* T cells. The activated CD4* T cells
were then resuspended in retroviral supernatant and centrifuged (3,000 rpm.

with 100 U/ml hIL-2 at 37 °C for 44 h. The whole bulk of cultured T cells were
transferred iv. into Rag2/~ or H7VOKS-Cre x Rag? /- mice, To avoid inter-

exper . an) S re xox
anuaber cf ransferred calls was normalized io contain 2 5 x 105 Afve GEP* CDat
ceis. Equivatent numbers of T cells trom WT splenocytes were transferred

1 . 081
ane £t ra

cn
ed

the bulk of transduced T celis, numbers normalized as above, were transferred
into Rag2!- of Cre x Rag2!-mice.

Presa >
at four feve1s#? just beneath the epidermis (inf nditi hum), sebaceous gIands
atahmer: (bulge) between sebacous glands attachment and bulb (suprabulb}
and buib . issues were secioned', anc a sing e shde contaming 5 tm disks trom
four difierent layers were analyzeu for hustology or mmmunchis' ochemusiry
(Sapplementary Fig. 4).

doi: 10.1038/nm.3962

Histopathological and immunobistechemical analysis ofhuman andmouse
N LACT N 2 waa

in paraffin and sectioned at a thickness of5 lim, Sections were paraffin-depleted
and rehydrated in a graded series of ethanol so1utions. For histology, sections
were stained with H&E. For immunchistochemistry staining for human IL-7
expression, sections were washed with PBS and treated with 3% HO, before
incubationwith the following primary antibody: rabbit anti-IL-7 polyc onal anti-

FTY720 and tamoxifen tveatment. th

t qe * a 1 Laat Bl S a ly

sections were autoc aved at 120 °C for 1 min in 5 mM EDTA buffer (pH 8.0),
wee

lowing primary antibody: rabbit anti-IL-7Rpoiyclonal antibody (c1one sc-25475,
Santa Cruz Biotechnology) i hg}. immune complexes were detected byusing

bos Fag a ae,
and sectionswere counterstained with hematoxyin. For immunchistochemisiry
of mouse samples for K,-67 expression, sections were subjected to 20 min of
microwave treatment in citrate buffer (pH 7.0) andwere aliowed to coal at reom
temperature, Non-specific bindingwas blocked in 3% drymilk PBSwith 5% goat
serum for 1h at zoom temperature, before incubationwith the followingprimary

with Histofine Siraple StainMAX PO (Nichirei Corporation). Secondary anti-
bodies were further visua1ized with ImmPACT BAB (Vector Laboratories),
and sections were cousteisiamed with hematoxyln Images were collected
via an inverted microscope (BX41, O ympus), equipped with a digital camera

(DP20, ympus).

>
roAN a onan a ood

©
A

© ©

ryt ann ALTE Ak,

Statistics. Statistical significance was calculated wi th an unpaired two-tailed
Student's t test or a two-wayANOVA using GraphPad Prism 6 (GraphPad soft-

cp Seo < cse' 02116 e
simiIar between groups in all experiments, as determined by the F test using

GFP) was transtected inte a packaging cell ne, Plat-E, using FaGENE HD GraphPad Prism 6. For all statistical analyses, data were considered signif cant
Mee,sen angry per ow ae

experimentswere not randomized. The investigators were not biinded to alloca-
tion during experiments and analyses uniess otherwise indicated.
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