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in the presence of IL-2 as a readout. We assume that such a weak
sell-reactivity of the cells has hampered identifying this potentially
important iNKT cell subset in prior studies.

Although we added rlL-2 and 1L-15 exogenously 10 stimulate
INKT cells, these are the cytokines commonly produced in the
inflammatory milicu. This allows us to speculatwe thiat the IL.-5-
producing iINKT cells might have a chance to encounter CDId”
APCs in the presence of either of the cytokines, thereby playing an
important role in the local control of inflammation. [nterestingly,
IL-15 blockade has recently been shown to prevent the induction
ol allergic mrway inllammation (37). implicating indirect evidence
for the presence of IL-15 in the site of airway inflammation. Al-
though this study has not identified INKT cells as a target of IL-15,
the critical role of INKT cells shown in other rodent studies (14,
15) and human asthma (38) suppornts the idea that local IL-15 may
stimulate INKT cells to produce IL-5 and 1L-13. which then leads
10 augmentavon of allergic inflammanon involving activation of
eosinophils (39, 40). Another point of interest is that the role of
IL-2 has been indicated in Th2 polanization processes involving
INKT cells. Although this is most elegantly shown in the case of
eradication of certain parasites (41, 42), it is possible that INKT
cells are the target of 1L-2 for inducing Th2 polarization. It is also
likely that iINKT cells in the inflammatory lesions of MS may
produce 1L-5 or 1L-13 after being triggered by IL-2 or 1L-15 in the
inflammatory lesions. The IL-5 produced by iNKT cells may di-
rectly promote Th2 cell differentiation, thereby deviating Th1/Th2
bulance toward Th2, Alternatively, Th2 polarization could be me-
diated by other cytokines that were triggered by IL-5 in an auto-
crine or paracrine fashion. In fact, we showed that 1L-4 was in-
duced by the IL-5-producing iNKT cells in the presence of [L-5
(Fig. 1D} and overproduction of IL-4 from CD4" iNKT cells
could be demanstrated in the remission state of MS (33).

Recent reports have shown that sinking Thl responses against
exogenous pathogens could be triggered by iINKT cells after rec-
ognizing an endogenous ligand in the presence of IL-12 (26. 31).
Given its remarkable homology 1o the IL-5 response triggered by
IL-2 reported here in this article, we speculate that stimulation with
an endogenous ligand and locally produced eytokines is 4 funda-
mental mechanism that would lead INKT cells o provoke a deci-
sive response for dealing with infection, allergy, and autoimmu-
nity. In infection models, iINKT cell recognition of 1Gb3 has been
identified as an important trigger Tor inducing Thi response by
INKT cells (31). However, iNKT cells may recognize different
endogenous Ags (43) and therefore the microenvironment of dif-
ferent tissues or types of inflammation (e.g.. Thl vs Th2) encoun-
tered may be instrumental in determining the phenotype of INKT
cylokine production, In this regard, endogenous ligand(s) involved
in IL-5 production by IL-2 is an area to be further investigated in
the: future,

It is important to realize that as much as 8 of the 26 CD4 ' INKT
clones (Table 1) have demonstrated a bas for IL-3 production fol-
lowing 1L-2 sumulation, We speculate that this could arise from
the heterogeneity of B-chain CDR3 sequence, although this point
15 another area that needs to be formally venfied. Supportive of this
speculation is the recent sludy showing that individual TCR
B-chain may contribute 10 the variation of Ag recognition among
INKT cells (36). Another possibility is that these IL-5-producing
INKT cells may comprise a distinct lineage with the unique ma-
chinery to overproduce IL-5. It may also be due to ditferences
in the frequency of IL-5-biased INKT cells among each indi-
vidual. This idea is supported by the observation that 1L-5-
biased clones tended to be generated from the sume idividuals
(Table 1). Furthermore, our preliminary data has demonstrated
that IL-2-dependent production from iNKT cells might be sub-
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ject 10 mouse strain differences: namely, the producton of IL-5
from iINKT cells found in BALB/¢ could not be demonstrated in
CS7BL/6 mice (data not shown), This discrepancy between Thi
(C5TBL/6) and Th2 (BALB/) polanzed mice may give us an im-
portant clue Lo further analyze this issue.

In summary, the present study has identified presence of human
CD4™ iNKT cells that produce IL-5 and IL-13 in response 1o sub-
optimal TCR sumulation together with IL-2 or IL-15. Previous
studies using «GC or anti-CD3 Ab for stimulation of iINKT cells
was unsuccessful in revealing the identity and the unigue property
ol these INKT cells, reflecting the nonphysiological nature ol the
methods used for stimulating iINKT cells. Analysis of our data and
studies from other groups suggest that this INKT cell population
produce IL-5 and IL-13 in vivo by recognizing an endogenous
ligand. In the pathogenesis of allergy, autoimmune diseases or par-
asile infection, CD4" INKT may play a key role i deviating im-
mune responses toward Th2 and thus provide a suitable target for
immune intervention. Our results also imply that cytokines could
play a major role in instructing the INK'T cell populations 1o re-
spond differenually in vivo, whether 1115 beneficial or hazardous
Taking all these into consideration, we propose that sensing the
presence of cytokines is probably one of the most fundamental
abilities for the iINKT cells that are 10 be given only a weak TCR
signal in vivo.

Acknowledgments
We thank Dr. ). Ludovic Croxford for helpful comments, Yuki Kikai for
cell sorting, and Hiromi Yamaguchi for cell culture

Disclosures

The authors have no financial conflicy of interest

References

Hendeline, AL M. Bonneville, and ). F keamey, 2000 Autrcactivity by design

mnate B and T lymphocytes. Nar, Rev. Immuemol. 1 177- 186

Taniguchi, M.. M. Harada, 5. Kojo, T. Nakayama, and H Wakao, 2003, The

regulatory role of Vold NKT cells in innate and acquired nmmune response

Anna. Rev. Imaned. 210 483-514

Wilson, B. 5. and T. L Delovireh, 2003, Junus like mle of regulaiory INKT celly

w aufonmmune dscass and tumour immuenity. Nab Rev. Do, 30 211-222

Kronenberp, M. 2005, Towand an understnding of NKT cell biology: pmogress

and paradoacs. Annn. Rev. Tmuned. 23: 877900,

Kawano, T, 1 Cw, ¥ Koveuka, Y. Tours, ¥ Kancko, K. Mook, H. Leno

R. Nakagawa, i San, E. Kondo, ctal, 1997 CDIdrestncted und TCR-medined

activation of Vald NKT cells by glycosylccramides. Science 278 16261629,

Godirey, D L, H. R MacDosald, M, Kronenberg, M. 1. Smyth, and L. van Kaer

2UNHL NKT cells: what's in a name™ Noi. Rev. Tmwiged. & 231-237

Duane, N, M. Swpstrom, S, Campine, M, L. Bergman, M. Lundholm,

. Holmberg, and 5. L. Cardell. 2004, Prevention of diaboies in nonobese dia

hetie mice medted by CDId-nestricied nonclussieal NKT cells. S fmmunal 173

MI2-3118

Terabe, M., ] Swann, E. Ambrosino. P Sinha, 85 Tokeku. Y. Havakawa,

D, L Godirey, 5, Ostrand: Roscoberg, M) Smiyth, and J. A Bereolsky. 2005, A

nonclassical non Veald Jel8 CDdsresncted (type 1) NKT cell s sufficient for

down-regulation of tumor bnmunosarveillinee. . Evp. Med. 202: 1627-1633

Gumperz, ). E., 5. Miyake, T. Yamamura, and M. B, Brenner. 2002, Functionally

distinct subsets of CDId-restricied natural killer T celle revealed by CDId 101+

ramer saining. £ Evp. Med 195 625636

10, Lee. P. T, K. Bonlagha, 1. Tevion, and A Bendelae, 2002 Distinet functional
lincages of human V24 naturad Killer T cells. Jo Egp. Med. 195: 637-641

I Kim, 1L Y. WL Kinu HS. Min, 5. Kim, W. 5. Park. 5. H Park. und
D H Chung 2005 NKT cells promote antibody-induced joint mflammation by
suppressing transforming growth foctor 1 producuon, J, Exp, Med, 200 41-47

12 Chiba, AL 5. Kaeda, S, Ok, T Yumamure, S, Miyake. and 2005, The involvg
ment of Verld NKT cells in the pathogenesis of arthritis in munne models. Ar
thritis Rhewn, 52: 19411948

13 Ohmishi. Y., A Tsutsoms, . Goto, S, hoh, | Matsumoto, M. Taniguchi, and
I, Sumida. 2008, TCR Va4 nawral kifler T eclis function as effector T cells in
mice with collagen-induced anbritin, € oo fomped, 141 47-53

14 Akban, 0., P. Siock, E Mever, M. Konenberg, 5. Sidobre. T, Nakayama,
M. Taniguchi, M. ). Grusby, R. H. Dekruyt], and D T, Umetsn. 2000, Essential
role of NKT eells producing 1L and IL-13 in the development of allergen
induced airway hyperrcactivity, Mar. Med 9 582-588

15 lishonne, M., S Diem, A, ke Castro Keller, 1 Lefon, 1 M. Anjo, P Hochemn
oM. Fourncau, S. Sidobre, M. Kronenberg, M. Taniguchi, ¢t al 2003, Cutting

1

"

w

o>

“

-

= 116—




3462

e

25

26,

- doyee, 5.,

. Rauch, 1,

edpe invanant Vald NKT cells are cequued for allerpen-induced airway inflane
mation and hyperreactvily i an expenimental wsthima madel, S Tl 171
1637-1641

Chondtraw. 100 1. and M. Kronenberg. A8 Going botlh ways: iminune regulaiiom
via COId-dependent NKT cells. L Clin, Tovear, 1140 13791348

Chen, H., and W. E. Paul, 1997, Cultured NKL1TCI T T cells prsduce large
amounts of 1L-4 and IFN-y upon activation by ami-CD} or CDI. L fmmunol
159: 2240-2249,

Schimieg, J, G. Yoang. B W, Frunck, and M. Twy, 2003 Supenor prorccnon
aguinst malana and melanonia metasiases by a c-glycoside analogue of the nat-
ural Killer T cell ligand - galacisylcerumide. /. Exp. Med, 198 16311641
Miyamoto, K., §. Miyake, and T, Yamanora, 2001 A synthoie glycolipid pre
venis autormmune encephalomyelitis by inducing Th2 bias of natural killer 7
cells, Nanrs 313: 831-514

. Miyake, 5. and T. Yamamura. 2005, Thempeutic poential of glyeolipid ligands

for nutural killer (NK) T cells in the suppression of autoimmune discase, Carr,
Drug Targens Immune Endoce. Metabod, Disord S 315122

Heller. F.. L ). Fuss, E, E Nicvenhuls, RS, Blumberg, and W. Strober. 2002
Orxarol colits, a Th2 colivs model resembling uicerive colitis, 15 medised
by IL-13-producing NK-T cells. hronunity 17: 629638

D' Andrea, A, D Gous, C. De Lally, Y. Koveuks, D Montagna. A Mioretta,
P. Dellubona. G. Casorati, and S, Abrignani. 2000. Neonatal invanant Val4®
NKT lymphocytes are activated memory cells. Ewr, J fmmunod, 30: 15341550

. Park, 5. 1., K. Benlagha, D. Lee. E. Balish, and A. Bendelac. 2000, Unaltered

phenotype of. nssue distribution ond Tunction of Voald ' NKT cells in germ- fres
mice, Ewr, J. fmuncl, 3. 620-625,

Matsuda. J. L., L. Gapin, J. L. Baron, 5. Sidobre, 1. B. Stetson, M. Mohrs,
R. M. Locksley, und M. Kronenberg. 20003, Mouse Valdi notural killer T cells
are resistant 1o cytokine polancation in vivo, Proc. Nt Acad. Sci. USA 100
BI0S— 830N,

Oki, 5., A. Chiba, T. Yamamura. and §. Miyake, 2004, The clinical implication
and molecular mechanism of prefereatial (L4 producton by moditied glyeolipid-
stimulated NKT cells, J. Clin, favess 113 1631-1640,

Brigh M., L. Bry, §. C. Kent, ). B Gumperz, and M. B Brenner, 2003, Mech
anism of CDdresimcted notwral killer T cell activation during microbial infec
tien, Net, b, 4: 12301236,

A, 5. Woods, ). W. Yewdell. J, R. Bennink. D. De Silva, A. Boesteanu,
5. P. Balk, R. 1. Cotter. and R. R. Brutkiewicz. 1998, Notural ligand of mousc
CDIdL; cellular glycosylphosphatidylinositol, Scicace 279: 1541-1544
Gumpere. ). E. C. Roy, A, Makewska, 1. Lum, M. Segita, T. Podrebara,
Y. Koceukn, 8. Porceli. 8. Cardell, M. B Brenner. and 8. M. Behir. 2000, Murine
CDlderestricted T cell recognition of cellular lipids. fompwry 120 211-221

1L E Gumpers, C. Robinson, M. Skold, C. Roy, D, C. Young.
M. Lafler. B D Moody. M. B. Brenner, and C. F. Cosello. 2000 Siructural
features of the acyl chuin determine self-phospholipid antigen by a
CDd-restricted mvariant NKT NKT 11.1‘“ A Hmi t hem. 2TR: -l?‘(IN 47518
Zhou, 1D, ). Mattner, C. Cantu, 3rd, N. Schrnte, N Yin, ¥ Goo, Y. Sagiv
K. Hudspeth, ¥, Wo, T, Yamashita, ¢t al, 2006, | yﬂmlllll] glycosphmgolipad
recognition by NKT cells, Seience 306 1TRAE-1T59,

)

E

4

o
-

3

116 -

IL-2 INDUCES IL-5 FROM CD4" INKT CELLS

Mattner, 1. Ko L. Deboed, N lmail, B D, Gott, C. Cantu, 3nd, D Zhou,
P, Saim-Mezard, V. Wang, ¥ Gao, No Yoo et al. 2005, Exogenous and endog:
cnouy glyeolipid antigens activae NKT eells duning microbial infections. Mature
434, 325529,

Thomas, 5. Y., R. How J. E Boyewon, T K. Means. C, Hess. D. P. Olson.
J. L. Stromungee, M. B, Brenner, 1. E. Gompere. 5. B, Wilson, and AL D. Luster

004 Ui d-restncted NKT ceils evpiress a chemoking receplun profile indicative
of Thisype inflammatory boming cells. J fmmunnl, 171 2571-2580

Arda, M, T RKonde, ). E Gumpere, M. B Brenser, 8. Miyake, and
T, Yamamuors, 2003, Th2 bing of CD4” NKT cells denved Trom muliple scle
rossts an rennssion. fae el 150 279288

Tukahashi, K. T, Aranann, M. Endob, 5 Mivoke, and T, Yaman MWK The
regulatury role of natural killer cells in multiple scherosis, Brain 1270 19171927
van Der Viier, H 1, K. Nislu, T, D, de Geugl, B M. von Blomborg,
AL van den Eentwegh, Ho M. Pinedo, G, Giaccone, and R. ). Scheper. 2000
Human natural killer T cells acquire 3 memory-active phenotype betore binh
Blovd 93 2440-2442.

Angl, M., P van den Elzen, X, Chen, J. Ho Meyen. D Wu, C.H. Wong,
F. Reddingtun, . A, Hladanoy, G. S, Besra, M. B, Brenner. ond J, E. Gumpere.
2006, Conserved and heteropencous lipid antigen specificities of CDId-restnered
NKT cell receptors. J. fmmind. 176 3625-3634

Rucken, R. K. Brandi. A. Braun, H.-G. Hoymann, U, Here. V. Budagian,
H. Durkop. H. Rene, and S, Bulfone-Paus, 2005. Blocking IL-15 prevents the
induction of allergen-specitic T cells and allergic inflammition in vivo, J. Jm
imunol. 174; S507-53515

Akbari, 0, 1, L. Faly, J. L. Hoyte, G. J. Bemry, ), Wahlstrom, M, Kronenberg,
R. M DeKruy B and D, T, Uniietse, 2006, CD4 invardant Tecell-receptor ' nai-
ural killer T cells in bronchiol asthima. N Engl. J. Med. 3540 11171129,
Yamaguchi, ¥ T. Suda, ). Suda. M

uchi, Y. Miura, K. Harada, A. Tominaga,
and K Takatsu, 1958, Punihed e 5 supports the tomunal differentiation
and prolid ol murne o precursors. J. Exp. Med. 167 31-56.
Yamagwchi, Y., Y. Hayashi, Y. ‘iugunu Y. Miure, T. Kasahara. §. Kitamura,
M. Torisu. § Mite. A Tominagas, and K. Takatsu. 1988 Highly purified munne
imerleukimn (11.-5) I phil undd profongs i vitn suryvival:
1L-5 as cosinuphul chemotcii factor. | Evp. Med. 167: 17371742

Cui, 1, N Watamabe, T Kawaoo. M. Yamashita, T. Kamata, € Shimiru,
M Kimum E. Shimizu, J. Koike, 1L Koscki, ct al 1999, Inhibition of T helper
cell type 2 cell diff and E response by ligand-acti
vated Verld puturl killer T cells. £ Exys .lfrn‘ 19 TEA-T92

Mallevaey, T. ) P Zanetta, € Faveeuw, J. Fonmin, E Maes, F Plan,
M. Capron, M. L. de-Muracs, and F. Troticin. 2006. Activation nE invariant NKT
cells by the helminth  parasie Sehusn L 176:
2470 -2485

Porubshy. 5., A. O, Speak, B. Luckow. V. Cerundolo, F. M. Plae and H.-)
Girone. 2007, Normal developnient and function of invariant natural killer T cells
i mice with isoglobosylceronude (1Gh3) deliciency. Proc. Natl, Acad. Sci. USA
1d: SYTT-SURL,




© 2007 Nature Publishing Group http://iwww.nature.com/naturemedicine

LETTERS

nawure. . .
medicine

Direct suppression of CNS autoimmune inflammation
via the cannabinoid receptor CB; on neurons and CB, on

autoreactive T cells

Katarzyna Maresz"!!, Gareth Pryce®!®!!, Eugene D Ponomarev', Giovanni Marsicano®, ] Ludovic Croxford™*,
Leah P Shriver', Catherine Ledent®, Xiaodong Cheng’. Erica ] Carrier’, Monica K Mann'~,
Gavin Giovannoni®'®, Roger G Pertwee®, Takashi Yamamura®, Nancy E Buckley’, Cecilia J Hillard’,

Beat Lutz®, David Baker™'®!! & Bonnie N Dittel'-!!

The cannabinoid system is immunomodulatory and has been
targeted as a treatment for the central nervous system (CNS)
autoimmune disease multiple sclerosis. Using an animal

model of multiple sclerosis, experimental autoimmune
encephalomyelitis (EAE), we investigated the role of the CB;
and CB; cannabinoid receptors in regulating CNS
autoimmunity. We found that CB; receptor expression by
neurons, but not T cells, was required for cannabinoid-mediated
EAE suppression. In contrast, CB; receptor expression by
encephalitogenic T cells was critical for controlling
inflammation associated with EAE. CB-deficient T cells in the
CNS during EAE exhibited reduced levels of apoptosis, a higher
rate of proliferation and increased production of inflammatory
cytokines, resulting in severe clinical disease. Together,

our results demonstrate that the cannabinoid system within

the CNS plays a critical role in regulating autoimmune
inflammation, with the CNS directly suppressing T-cell

effector function via the CB; receptor.

Although the central nervous system (CNS) has been considered an
immune-privileged site, it is now appreciated that activated T lympho-
cytes can enter the CNS without causing damage!. Tt is not known
how these pro-inflammatory T cells are controlled within the CNS. In
the human autoimmune disease multiple sclerosis, myelin-specific
T cells can overcome the CNS protective microenvironment and cause
inflammation, resulting in demyelinated plaques and neurological
symptoms®. Most multiple sclerosis patients exhibit a relapsing and
remitting course of the disease; however, the mechanisms involved in
resolving infl during r including the elimination of

autoreactive T cells, is not well understood?. Treatments for multiple
sclerosis have included cannabinoid agonists, such as delta(9)-letra-
hydrocannabinol (THC), which function by signaling through the
cannabinoid receptors CBy and CB; (refs. 3,4). The CB, receptor is
expressed at a high level by most neurons and at a lower level by
immune cells**. In contrast, the CB, receptor is highly expressed by
immune cells® and by some neurons in the brain stem’. Both receptors
bind the endocannabinoid lipid mediators anandamide (AEA) and
2-archidonoylglycerol (2-AG)®. The cannabinoid system has been
shown to be immune regulatory, altering cell proliferation, suppres-
sing immune cell activation and cytokine production, and enhancing

poptosis®. Cannabinoids improve clinical di not only in humans
with multiple sclerosis®, but also in rodent models of EAE (refs. 10-12).
In the current study, we separate the roles of the CBy and CB,
receptors on T cells and neurons.

We previously reported a role for the CB, receptor in neuroprotec-
tion during EAE; however, that study did not examine the influence
cannabinoids have on immune aspects of disease!”. To examine this
question, we first determined that ABH mice were susceptible to
suppression of EAE via cannabinoid receptor signaling, by adminis-
tering THC, a CB, and CB; receptor agonist, from days 10 to 22 after
EAE induction (Fig. 1a and Table 1). We found that a THC dose of
10 mg per kg (body weight) was sufficient to significantly inhibit the
severity of clinical disease (P < 0.05), as indicated by a reduced
maximal clinical score and a delay in EAE onset (Fig. 1a and Table 1).
Cannabidiol (CBD), a cannabinoid with no CB; or CBy receptor
agonist activity, did not alter EAE clinical discase (Table 1), and mice
lacking the CB; receptor (ABH.CB; ~'") were not susceptible to THC-
mediated inhibition of EAE (Table 1).
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Figure 1 EAE is suppressed by THC in wild-type mice and is enhanced when 140 140
induced with CBy ="~ T cells. which, unlike CBy '~ T cells, ara not responsive g 120 5, 190 v
to the CBy receptor agonist JWH-133. {a) EAE was induced in ABH mice by §5 100 =+ 100.
active immunization. Typically, on days 10-22 the mice were treated with ‘ﬁg &0 %0
injections of vehicla, 2,5 mgkg THC or 25 mghg THC. (b) EAE was induced §?. Lot ﬁ'
by immunization with Acl-11 peptide of 12 wild-type and 13 CB; ™ mice in g ; 2
three groups. (c-e) EAE was induced in either B10.PL or CB; '~ mice by the 4 | 0
adoptive transter of either 0.5 or 1 = 10° wild-type or CB; '~ encephalitogenic wT car
Tcells. Each expeniment was performed three times with 3-5 mice per group.
(e) EAE was induced as in d without iradiation, In a—e, data shown 15 the average daily dicease scores from all the mice. (f) Wild-type and CB; '~ myelin

basic protein (MBP}-specific encephalitogenic T cells were activated in witro with Acl-11 peptide, (g) Hen egg lysozyme (HEL)-specific wild-type and

cB, -

T cells were harvested from draining lymph nodes 10 d after immunization and activated with HEL. (1.g) Seven days following activation, the T cells

were reactivated with Acl-11 or HEL in the presence of vehicle alone, 200 nM JWH-133, JWH-133 and 500 nM SR1 or SR2, SR1 alone or SR2 alone.
Proliferation was measured by BrdU incorpotation, and real-time PCR was usad to detect IFN=y and |L-2. Vehicle control levels of proliferation and cytokine
production in both wild-type and CBy™* T cells were not substantially different, so they were set at 100%. and the treated groups are shown as the percent

response of the appropriate control + s.d. of three replicates.

To differentiate between CB, expression in the nervous and

2B, receptor deficiency in cither T cells (ABH-CB; /" Tg(Lck-cre)) or
neurons Ia‘\BH-CBI""-Tg[Nrs-crc]). Upon treatment with vehicle,
mice lacking the CB; receptor specifically in T cells or neurons had
similar EAE clinical disease as compared to the ABH and ABH.CB,"'
control mice (Table 1). However, upon treatment with THC, a
deficiency in neuronal, but not T-cell, CB, receptor expression
abolished THC-mediated EAE suppression. These data demonstrate
that the CB; receptor does not play a role in the regulation of CNS
autoimmunity in the steady state but that its expression on neurons is
important for the efficacy of cannabinoid-based agonist therapies. In
addition, these data show that T-cell CB; receptor expression is
dispensable for regulation of EAE.

To determine whether the CBy receptor plays a role in the regula-
tion of CNS autoimmunity, we induced EAE in wild-type and C 8,
deficient (CB,~'~) BIO.PL mice by active i ization. As comp
to wild-type mice, we found that CB,™'~ mice exhibited a higher
incidence of disease, a significantly increased clinical score and a
reduced recovery rate (P < 0.001) (Fig. 1b and Supplementary
Table 1 online). These data demonstrate that unlike the CBy receptor,
the CB; receptor is an important regulator of EAE clinical disease in
the steady state. To identify the critical CB, receptor-expressing cell(s),
we induced EAE with either wild-type or CB; '~ encephalitogenic
T cells by adoptive transfer of 1 x 10° T cells into either wild-type or

&mmum‘ systems, we generated conditional knockout mice with a

CB, '~ mice. EAE induced by wild-type T cells was similar in both
wild-type and CB;~'~ mice (Fig. 1¢). However, when we performed
the reciproal experiment, mice with EAE induced by CB, '~ T cells
exhibited more severe clinical disease that was characterized by a
higher mortality rate and the presence of increased numbers of
infiltrating mononuclear cells (Fig. 1d and Table 2). These data
show that CB; receptor expression by encephalitogenic T cells, and
not CNS tissue, is important for the regulation of CNS autoimmunity.
To further demonstrate the enhanced potency of CB, ™/~ encepha-
litogenic T cells in EAE induction, we induced EAE with 0.5 x 10
T cells. This number of wild-type T cells induced either no disease or a
very mild disease; however, the same number of CB,~'~ encephalito-
genic T cells induced a chronic disease course (Fig. 1d). In the adoptive
transfer model of EAE induction, irmadiation of recipient mice
increases the efficiency of EAE induction; however, CB; ™/~ T cells
were just as effective at indudng EAE without irradiation (Fig. le).
As EAE induced with CB, '~ T cells was more severe, this suggested
that encephalitogenic CD4 T-cell effector functions are regulated via
the CB, receptor. To examine this possibility, we reactivated wild-type
T cells in vitro and measured proliferation and production of the
T-helper type 1 (Tyl) cytokines interferon (IFN)-y and interleukin
(IL)-2. The addition of the CB; receptor agonist JWH-133 resulted
in an ~40% reduction in proliferation of wild-type T cells and an
~60% reduction in production of both cytokines (Fig. 1f). In
contrast, [WH-133 did not alter proliferation or cytokine production
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Table 1 Immunocsuppression in EAE in ABH mice by binoids is

diated by CB, receptor expressed in the CNS

C8; genotype®
Stran® Teell CNS  Treatment® Dose No. EAEActaf  Group score x sem®  EAE score s sem'  Day of onsel 3 5.8
WT nomal mouse
ABH WT e wie Unireated 26/26 39201 39+0.1 1712186
ABH WT +s wle Vehicle 88 38:01 38201 165209
; ABH WT +e wle THC 0.25 mghg 99 38201 38201 162220
D ABHWT e se  THC 2.5 mghg 1010 38201 38:01 175219
T ABHWT e Wy THC 25 mgrkg ”m 17 204% 21203 207 & 1.8%*
5
ABH WT e e Vehicle 10 36:04 39201 152208
ABH WT +e +is THC 10 mg/g &7 232086 31 4 0.5 17.212 1.8**
ABH WT R six THC 20 mghg 278 08105 30200 160+ 18
ABH WT e “le Untreated 1112 33:04 36:02 1624113
ABH WT +i+ e C8D 0.5 mg'hg 110 37202 37202 1652 1.2
§ ABH WT wl+ wle CBO 5.0 mg/hg 810 30205 38101 169+ 12
= ABHWT i -+ Untreated 611 1212 38204 381202 149112
g ABH WT o o+  CBD 10 meikg m 40200 40100 148418
B ABH WT vl oo cBD 25 mghg a8 40:00 40:00 151104
g Generalized CBy knockout
=
£ ABHCE,™ i +f+  Untrealed 66 40200 40200 159+ 12
G ABHCB Y - +~  Untreated 707 40200 40200 i70:08
D ABHCB,” - - Untreated 1010 40:00 40200 180:18
=3
o
e ABHCB; " +- - Vehicle 99 42202 42102 159212
2 ABHCB™ o= vhe THC 20 mghg aB 13:06" 26106 170208
§ ABH.CB, he - THC 20 mg/kg 56 30:08 36206 18018
~
o
g Conditional CB; knockout
Lz ]
ABH WT ++ #le Untreated 59 36:01 3601 154211
agHca" a4 sl Unireated 66 33a02 33202 150206
eﬁBH.CB;“‘ TelLok-cre)™* e - Vehuc ke &8 29206 39:01 162+ 1.3
ABH.CB, " TgiLck-cre)* = e Vehicle nr 4.0£00 40100 157213
ABH.CB, ™ TgiNes-crel* +- +- Vehiche 19721 35203 3B:02 155215
ABH CB, . Tgl Nes-cre)y i —— Vehicle 24i27 35202 39101 153213
ABH.CB " Tgllck-crey?* - ale THC 20 mghg 16 082:03* 18:04% 167214
ABH.CB, ™ Tgl Lek-cre) ™ +l- - THC 20 mg'kg 6/11 08204 15205 165213
ABH.CB ™. Tt Nescre) ™ +f= +f- THC 20 mgihg 14720 1.3+03*" 19 =04 15708
ABH.CE, " Tg{Nes-cre) ™ +l- 4= THC 20 mg/kg 1 27£05 34202 150208
Whee that were el hamospgou for the null-expressing €3 comtruct (C8; ~) or inlermates from crosses. between Cre yEoles and mce for the “fiomed’ £5)

Constract lCB, ) were imeched with imouse speiel cord Immw-h in F-qmtj’a aedyirvmnd o0 s 0 aid 7 Lo induce EAE. "The CB] [Crel) genotype in T cells o the CNS i indicated for eath
sirmn, "Mice were inected intraperitoneally daily from day 10 1o day 22 with compounds dissolved i elimnol.cremaphor P35 or DMS0.PES, *Data shown is the number of mice thet developed

EAE of the total numbes of immunized mice, "The results indicate the mean manmal climcal score of all the mice i the group, "The results indicate the mean maximal clinical score of the animals
that devsloped EAE. §The results inchcate the masn day on which mice auhibited clinscel signs of ZAE*F < 0,05, **F < 0,01, ***F < 0,001 comparad to relevant vehecle-trasted contrabs,

by CBy ™'~ T cells (Fig. 1f). These data indicate that wild-type T-cell
effector functions are inhibited via the CB, receplor.

We also confirmed that a deficiency in the CBy receptor did not
alter responsiveness through the CB; receptor. Using antigen-specific
T-cell lines generated from CB; ™'~ mice, we found that proliferation
of both wild-type and knockout T cells was inhibited by JWH-133
(Fig. 1g). This activity was mediated through the CB; receptor, as the
CB; receptor-selective antagonist SR 144528 (SR2)™, but not the CB;

receptor antagonist SR141716 (SR1)", blocked JWH-133-mediated
inhibition of proliferation in both wild-type and CB;,™"~ mice
(Fig. 1g). Neither SR1 nor SR2 produced an effect when added
alone to the cells (Fig. 1g). These data indicate that the CBy receptor
does not modulate Tcell effector function via cross-talk with the
CB; receptor.

To determine whether differences in inflammatory lesions could
explain the more severe disease, we performed histology, and found no
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Table 2 Summary of the disease course and cell parameters on
day 13 after EAE induction using wild-type or CBy /-
encephalitogenic T cells

WT - WT CBy '~ =« WT  Pyalue*
Number of aninals 25 25
Mortality* 0% 16%
Average clinical score® 1.26 + 0.05 1.7:02 0.02
Mononuclear cells (x 109)¢ 293 1 41 486+ 17 0.13
Encephalitogenic T cells (= 107 i6+5 58+ 11 0.03
Myelowd cells (x 107 206 2 48 335: 15 0.24

*The percentage of decessed mice on doy 13 after £AE induction. "Graded dasase scom #s
described (i Materials and Meihads. "The absolute number was determined by dinding the total
cell count [obtained by counting on a hemocytometer) by the number of mice in ssch group,
“The atmolule number of inliitrating encephabingenic T ceils and myekoid cells was determined
By multiphyvng the total cell counl (obtained by counting on a hemocytometer] by the pescen-
tage of cells determined as CD4* and VB8.2 * or CO11b* (by fow cytometry), and then dmding
by the numiber of mice in esch group, The deta shown are the average + s.d. of three
experimants with st least seven mice per group. "The Pvalue wis calculated between The

WT — WTand CB; ™" — WT groups.

difference in the number or size of lesions between the two groups of
mice. However, we did observe an increase in T cells in and around the
lesions when EAE was induced with CB; '~ T cells (Fig. 2a), which
was confirmed by measuring the absolute number of encephalitogenic
T cells in the CNS (significantly increased: P = 0.03) (Fig. 2b and
Table 2). However, neither the absolute number of total CNS mono-
nuclear cells nor the number of myeloid cells was increased (Table 2).
Contrary to the increase in encephalitogenic T cells in the CNS
(Fig. 2b), the number of T cells in the spleen was not affected
(Fig. 2b), indicating a CNS-specific role for the CB; receptor on
T cells during EAE.

LETTERS

Because both natural and synthetic cannabinoids are known to have

immunosuppressive properties associated with induction of apoptosis
and inhibition or suppression of lymphocyte proliferation’®", we
investigated whether either of these was disrupted in CB, ™/~ T cells.
We found a 50% increase in the number of proliferating CB,
T cells in the CNS compared to wild-type T cells (Fig. 2c), whereas
509 fewer CB, '~ T cells were apoptotic (Fig. 2d). In the spleen, no
differences in proliferation (Fig. 2c) or apoptosis (Fig. 2d) were
observed, providing further evidence that the CNS actively suppresses
T-cell function through the CB; receptor.

Cannabinoids have been shown to modulate cytokine production
in immune cells in a concentration-dependent manner. Autoreactive
T cells in both EAE and multiple sclerosis exy pro-infl y
cytokines, including [L-2, IFN-y and granulocyte macrophage-colony
stimulating factor (GM-CSF). Whereas these cytokines are barely
detectable in the normal CNS, they are rapidly upregulated during
EAE (refs. 18,19). Using real-time RT-PCR, we found that when EAE
was induced by CB,-deficient T cells, the level of both 112 and Ifng in
the spinal cord was increased tenfold compared with EAE induction
by wild-type T cells (Fig. 2¢), a difference not seen in the spleen
(Fig. 2f). We observed a similar trend for Csf2 gene expression in the
spinal cord (Fig. 2e) and saw little difference in the spleen (Fig. 2f).
We next asked whether the increase in Tyl cytokines was due to
increased numbers of cytokine-producing CB; ™'~ T cells in the CNS
or whether individual T cells were producing more cytokines. Thus,
we sorted both wild-type and CB, '~ encephalitogenic T cells from
the CNS of mice with EAE, and measured IL-2 and GM-CSF
production. We found that the production of both Iz and Csf2
mRNA was significantly increased in the CB;™'~ encephalitogenic
T cells as compared to wild-type T cells (P < 0.05) (Fig. 2g). Ifng

a WT—WT b ¢ oOwr-wr mca~wr d e CIWTWT BCB,*WT
107 . -
. g s - i1
e K2 a8 2
i35+ Gy L FRRE
HED 2 s2d . 58 o0
§§ 8, Al §3 ' B Mg Ca
LAs 2 23 Spinal corg
o o o4 a-
CNS CNS CNS f ’
; OWTwWT ECB, W
’ a0 1 B0 30 TR
ET g8 5ig BB 107
g 88 4 = § 204 9 ) §§
tH 33 ¥ 35 v
2 B E 3
3;8‘5’ Ea 104 EE\”‘-‘ G8 ge ]
B> 38 z " g Cst2
i LI oL i S
Spisen Splaan Sploen
g o OWT mCB™
Figure 2 Increased number of CB; '~ encephalitogenic T cells as compared to wild-type T cells in the CNS is g 8 -
comelated with increased cell prolif , decreased t and increased cytokine production, (a-g) EAE was § 10 -
induced in wild-type B10.PL mice with either wild-type or CBz '~ encephalitogenic T cells. After 13 d, spinal cords Eé : T
were jsolated in order to detect TCR| (red) and CD11b-positive cells (blue) (a), or for quantification of total mono- 8.3 5
nuclear cells (top panels in b-d; e.g). Total splenocytes were also isolated at the same time (bottom panels in b-d; ) 0 - e ol
(b} The absol ber of encephalit T cells was determined by multiplying the total cell count (obtained by MEPT oalls

counting on a hemocytometer) by the percentage of CD4*VE8.2* cells (determined by flow cytometry), and then
dividing by the number of mice in each group. (c) The percentage of V8.2'CD4* cells exhibiting proliferation, as determined by measuring the parcent of

BrdU* cells, is shown. (d) The percentage of VB8.2* cells undergoing ag

was by m g caspasa aclivity gating on VB8.2* propidium

lodide (P1)" cells. In b-d, arror bars represent the mean & 5.d, of three separate experiments, with each indwidual observation containing pooled cells from
five mice. The astensk indicates a statistically significant change (P < 0.05) from the wild-type control group. (e-g) cDNA was generated from total
manonuclear cells (e.f) or from VP8.2'CD4* cells (g). Expression of /12, Ifng and Csf2 was analyzed by real-time RT-PCR, Quantitative RT-PCR results are
presented as a ratio of the number of specific copies to the number of GAPDH copies. The data shown is the average = s.d. of thres separate expenments
with each containing pooled RNA from either three or five mice per group. The asterisk indicates a statistically significant increase

(P < 0.05) from the wild-type control group. Scale bar in a, 30 pm.
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mRNA was also substantially increased (P < 0.08), These data show
that the CB; receptor plays a role in the function of encephalitogenic
T cells, controlling both their survival and cytokine production.

Our ¢ lative data de ate independent roles for the CB,
and CB; receptors in EAE. We found that CB; receptors on neurons,
but not T cells, mediated suppression by THC, indicating that the
stimulation of the CB, receplor on Iymph)q‘lu is not the mode
of action of i binoids m vivo. Rather, the
CB, receptor regulates T-cell effector function in the CNS. Of interest
is the specificity of the cannabinoid regulation of CNS T cells. One
likely explanation for this finding is that the spleen and plasma
contain lower concentrations of endocannabinoids than does
CNS tissue’®. Thus the CB; receptor becomes activated once the
T cells migrate mlo Lhe CNS allowing the CNS to maintain its

One unpnrunl implication of these data is that the amount of CB,
and CB; receptor activation is a critical determinant of the severity of
EAE. For the CB, receptor, administration of an exogenous agonist
was 1 1o observe supp of di in ¢ for the CB,
receptor, a lack of receptor expression on T cells alone was suffident.
This suggests that the endogenous levels of the endocannabinoids are
sufficient for CBj, but not CBy, receptor agonism. We have previously
reported that irradiation reduces spinal cord 2-AG content?!, which
would reduce CB; receptor agonism. This finding is consistent with
CB, ™' T cells inducing severe EAE in the absence of irradiation. The
importance of the CB, receptor in T-cell suppression was clearly
shown by the finding that irradiation was not ired when EAE was
induced with CB; '~ T cells, Similarly, a study using mice deficient in
purinergic P2X; receptors, which have been shown to increase 2-AG
production®, exhibited increased neuronal damage and decreased
levels of 2-AG in the brain during EAE (ref. 23). These cumulative
data suggest that 2-AG levels play an important role in determining
the extent of pathological lesions in EAE.

These studies are in agreement with the that ¢ id
receptor agonists would be beneficial for the treatment of multiple
sclerosis®. The rationale for this is that CB, receptor activation could
reduce the spasticity associated with multiple sclerosis whereas CB,
receptor activation could reduce inflammation and, perhaps retard the
progression of the disease. Our current data suggest that the T-cell CB;
receptor is highly activated by its endogenous ligand in the CNS
during EAE. We also show a role for the CB) receptor on neurons in
THC suppression of disease. These data suggest that therapies using
cannabinoid agonists will have efficacy in controlling neuronal symp-
toms of multiple sclerosis, but that a better approach to enhance CB,
receptor-mediated immune suppression would be to increase endo-
cannabinoid content in the brain or upregulate CB; receptor expres-
sion on T cells.

Ihwww.nature.com/naturemedicine
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METHODS
Mice. Biozi ABH (H-241) and ABH mice lacking the gene encoding the CBy
receptor (CB,) were generated as described'. C57BL/6.CB," loxP-flanked
("floxed') CBy receptor mouse, expressing CB; flanked by loxP sites’, was
backemssed with ABH mice for six generations, B&.Cg-Tg{Nes-cre)1Kin/)
(ref. 25) and B6.Cg-Tgl Lek-cre) 548 xan/] (ref. 26) were purchased from Jackson
Laboratories and backcrossed to ABH-CB; for seven generations
to produce ABH-CB, =/~ Tg(Nes-cre}™* and ABH-CB, /= -Tg( Lek-cre) ™" mice.
These mice express transgenes (Tg) coding for Cre recombinase (Cre) under the
control of cither the nestin (Nes) or the lymphocyte protein tyrosine kinase
(Lek) promoters, and result in the Cre-mediated deletion of floxed genes from
nerves and some glia and from lymphocytes, respectively, These Cre mice were
crossed with ABH . CB, ™ lmc: to produce conditional CB; knockout and CB-
ing h VB which were wsed as controli. Observable

3 ]

sedation and significant hypothermia developed within 20 min of injection
of 20 mg/kg intraperitoneally (ip.) of the CBy receptor agonnt R(+)WIN
55212-2 (Sigma) in wildaype mice, CB, heterorygotes (5.1 + 0.1 °C
in ABH-CB, " Tg(Nes-cre)”') and conditional T-cell knockouts (4.5 #
0.1 °C in ABH CB; " TglLck-cre}*), This was absent in both whole-body
CBy receptor knockouts and nerve-conditional CB; receptor knockouts (<08 ¢
02 °C in ABH.CB; V.Tg(Nes-cre) /"), demonstrating functional depletion of
the CB; receptor from the brain. B10.PL (H-2") mice were purchased from the
lackson Laboratory or bred locally, Myelin basic protein T-cell receptor (MBP-
TCR) transgenic mice have been described®”. CB; '~ CS7BL/6 mice® on the
C57BL/6 background were crossed to the MBP-TCR transgenic mice. CB, -/
CS7BL/6 mice used for proliferation experiments were generated by Roche Palo
Alto and were backcrossed for eight generations onto the ICR background. The
Medical College of Wisconsin Institutioral Animal Care and Use Committee
approved animal studies at BloodCenter of Wisconsin. Animal studies in the
UK were performed under the Animals (Scientific Procedures) Act 1986 and
approved by the Home Office of the UK Government.

EAE induction. Adult ABH mice were injected subcutancously (s.c.) with | mg
of freeze-dried mouse spinal cord | in Freund's adj on days 0

and 7. Clinical signs were graded as described'’. THC and CBD were purchased
from Sigma or were obtained from the National | for Drug Abuse
chemical supply program. They were dissolved in dimethyl sulfoxide (DMSO)

and PBS (1:1) or in ethanolcremophorPBS (1:1:18) before intraperitoneal
injection. Mice were typically treated daily from days 10-22 after inoculation.
For BIOPL mice, passive EAE induction was performed as described'?, Active
EAE induction was performed as for ABH mice with 400 ug of Acl-11 myelin
basic protein peptide emulsified in lete Freund's adj (CFA)
(Chondrex Inc.).

Proliferation and apoptosis assays Proliferation and apoptosis of CNS
mononuclear cells and splenocytes in ww dunng EAE was measured as
described®™. For proliferation, cells were stained with antibodies specific for
CD4 (eBioscience) and V8.2 combined with streptavidin-PE-Cys (BD Bio-
sciences) before intracellular staining with a BrdU-specific antibody. For
apoptosis, cells were incubated with PhiPhilux-G;Dy before staining with a
VP& 2-specific antibody (BD Biosciences) combined with idin-APC-
Cy7 (Biolegend) and a CD4-specific antibody (eBioscience).

Cytokine quantitation. Total RNA was extracted from whole spinal cord or the
spleen 13 d after EAE induction as described'®. Wild-type and CBy~/"
CO4*VPL2Z T cells were bolated from the CNS of mice 13 d after EAE
induction by cell sorting as described®!, and mRNA was isolated using the
Dynabeads mRNA DIRECT Micro Kit (Dynal Biotech ASA). Ifng, 112 and Csf2
mRNA were quantitated by real-time RT-PCR as described®. Sequence specific
primers for GAPDH, IFN-y, and GM-CSF have been described'™'?, 1L-2
primers were as follows: forward, 5-CCTGAGCAGGATGGAGGATTAGA-Y;
reverse, 5"« TCOGAGACATGCCGCAGAC-Y.

Immunohistochemistry. Frozen sections from spinal cords were generated
13 d after EAE induction, as described, and stained with antibodies specific for
CD11b (eBinscience) and TCRP (BD Bioscience) ™

CB, agonist and antag of T cells in vitro, MBP-specific wild-
type and CB;™'~ splenocytes were primed with antigen as for EAE induction
for | week, at which time 1 = 10* T cells were restimulated with antigen for
24 hin the presence or absence of the CB, specific agonist JWH-133 at 200 nM
in DMSO, DMSO was added to the controls. Wild-type and CB;~"" T cells
specific for hen egg lysozyme (HEL) were generated by immunizing with
100 g HEL emulsified in CFA s.c. After 10 d, draining lymph nodes cells were
stimulated with 10 pg/ml HEL. After 7 d, the T cells were restimulated with
HEL in the presence of JWH-133 as for the MBP-specific T cells with or
without 500 nM SR2 or SR1, Following an 18 h incubation, proliferation and
cytokine production were measured. JTWH-133 is considered a CB; receptor
agonist because of its high binding affinity (K; = 3 nM; ref. 30). However,
TWH-133 also binds weakly to the CB, receptor, at K; = 680 nM (ref. 30)

Note: Supplementary informanaon o available on the Namre Medicine website

496

VOLUME 13 | NUMBER 4 | APRIL 2007 NATURE MEDICINE




ACKNOWLEDGMENTS
We thank 5. Mnrrhlﬂnl‘ur assiitance with the mice and Rodhe Palo Alo

for providing CB; '~ mice. This work was supported in part by US National 8

Institutes of Health grants RO1 NS046662 (BN.D.), RO NS041314 (C1H.) and
DA09155 (C.LH.), the BloodCenter Research Foundation {B.N.I)), the Multiple

LETTERS

Van Sickle, M.D. #! al. Identification and functional charactenzation of brainstem
cannabino:d CB; receplorns. Science 310, 329-332 (2005).

Salzet, M., Brelon, C., Bisogno, T & DI Mamo, V. Comparative biniogy of the
endocannabinod system possible role in the immune response. Eur. J. Biochem,
267, A917-4927 (2000).

= : 9, Pertwes, R.G. Cannabinods and multiple sclersis. Pharmacol Ther. 85, 165-174
Sclerosis Society of Great Britain and Northern Ireland, the National Multiple {2002, P »
Sclerosis Society and AimsZeure. ].1L.C is a Research Fellow of the Japan Sociay 10, Lyman, W.0., Sonett, J.H., Brosnan, C.F., Elkin, R. & Bormstein, M.B. A% tetrahydro-
for the Promotion of Science (P03581). The authors thank the National Insti b 3 novel for expe e iormy
on Drug Abuse chemical supply program for donating chemials for this study. A Newroimmunol, 23, 73-81 (1989)
ll.w-rmln I e al s of it 1 " by
RO e 12 le Martin, A., \hli M., I;;wﬁm’zll‘;;?ﬂg:!l & Guaza, C. Therapeutic
K.M. helped design and performed all of the experiments depictad in Figures 1 o-Marin, .- " g

§ e - RCATEEY : action of cannabinoids in & murine model of multiple scleross. J. Neumsei. 23,

& and.l{dmplll’lg. wmdnhl_n.wh‘ advice and from 2511-2516 (2003)

B EDP, xc, t].C.Iand MM in BN.D’s laboratory. LES. performed _lch 13. Pryce, G. ef al. Cannabinoids nhibit neurodegeneration in models of muitiple sciersis.

E immunohistology in B.N.Ds laboratory. G.P. bred and screened conditional Brain 126, 2191-2202 (2003).

$ knockouts and designed and performed EAE experiments. BL supervised G.M 14, Rinaidi-Carmona, M, f al SR 144528, the first potent and sslactive antagonist of the

2 in the production of the conditional CB flaxed mice, obtained the funding and CB2 cannabinovd receptor. J. Pharmacol, Exp. Ther. 284, B44-650 (1998),

E provided the techniques for y:n:n:mns the mice. J.LC. pg{omud EAE 15, Rinaidi-Carmona, M. ef al SR1417 164, a potent and seiective antagonist of the brain
expesiments in T.Y. and DB's & ies, and perfi portive expecimenty cannabinoid receplor. FEBS Lelt, 350, 240-244 (1994),

8_ of cannabinoids in EAE, cytokine analysis and Tecell lﬂpom:u in TY's lﬁz::mq. T Dnd‘l’ ”"K’”': I:'; Ay '" o :l ': N:SB. b t"hw c:nnahn

g CL produced the generalized CB; recepior knockout mouse and provided :e Il:'-tﬂﬂ’i - a“dm (C Ol R ds'in i, Rt

g techniques for their screening. G.G. assisted with intedlectual direction and 173, 2373-2382 (2004),

c epenmantal design md ﬂmﬂﬂi funding for the studics and personnel costs. 17. Parolaro, D, Massi, P, Rubing, T. & Monti, E. Endocannabinoids. in the immune
RGP isa bi | whe callaborated on the project since its systern and cancar. Prostaglandins Leukot, Essent. Falty Acics 66, 319-332 (2002)
initiation in 1989 pro\ndmg intellectual input for experimental design, drug 18. Purwu. E.D. et al. 16 1 call reguiation of IFN-y production by central nervous

= selection and obtained compounds for the project. TY. obtaned funding for the .,._ encep gent T calls: Istion with recovery from experimen

B projcc. N.EB, provided the CB; ™'~ mice. CJ.H. helped with experimental design e lis: 4. 173, 1587-1595 (2004). y

£ and writing of the iots her Jab v back i the CB, '~ ﬂuuemo 9. Pumsev ED ﬂd G- I‘puwucr.mhyal.rmhwl:qlls i5 requined for the

a the ICR bad:grnuml DB h:td and | Sitional miles. initiaied the activation of microgiial cells and the onset of ne

3 project and performed and designed EAE expeiments (g 16 and Tble 1.0 S0 3 (et 2o oy g and he camatinod recepors. Crem

(g BND supermai K.M. and collﬂgus and he]'pcd with experimental design. Phys. Lipids 108, B3-106 (2000),

DB and BN.D, secured funding and permission to undertake the study and 21. Maresz, K., Camer, €1, Ponomarey, £D., Hilland, €.J. & Dittel, B.N. Modulation of

o

£ helped write the manusaript the cannabinoid CBy recepdor in mcroglal cells in response to inflammatory stimuli

= J. Neurochem. 85, 437-445 (2005).

£ COMPETING INTERESTS STATEMENT 22 Witting, A, Walter, L, Wacku'. J., Moiler, T. & Stalla, N. P2X; receplors control

2 i bl i 2-amch P by culls. Proc. Natl. Acad. Sci. USA 101,
The authors declare ¢ financial details the full-rext »

5 ip B pany

¥ s 3214- 3219I200'll

G HTML version of the paper at www.nature.com/naturemedicine 23 Witting, A. ef al. Exp i iR i disiipis

2 nowd-medated neuroprotection. Froc. Nall. Acad. Sci. USA 103, 6362-6367 [2006)

2 Published online &t Hitlp:iwww nature comvnaturemedicine 24, Marsicana, G, ef al, CB1 cannabinced recaplors and on-demand defense against

2 R s ‘”‘d is available online at Mttp//npg nature comy excllotonicty. Science 302, B4-B8 (2003),

~ int 55 25, Tronche, F. af al. Disruption of the glucocor coid receplor gene n the nervous systerm

o resuits in meduced ancety. Maf. Genel. 23, 53-103 (1999)
2 1. Hickey, WF, Hsu, B.L & Kimura, H. Tiymphocyte entry info the centrl nervous 26, Henned, T, Hagen, F.K, Tabak, LA & Marth, 1D, Tcell.specific deletion of a

o system. J. Newroscl, Res. 28, 254-260 (1991). N-acety i ‘ gene by site-directed recombination.

2 Sospedra, M. & Martin, R, | of multiple Annu, Rev, [ 23,
BA3-747 |2008),

93 Matsuda, LA, Loiait, 5.1., Brownsiein, M., Young, A.C. & Bonner, T|, Structure of

& cannabinod receptor and functional expression of the cloned cDNA. Nalune 348,
561-564 (1990).

27

28

Proc. Natl, Acad, Sci, USA 82, 12070-12074 (1995).
Dutel, BN, Merchant, RM. & Janeway, C A, Jr Evidence lor Fas-dependent and
Fas d hi n the p of
encephalomyelitis. J, Immunol, 162, 6392 EACKJ t1999}
Buckisy, N.E &l al. | by cannat s absent in mice deficient for

4. Munm, 5, Thomas, K.L. & Abu-Shaar, M. Melecular charactenzation of a panph
receplor for cannabinoids. Malure 365, 61-65 (1993),

5 Kaminski, N.E, Abood, M.E., Kessier, F.K., Martin, B.R. & Schatz, A.R. ldentification
of a lunctionaily relevant cannabinod receptor on mouse spleen cells thal s imvalved in
cannabined mediasted iImmune modulstion, Mol Pharmacol. 42, 736-742 (1992)

6. Kimin, TW. ef al, The cannabino:d system and immune medulaton. J, Levioc, Biol. 74,
4B6-4596 (2003)

29

the binod CB; receptor, Eur J. Pharmacol. 396, 14!. 149 (2000}

Ponomarey, ED. & Dittel, BN, y8 T cells regulate the extent and duration ol

inflammation in the central nervous system by a Fas igand dependant mechanism,

4. Inmuncl. 174, 4678-4687 (2005),

Hultman, IW. el al 3.(1'1-Dimethylbuty) 1 deoxy-deitaB-THC  and  related
Iigands lor the CB; receplor, Bioorg. Med, Chem,

compounds: synthes:s of
7, 2905-2914 (1999),

NATURE MEDICINE VOLUME 13 | NUMBER 4 | APRIL 2007

=1

P4

497

2




The Journal of Experimental Medicine

Publishad November 17, 2008

JEM

CORRESPONDENCE
Mitsuru Matzumoto:
itsun @ ies tokushima-uacp

Abbneviatiors used: Ab, antl-
body; Ag, antigen; Alre, muto-
immeine regulstnr; APECED,
sutoimimune -palyendocrinopa-
thy-candidiasia ectodermal dy»-
trophy; CRP, C-reactive
proteim EpCAM. epithelial cell
adhetion malecule 1; FSC,
forward seatter; GADWET, gluta-
mate decarboxylase 67; K3,
kenatin 5 mTEC, medullary
thymic epithelial cdl; SAP1,
salivery protein 1; 55C, side
scaner TRA, tsue-resiricted
A UEA-1, Ulex nevpana
aggiutinin 1.

The Rocketelier Unhanity Fress  §20.00
L Exp Med Vol 206 No. 12 2837-2832

ARTICLE

Aire controls the differentiation program
of thymic epithelial cells in the medulla
for the establishment of self-tolerance
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The roles of autoimmune regulator (Aire) in the expression of the diverse arrays of tissue-
restricted antigen (TRA) genes from thymic epithelial cells in the medulla (medullary thy-
mic epithelial cells [mTECs]) and in organization of the thymic microenvironment are
enigmatic. We approached this issue by creating a mouse strain in which the coding se-
quence of green fluorescent protein (GFP) was inserted into the Aire locus in a manner
allowing concomitant disruption of functional Aire protein expression. We found that Aire*
(i.e., GFP*) mTECs were the major cell types responsible for the exprewon of Aire-depen-
dent TRA genes such as insulin 2 and salivary protein 1, where independent TRA
genes such as C-reactive protein and glutamate decarboxylase 67 were eatprtssed from
bath Aire* and Aire~ mTECs. Remarkably, absence of Aire from mTECs caused morphologi-
cal changes together with altered distribution of mTECs committed to Aire expression.
Furthermore, we found that the numbers of mTECs that express involucrin, a marker for
terminal epidermal differentiation, were reduced in Aire-deficient mouse thymus, which
was associated with nearly an absence of Hassall's corpuscle-like structures in the medulla.
Our results suggest that Aire controls the differentiation program of mTECs, thereby orga-
nizing the global mTEC integrity that enables TRA expression from terminally differentiated
mTECs in the thymic microenvironment.

Autoimmune diseases are mediated by susmined
adaptive immune responses specific for self-
antigens (Ags) through unknown pathogenic
mechanisms. Although breakdown of self-tol-
erance is considered to be the key event in the
disease process, the mechanisms that allow the
production of autcantibodies and/or autoreactive
lymphocytes are largely enigmatic (1). Auto-
immune-polyendocrinopathy-candidiasis ecto-
dermal dystrophy (APECED; OMIM 240300)

is a rather rare autoimmune disewse affecung
mainly the endocarine glands. Because mutation
of a single gene, autoimmune regulator (AIRE),

is solely responsible for the development of

APECED, understanding the relationship be-
tween AIRE gene malfunction and the break-
down of self-tolerance promises to help unmvel
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the pathogenesis of not only APECED but also other types of
autoimmune discases (2, 3).

One of the most important aspects of AIRE in the context
of autoimmunity is its linited tssue expression in medullary
thymic epithelial cells (mTEC) (4. 5). mTECs are believed to
play major roles in the establishment of self-tolerance by elim-
inating autoreactive T cells (negative selection) and/or by
producing immunoregulatory T cells, which together prevent
CD4* T cell-mediated organ-specific autoimmune diseases
(6. 7). For this purpose, mTECs appear to express a set of self-
Ags encompassing many or most of the self-Ags expressed by
parenchymal organs. Supporting this hypothesis, analysis of
gene expression in the thymic scroma has demonstrated that
mTECs are a specialized cell type in which promiscuous ex-
pression of 2 broad range of peripheral tissue-restricted Ag
(TRA) genes (i.c., promiscuous gene expression) is an auton-
omous property (8). Aire in mTECs has been suggested to
regulate this promiscuous gene expression (9-11) through as
yet undetermined mechanisms.

From a mechanistic viewpoint, there are two possible mod-
els to explain the function of Aire in the thymic organogenesis
required for the estblish of self-tolerance. First, Aire may
play 4 tolerogenic role within the types of mTECs characterized
by Aire expression. In other words, the presence of Aire within
cells is necessary in order for them to function normally as toler-
ance-establishing cells. Consistent with this idea, the current
prevailing view on the roles of Aire in establishing self-toleranee
is that Aire-positive cells are the major cell types that show pro-
miscuous gene expression and that the lack of Aire protein
within cells impairs their tolerogenic function because of the re-
duced transcription of TRA genes, although the developmental
process of mTECs 1s otherwise unaltered in the absence of Aire
(model 1). The second model hypothesizes that Aire is necessary
for the developmental program of mTECs, including Aire-posi-
tive cells themselves. In this case, we assume that what are called
Aire-positive mTECs and other Aire-dependent cell-types do
not develop normally in the absence of Aire. Given that acquisi-
tion of the properties of promiscuous gene expression depends
on the maturation status of InTECS (see Results and Discussion),
impaired promiscuous gene expression from Aire-deficient mice
can be assoctated with a defect of such an Aire-dependent devel-
opmental program in mTECs (model 2). Although it is still con-
troversial whether reduced ranscription of particular TRA genes

in Aire-deficient mTECs can account for the development of

autoimmunity targeting the corresponding sclf-Ags in Aire-
deficient mice by itself (11-15), it is eritical 1o detennine which
model provides a more appropriate explination of Amre-depen-
dent promiscuous gene expression to further elucidate the
molecular aspects of Aire (16). Model 1 would direct research
toward the mechanisms underlying how a sinple Air gene can
regulate a large number of target genes (i.c., TRA genes),
whereas model 2 would accelerate studies of the developmental
program of mTECs in which Aire plays a pivetal role. Thee
two models can be tested if we cin monitor the developmental
process of mTECs committed to Aire expresion in both the
presence and absence of functional Aire protein.

2828

This issue regarding the roles of Aire in thymic organogen-
esis is also directly linked to the fundamental question of how
mTECs acquire their unique ability to expres a broad range of’
self-Ags (i.e., promiscuous gene expression). The terminal dif-

n model that mTECs evennually acquire the
capacity for promiscuous gene expression by becoming differ-
entiated, more mature, and more promiscuous (7, 10). This
model suggests that mTECs, especially Aire-positive cells, are
speaalized cell types that have acquired this ability through
differentiation. In this context, it s noteworthy that the tran-
sariptional machinery necessary for promiscuoLs gene expres-
sion other than Aire protein is considered to be acquired by
mTECs independent of Aire expression in this model. The
model suggests that the transcriptional unit for promiscuous
gene expression becomes fully active when Aire starts to be
expressed in terminally differentiated mTECs. In contrast, the
developmental model considers that promiscuous gene expres-
sion 15 a reflection of the multipotency of ininature mTECs
before the developmental fate of particular cell rypes is deter-
mined (17). In this model, expression of a broad spectrum of
TRA genes is regulated by conserved developmental programs
that are active in developing mTECs, and Aire and/or Aire*
cells control this process (18). Accordingly, the developmental
model considers that Aire acts at the early developmental soge
of mTEC differentiation, which is in marked conmast to the
timing of Aire expression proposed in the terminal differentia-
tion model. Thus, the terminal differentiation model and the
developmental model favor models 1 and 2, respectively, pro-
posed for the roles of Aire in promiscuous gene expression and
self~tolerance (19).

To investigate in more detail the roles of Aire in thymic
organogencsis, we have used a knock-in mouse swategy in
which the coding sequence of GFP was inserted into the Aire
gene locus in a manner allowing concomitant disruption of
functional Aire protein expression. This strategy allowed us to
distinguish mTECs committed to expressing Aire from Aire-
nonexpressing m TECs, in both the presence and absence of
functional Aire protein. In addition, with the use of knock-in
mice in which thymic TRA (i.e., gluramate decarboxylase 67
[GADE7]) expression can be monitored by GFP expression
we also examined the cell types of mTECs responsible for
promiscuous gene expression in site. The results suggest thar
Aire promotes the differentiation program of mTECs and that
promiscuous gene expression 15 accomplished in terminally
differentiated mTECs that have fully matured in the presence
of Aire protein,

feren

RESULTS

Establishment of Aire/GFP knock-in mice

To examine the molecular and cellular contribution of Aire
to thymic organogenesis, we established Aire/GFP knock-
in mice in which expression of the GFP gene is under the
transcriptional control of the endogenous Aire gene. In this
strategy, modification of the Aire gene locus was minunized
by mserting a GFP-neomycin resistance (neo) gene cassette
(gfp-neo) (20) between exon 1 and exon 2 (Fig. 1 A). After
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estabhishing .Aire* @™ mice, they were crossed with a general
deleter Cre recombinase-expresing tansgenic line (21) to re-
move the neo’ gene cssette, which contuns the herpes sim-
plex virus thymidine kinase gene promoter for efficient neo’
gene expression. After confirming the removal of the neo” gene
cassette (Fig. 1 B), mice were crossed with C57BL/6 mice to
select 2 hine conmmming the GFP knock-in allele but not the
Cre recombinase-expressing transgenic allele. Aire™® mice
were then crossed to obtain Aire® mice, which have a null
mutation for the Ame gene because of disruption of the Aire
gene by insertion of the GFP gene (Fig. 1 B). As expected,
Aire®'# mice, but not Aire*# mice, showed no expression
of endogenous Aire in the thymus, as detected with poly-
donal anti-Aire antibody (Ab) recognizing peptides located
within the proline-rich region of Aire (unpublished data).
Using immunohistochemistry, we first examined whether
GFP expression from Aére™® mouse thymus reflects endoge-
nous Aire gene expression. Stromal cells showing variable ex-
tents of GFP expression in the cytoplasm and nucleus were
scattered throughout the thymic medulla (Fig. | C). The
medullary region was identified by smining with Ulex euro-
pacus agglutinin 1 (UEA-1) (Fig. 2 A), anti-epithelial cell ad-
hesion molecule 1 (EpCAM) mAb (Fig. 2 B), or anti-keratin
5 (K5) Ab (Fig. S1 A, available at http:/ /www.jem.ormg/ cgi/
conrent/ full jem 20080046/ DC1). GFP-expressing cells from
Aire*'#® mouse thymus showed a dendritic to fibrobhstc mor-
phology and were enriched at the cornco-medullary junction
(Fig. 1 C; Fig. 2, A and B: and Fig. S1 A). When doubly
stained with anti-Aire Ab, most of the GFP-expressing cells
contined variable amounts of Aire nuclear dots within their
nuclei (Fig. 1 C), indicating that GFP expression is under the

ARTICLE

transcriptional control of the authentic Aire gene. However,
a few cells showed Aire nuclear dots without any detecrable
GFP expression (Fig. 1 C, arrows) or expresed GFP without
obvious Aire nuclear dots {not depicted). As expected, Aire™'*
mowe thymus showed no GFP signals (Fig. 2, A and B).
Notably, maost of the CD11c-positive DCs in the thymus were
GFP negatve (Fig. S1 B), suggestung that Aire expression from
thymic DCs is negligible compared with that from mTECs.

Altered thymic organization in Aire-deficient mice

We then examined the effect of Aire deficiency on thymic
organization in Are®™'® mouse thymus sections, focusing on
the producton of cells genencally marked with GFP and,
thercfore, active in Afre gene transcription but lacking func-
tonal Aire protein. There were many GFP* “Aire-les” TECs
withun the medulla (Figs. 2, A and B; and Fig. 51 A), indicat-
ing clearly that Aire protein itself is not necessary for the pro-
duction of particular mTEC lineages committed to express
Aire. However, detailed inspection demonstrated that the
morphology and location of GFP* cells from Aire®#% thymus
were altered compared with those of GFP* cells containing
functional Aire protein from Aire*® mouse thymus. First,
we noticed that the cell shape of GFP* mTECs lacking func-
tional Aire protein was altered; in Airé®'** thymus, more
GFP"* cells exhibited a globular shape instead of a dendritic
w fibroblastic morphology, compared with Aire®/¢® thymus
(Fig. 2 C, arrows). The lower preponderance of a dendnitic
shape of GFP* Aire-less mTECs was verified by statistical
analysis, We calculated the level of cell shape complexity for
cach GFP* cell by dividing the length of the cellular periph-
ery by the cell area using a computer program (i.e., the higher
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Figure 1. Establishment of Aire/GFP knock-in mice. {A} Targeted insertion of the GFP gene into the Alre gene locus by homologous recombination
Sspl, Sspl restriction site. (B} Seuthem blot anatysis of genomic DNA from offspring of Aire/GFP knock-in mice. Tail DNA was digested with Sspland hy-
bridized with the 3’ probe shown in A (C] Concomitant expression of GFP (green) and endogenous mouse Aire {red) assessed by immunohistochemistry
of a thymus section from an Aire*+* moyse. Cells positive for Aire staining but negative for GFP expression are marked with arrows. Bar, 20 pum. One rep-

resentative experiment from a total of four repeats is shown.
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the value, the mare complex the cell shape). GFP* cells from
Aire® thymus showed lower values (i.c., less complexity
per cell) and a narrower distribution of values (Le.. less het

erogeneity of cell shape) than those from Afre"'? thymus
{Fig. 2 D). Because a gene-dosage effect has been noticed at
the Aire gene locus (11), we carefully excluded the possibility
that the altered shape of GFP* cells from Abre'e® thymus was
duc simply to higher GFP protein expression within each cell,
ie., immposing a potentially toxic burden on the cells. For this
purpose, we crossed Aire* ™ mice with Aire™~ mice (12) 1o
establish Aire™ % mice in which the gfp allele is single, as in
Aire”'#r mice (Fig. S2 A). Similarly to the Aire® % thymuis
analysis, GFP* cells from Aire™ % thymus demonstrated less
complexity of cell shape than those from Aire*# thymus, as con-
tmmed wing the same method of statistical analyss (Fig. 52 B).

A
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+gtp

alp'alp C
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. ---
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Although we analyzed the thymic organization of Airef o
mice before the onset of autoimmune pathology (ie., +6 wk
(fter birth), we also excluded the possibility that the altered
cell shape of GFP* cells from Aire® s thymus was secondary to
the autoimmune phenotvpes by establishing Aire™ @ mice ex-
pressing the OT-Il TCR transgene in which the autoreac-
tive T cell repertoire is absent (Fig. 53 A}, Morphological
changes in GFP* cells were similarly observed in these mice
(Fig. S3 B}, suggesting that the altered shape of GFP* cells lack-
ing Aire protein was independent of autoimmune phenotype.
Second, we noticed that the distnbution pattern of mTECs
committed to Aire expression was also affected in the absence
of functional Aire protein. In contrast with the ennichment of
GFP* cells from Afre*'® thymus at the cortico-medullary junc-
tion, GFP* cells from Aire®® thymus tended to be localized

v
3
. 5 el
T :ii1'||m:|::|---
0
+/gip afp'gfp

Figure 2. Altered morphology and distribution of mTECs committed to express Aire in the absence of functional Aire protein.

(A and B) mTECs active in Aire gene transcription were visualized by immunchistochemistry with anti-GFP Ab (green). The medullary region was identified
by staining with UEA-1 (A) or anti-EpCAM mAb (B; red). Bars, 100 pm. One representative experiment from a total of five repeats s shown. (€] Enlargement
of the staining with anti-GFP Ab from A for demonstration of altered morphology and distribution of mTECs committed to express Aire in Ajret'ns”

mouse thymus. There were more GFP* cells with globular shapes (bottom, arrows] in Aire®*¥* thymus than in A
thymus were enriched at the cortico-medullary junction [top), whereas GFP* cells from Alre®
medulla or even enriched at the center of the madulla (bottom). Bars, 100 pm. One representative experiment from a tot

(D) Morphological changes in the shape of GFP* cells from Aj
to the relative cell shape complexity of a single GFP* cell cale

* mouse thymus der
ed with a computer program {se= Materials and methads). A total of B0 and 88 GFP~

thymus. GFP~ cells from Alre-##

' thymus tended to be localized more evenly within each
f five repeats is shown

strated in C were analyzed statistically. Each circle corresponds

celis from Alre~® and Aire?™% thymi, respectively, were evaluated, Red lines represent mean values. Two mice for each group were analyzed, and similar

results were obtained from a total of three repeats,
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more uniformly within each medulla or even enniched at the
medulla center (Fig. 2 C and Fig. 51 A). Altered distribution
of GFP* Aire-less mTECs was abso evident in Aire™#* mice
(Fig. 52 A), as well as in Aire™® mice expressing the nonau-
toreactive OT-1l TCR transgene (Fig. $3 A). Collectively,
production of a2 particular mTEC lineage committed to ex-
press Atre is not determined by Aire protein alone, However,
Aire deficiency in these cells results in morphological changes
together with altered location within the medulla, suggesting
a role of Aire in the differentiation progrin of mTECs in 2
cell-intrinsic manner.

Analysis of embryonic thymus demonstrated that GFP*
cells were absent at embryenic day 13.5, but clearly present at
embryonic day 16.5 in both Aire*® and Aire®™'*® mice (Fig
51 C). Although the effect of absence of Aire protein on the
location of GFP* cells from i = mice at the embryonic
and early P1 (posmeonatl) stages was difficult to evaluate be-
caise of the less organized thymic structure together with rela-
tively small numbers of GFP* cells at those stages, morphological
alteration of each mTEC committed to Aire expression was
already evident at the neonanal sge (P1; Fig. 54 A), as con-
firmed by the same statistical analysis applied to Fig. 2 D (Fig.
54 B). The properties of GFP~ (i.c., Aire nonexpressing)
mTECs as evaluated by immunohistochemistry with UEA-1,
anti-EpCAM Ab (Fig 2, A and B), anti-K5 Ab (Fig. S1 A),
ER-TR.5 Ab, anti—claudin 3/4 Abs, and MTS10 Ab (not de-
picted) showed no obvious difference between Aire™® and
Adree® e adult thymi

In addition to the hswlogical evaluation of mTECs based
on Aire/GFP expression, another possibility that Aire controls
the differentiation program of mTECs has emerged from stud-
ics focusing on the cell differentiation markers expressed by
mTECs. In the skin, involucrin expression is restricted to post-
mitotic epithelial cells and serves as a marker of epidermal and
follicular terminal differentiation (22). Intersstingly, immuno-
histochemistry of the human thymus using anti-involuarin Ab
stains characteristic swirled epithelial structures known as Has-
sall's corpuscles (23), which is consistent with the fact thac
Hassall's corpuscles are composed of terminally differentiated
mTECs (24). When thymus sections from Aire-suthcent mice
were stined with anti-involucrin Ab, involucrin-expressing
cells were scattered within the EpCAM* thymic medulla
(Fig. 3 A). The number of involucrin-expressing cells was age
dependent and declined between 8 and 11 wk (Fig. 3 B and
Table 51, available at http://www.jem.org/cgi/content/full/
jem.20080046/DC1). In addition, we occasionally found
larger involucrin-expressing structures with a hyalinized
degenerated core in the thymic medulla from Amre-sufficent
mice, which is reminiscent of Hassall's corpuscles in human
thymus (Fig. 3 C). Remarkably, the numbers of mTECs ex-
pressing involucrin in Aire-deficent mice were significanty
lower than those in Aire-sufficient mice, especially at 4 and
8 wk of age (Fig. 3 B). Furthermore, we observed no typical
Hasall's corpuscle-like structures in the thymus of Aire-defi-
cient mice at any age, which is in contrast to those seen in
Aire-sufficient mice (Table $1). These results further support
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the notion that lack of Arre in mTECs alters therr differentma-
ton program, thereby altering mTEC integrity.

Next, we used flow cytometric analysis to examine GFP-
expressing cells from the thymus. Thymic stromal cells were
released enzymatically from adult thymi and stained with
anti-CD45 mAb and UEA-1, together with ant-CD80 and
anti-MHC class Il mAbs. Aire*® thymus contained 4.5%
UEA-1"GFP* (e, Aire®) cells (from here on simply desig-
nated GFP* cells) in the population of CD45” soromal cells
(Fig. 4 A). When forward scatter (FSC) and side scatter (SSC)
parameters were compared between GFP* cells and UEA-
1*GFP~ cells (from here on simply designated GFP~ cells),
GFP* cells were larger and more broadly diswributed com-
pared with GFP~ cells (Fig. 4 B, left), suggesting a disunct
cellular morphology of Aire* cells among mTECs. Aired'er
thymus also contained GFP* cells in the population of CD45”
stromal cells (Fig. 4 A), as already observed by immuno-
histochemical analysis (Figs. 2 and S1). Interestingly, the
proportion of GFP* cells in Ain"®® thymus was consistently

A Involucrin EpCAM Merge
B 4 wik 8 wk 11 wk
w 5 t= - 25 5
o !
E. 2 20 20
5 E5
;‘5! 15t 1% ¢ - 18}
g 10 Wr o e 0
§E . ]
§ 5 . 5| 51
o - o — i m__ b -4i
Aire- Aire- aire Airs- Aire- Rire-

Beduced I

Figure 3. s of b lly differentiated mTECs in
the absence of Aire. (&) Involucrin-expressing mTECs [green) were scat-
tered within the thymic medulla (red; stained with anti-EpCAM Ab) of
Aire-sufficient mice. Bar, 50 um. (B) Numbers of involucrin-expressing
mIECs were reduced in Aire-deficient mice at 4 (left] and 8 (middle] wk of
age. Numbers of involucrin-expressing mTECs in Aire-sufficient mice de-
clined at 11 wk of age (right), Each circle corresponds to the mean num-
ber of invalucrin-expressing mTECs per section examined in individual
mice. Detalled information for the mice examined from a total of five
experiments s presented in Table S1 (available at hitpJ/www.jemom/cgl
content/fullljem.20080048/DC1). (C) Hassall's corpuscie-fike structures
seen in Aire-sufficient mouse thymus stained with anti-involucrin Ab
(green) together with anti-EpCAM Ab (red). These discrete and brger
imvlucrin-expressing structures were scarcely detectable in Aire-deficient
mouse thymus. Bar, 20 pm. One representative experiment from a total of
five repeats is shown
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30-40% higher than in Afre*2* thymus (Fig. 4 A). Conse-
quently, the ratio of GFP* cells to GFP~ cells was higher in
Aire#®% thymus (~1:5) compared with that in Aire*® thymus
(~1:10). Although the difference in FSC/SSC parameters
between GFP* and GFP~ cells observed for Aire*/# mice was
also seen in Aire®'# mice (Fig. 4 B, right), FSC/SSC plots of
GFP* cells from Aire®e mice showed a more condensed
profile over a narrower region compared with GFP* cells from
Aire*'# mice (Fig. 4 B, top), which might reflect the mor-
phologicil changes in GFP* mTECs observed by immuno-
histochemistry (Fig. 2 C). We recorded no GFP expression
from CD45* hematopoietic cells (not depicted) or from
CD45UEA-1" thymic somal cells from either Aire*® or
Air®® % mice (Fig. 4 A).

We then analyzed the expression of CD80 and MHC
class 11 from each of the populations separated on the basis of
GFP expression and UEA-1 binding. GFP* cells from Aire* e
mice expressed both CD80 and MHC class 11 at high levels
(CDBO%/ class 11"), whereas GFP™ cells from the same animals
expressed intermediate ro low levels of both CD80 and MHC
class 1T (Fig. 4 C, left). GFP* cells from Air&® e thymus were
also CD80™/class 11% (Fig. 4 C, right), indicating that expres-
sion of these Ag presentation-related molecules was Aire
independent. Indeed, expression levels of both CDBO and
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MHC class [] from GFP* cells were almost indisnnguishable
between Aire*® and Aire®™# mice when the two flow cyto-
metc profiles were merged (Fig. 4 D, left). However, al-
though differenice was sinall, expression of both CD80 and
MHC class 11 from GFP~ cells from Aired™'s mice was con-
sistently lower than that from Aire*®* mice (Fig. 4 D, nght).
This result may indicate that the absence of normal Aire-
expressing cells from the medulla 15 accompanied by pheno-
typic alteration of Aire-nonexpressing mTECs, which was
not evident with the immunohistochemical analysis with the
commonly used medullary epithelial cell markes (Fig. 2,
A and B; and Fig. S1 A). Collectively, the results suggest that
Aire deficiency results in a global alteration of the thymic
microenvironment that wvolves not only mTECs copunitted
to express Aire but also the Aire-nonexpressing mTECs that
surround Aare” cells.

Aire-dependent TRA gene expression

Although Aire has been suggested to regulate promiscuous
gene expression in mTECs (9, 10), demonstranion that Aire*
cells are the major source of promiscuous gene expression
from mTECs is still incomplete in the absence of appropriate
cell markers for Aire-expressing cell lineages. Existing data
for promiscuous gene expression from mTECs were obtined
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Figure 4. Global alteration of mTEC phenotypes in the absence of Aire. (A) Detection of GFP-expressing cells from thymic stroma by flow cyto-
metric analysis. CD45~ thymic stromal cells were analyzed for the expression of GFP together with binding of UEA-1. Percentages of cells from each frac-
tion are indicated below. (B) mTECs committed to express Aire were larger than mTECs noncommitted to express Aire, irrespective of the presence of Aire
protein. FSC/SSC profiles of mTECs committed to express Aire were altered in the absence of functional Aire protein (topl. Each FSC/SSC profile was ob-
tained by back gating the carresponding fractions from A based on the expression of GFP and UEA-1, [C) CD80 and MHC class |l expression levels were
higher in mTECs committed to express Aire than in mTECs noncommitted to express Aire, irrespective of the presence of functional Alre protein. Filled
profiles in green and gray are from GFP* and GFP— mTECs, respectively. (D) CDBO and MHC class |l expression from mTECs committed to express Aire were
indistinguishable between Aire*5® and Ajre@e mice (left) but were reduced in mTECs noncommitted to express Aire in the absence of functional Aire
protein (right), Filled profiles in gray and green lines ane from Aire¥® and Aire®™5" mice, respectively. Flow cytometric profiles from C were merged for
comparison. One representative result from a total of more than five repeats is shown.
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by flow cytometric sorting using sturogate Aire* cell markers
such as CD80 and MHC class I1. As a result, it is not yet clear
which population of mTECs (ie., Aire-cxpressing or Aire-
nonexpressing mTECs) is deficient in promiscuous gene ex-
pression as a result of absence of functional Aire protein, To
answer this question, we separated GFP* and GFP~ mTECs
trom both Aire*/# and Aire®'% mice and examined the ex-
pression of several TRA genes, induding both Aire-dependent
(i.e.. insulin 2 and salivary protein 1 |SAP1]) and Aire-inde-
pendent (C-reactive protein [CRP]) TRA genes; expression of
the former and the latter gene classes has been demonstrated
to be reduced or unchanged, respectively, in CD80%/dass 11
Aire-deficient mTECs (9, 10). GFP* mTECs from Aire*'od
mice showed the highest expression of insulin 2 and SAP1,
and expression of those genes was much lower in GFP~ mTECs
from the same animals (Fig. 5). Riemarkably, both GFP* and
GFP™ mTECs from A& mice expresed almost none of the
Aire-cependent TRA genes insulin 2and SAP1. mTECs de-
fined by UEA-1 binding from Aire** mice, which includes
beth Aire* and Aire™ cells, showed intermediate expression
of those genes. These results clearly indicate two important
features of promiscuous gene expression in mTECs. First,
Aire® mTECs are the major cell types responsible for the
expression of Aire-dependent TRA genes. Second, mTECs
cannot express Aire-dependent TRA genes in the absence of
functional Aire protein, ¢ven though the lineage commitment
to express Aire and the expression of Ag presentation-related
molecules, such as CD80 and MHC class 11, are preserved
(Fig. 4 C). It s important to emphasize that the latter observa-
tion does not necessarily mean that Aire acts on the already exist-
ing transcriptional machinery required for TRA gene expression
within esmblished terminally differentated mTECs. Rather, in
the light of the fact that GFP* Aire-less mTECs show defective
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Figure 5. TRA gene expression from mTECs assessed by real-time PCR.
Expression of insufin 2, S4P1, CAP, and Aire was examined from each
fraction of mTECs sorted on the basis of the flow cytometric profile dem-
onstrated in Fig. 4 A, Color bars corresponding to each fraction are indi-
cated on the right Aire* mTECs were the major cell types responsible for
the expression of Aire-dependent TRA genes {fnsulin 2 and 5APT), whereas
an Aire-independent TRA gene (CRPA was expressed from both Aire and
Aire” mTECs. Aire expression was assessed to verify the proper sorting of
each mTEC fraction. Numbers are relative gene expression level compared
with that of the Hort gene. Results are expressed as the mean + SEM for
triplicate wells of one representative experiment fram a total of three
repeat experiments.
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development, as indicated by therr altered morphology and dis-
tribution, we suggest that Aire” mTECs acquire therr unique
machinery for promiscuous gene expression only when they
have fully achieved matunation with the help of Atre protein (see
Dsassion and see Fig. 8).

In marked contrast to Aire-dependent TRA genes, ex-
pression of an Are-independent TRA gene, CRP, from GFP*
mTECs was indistinguishable between Aire™ o and Aire'sr
mice, CRP expression from GFP~ mTECs was detectable. al-
though the levels were lower than from GFP* mTECs, and
was also similar between Aire*® and Aire® 2 mice (Fig, 3).
As expected, the Aire gene was highly expressed from GFP*
mTECs of Aire*'® mice, although a low level of Aire gene
expresion was detected from GFP~ mTECs, which is possi-
bly a result of shght contaminanon by cells expressing a trace
amount of GFP (i.e., Aire) in this fraction. Expression of the
Aire gene from both GFP* and GFP~ cells of Aire®™# mice
was at background levels.

Aire-independent TRA gene expression in situ from mTECs

The results in the previous section suggest that individual mnTECs
do not express a broad array of TRA genes. Rather, each mTEC
seems to express a different spectrum of TRA genes. Some TRA
genes, such as insulin 2 and SAP1 (previously recognized as Aire-
dependent genes; references 9, 10), were predominantdy ex-
pressed from cells of the Aire* mTEC lineage only when Aire
protein was present within the cells, and other TRA genes, such
as CRP (previously recognized as an Aire-independent gene;
references 9, 10), were expressed from both Aire* and Aire™
mTECs irrespective of the presence of Aire protein, The latter
sitation was further investigated with the use of GAD&7/GFP
knock-in mice (GAD67¢ mice). CADS7, an Aire-indepen-
dent TRA gene that is expressed in the brain and pancreas, is

GADST Alre Merge

(n=152)

Figure 6. Expression of the Aire-independent TRA gene GADS7
and of Aire from mTECs in situ. (A] Expression of the GADE7 gene
and Aire was detected by immunohistochemistry with anti-GFP Ab
[green] and anti-Aire Ab (red), respectively, in thymus sections from
GADS7/GFP knock-in mice. Bar, 20 um. (B) Resuits obtained as described
for A were calculated for a total of 152 mTECs expressing the GADE7
gene andfor Aire. One representative sxperiment from a total of three
repeats is shown.
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alse active in mTECs from GAD67# mice (23). Using
immunchistochemistry, we examined the expression of GAD67
together with Aire in GAD67H# mouse thymus sections. There
were three types of TECs: GAD67* Aire™ (45.4%), GADG7* Are”
(32.926), and GAD6&T~ Aire* (21.7%) (Fig. 6, A and B). Among
the GAD67* mTECs, 42.0% expressed Aire and the rest did not
(Fig. 6 B), consistent with the Aire-independent nature of
GADST gene expression (9, 10). Conversely, among the Aire®
mTECs, 60.2% expresed GAD67 and the rest did not, suggest-
ing that Aire expression is not sufficient for TRA expression, at
least for this Aire-independent TRA gene.

Expression of Aire and Aire-independent TRA genes

by nonproliferating mTECs

Previous studies suggested that Aire s predommantly ex-
pressed by terminally differentiated cells on the basis of their
poor incorporation of BrdU (26, 27). We confinned this find-
ing by injecting BrdU into Aire*# mice. BrdU incorpora-
tion was scarce in GFP* mTECs (Fig. 7 A, top). We similarly
examined which type of mTECs, immature proliterating or
mature nonproliferating, express GAD67 by injectng BrdU
into GAD67/GFP knock-in mice. We found that GFP*
mTECs incorporated BrdU only weakly (Fig. 7 A, bottom),
suggesting that expresion of thus Are-independent TRA gene

Aire/GFP-KI

GADE7/GFP-KI

Aire/GFP-KI

GAD&T/GFP-KI

is also imposed on terminally differentiated cells rather on
immarure proliferanng mTECs.

pb3 is strongly expressed in epithelial stem cells of the thy-
mus and specifically functions to maintain their extraordinary
proliferative capacity (28). To examine whether mTECs
expressing the Aire and GADE7 genes have this high prolifera-
tive capacity, we examined p63 expression from thymi of
Aire/GFP knock-in and GAD67/GFP knock-in adult mice.
mTECs expressing GFP from both mouse strains showed little
p63 expression by immunchistochemistry (Fig. 7 B), suggest-
ing that neither of these genes is expressed in mTECs with
high proliferative capacity. Instead, Aire seems to function
within mTECs in the later stages of differentianon, when the
cells are also responsible for TRA gene expression.

DISCUSSION

In the present study, we addressed fundamental questions re-
garding how mTECs acquire the capacity for promiscuous
gene expression with the participation of Aire, with the hope
that understanding the roles of Aire in thymic organogenesis
will help to unravel the molecular mechanisms responsible for
expression of immunological self in the thymic mmicroenviron-
ment. The issues include the following: furst, whether Aire

itself is necessary for the production and/or differentiation

Figure 7. Expression of the Aire and GADE7 genes by nonproliferating mTECs. (A) 8rdU incorporation by Aire- and GADS7-expressing mTECS was
evaluated 4 h after i.p. injection of BrdU into Air=* and GADE7#'* mice, respectively, The thymus sections were stainad with anti-GFP (green) and anti-
Brdl (red) Abs. Bars, 20 pm (B) p&3 (red) was not detected in mTECs expressing the Aire and GADG7 genes [green]. Bars, 40 ym. One representative ex-

periment from a total of four repeats is shown.
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program of Aire* cell lineages; second, whether Aire' mTECs
are necessary for the stuctural and/or functional organiztion
of other types of mTECs; third, to what extent Aire* mTECs
centmbute to the expression of TRA genes; and fourth, the
nature of the maturation status of mTECs that express Aire
and are responsible for TRA expression. Becuse Aire-spe-
cific Ab cannot be used to investigate the differentiation pro-
cess of mTECs committed to express Aire in the absence of
Aire protein, we established Aire/GFP knock-in mice in
which the GFP marker gene was inserted into the Aire gene
locus in a manner allowing concomitant disruption of func-
tional Aire protein expression, In Aire*'#® mice, this strategy
also enables us to distinguish Aire-expressing cells from Aire-
nonexpresing cells without introducing any cell markers
incompletely unique to Aire-expressing cells. Accordingly,
mTECs committed to Aire expression were faithfully GFP
marked with this strategy; mTECs transcriptionally active for
the Aire gene were mostly positive for staining with anti-Aire
Ab by mmunohistochemistry, There were, however, small
numbers of cells that were cither positive for Aire staining
but negative for Aire gene transcription (i.e., GFP”) or, con-
versely, positive for .Aire gene tmnscription (i.e., GFP*) but
negative for Aire stining. The former cell rype could result
from different half-lives of the two proteins (GFP vs. Aire),
whereas the latter cell type could result from Aire protein
being present as a diffuse nucleoplasmic form (more difficult
to recogmize) instead of the typical nucear-dot form (29). Alver-
natively, these discrepancies could simply be accounted for by
differences in detection sensitivity. [ndeed, RT-PCR analysis of
flow cytometry—sorted cell fractions showed the expected pat-
terns of Aire gene expression.

With Aire/GFP knock-in mice, we have clearly demon-
strated that Aire* mTECs are the major cell types responsible
for the expression of so-called Aire-dependent TRA genes
such as wsulin 2 and SAPT (9, 10). These genes were almost
exclusively expressed from GFP* mTECs of Aire™’# mice but
not of Air'# mice. In contrast, expression of Aire-indepen-
dent genes, such as CRP, was not affected by the absence of
Aire. CRP expression from GFP* cells was similar berween
Aire*'® and Aire® % mice. CRP expression, although at lower
levels, was also observed from GFP~ cells and, again, was in-
distinguishable between Aire™'® and Aire™ % mice. Expres-
sion of GAD67 in an Aire-independent manner (9, 10) was
also supported by immunohistochemistry of GAD67/GFP
knock-in thymus, demonstrating CADS7 expression irrespec—
tive of the presence of Aire protein in each mTEC. We specu-
late that the Aire dependency of TR As reflects, in part, the cell
types in which TR.As are expressed; expression of Aire-depen-
dent genes s confined to Aire* mTECs, whereas expression of
Aire-independent genes occurs from both Aire* and Aire™
mTECs. It is of note that mTECs do not uniformly express
the overlapping spectrum of TR.As, as exemplified by the scat-
tered expression of the GAD67 gene in GAD67/GFP knock-
in mouse thymus. Similarly, although Aire* mTECs are the
major cell types responsible for the expression of Aire-depen-
dent TRA genes, this does not mean that all Aire* mTECs
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express Aire-dependent TRA genes uniformly. Indeed, single-
cell analysis has d ated that exp: of Aire inmTECs
s not sufficient for sinultaneous coexpression of Aire-depen-
dent TRA genes (17). Thus, we favor the notion that pro-
miscuous gene expression reflects the thymus-wide summation
of expression of 2 small number of self-Ags by individual
mTECs rather than expression of the complete spectrum of
self-Ags by each cell (17, 18).

Because expression of transcription factors associated with
developmental plasticity of progenitor cells (i.e., Nanog, Oxt4
and Sex2) is Aire-dependent in mTEGCs (18), the develop-
mental model predicts that Aire acts early in the development
of mTECs. The developmental model also suggests that pro-
miscuous gene eXpression represents coordinated gene expres-
sion reflecting an alternate program of epithelil differentiation
among actively proliferating mTECs at their progenitor or im-
mature stages (19). However, accumulating data together with
the results of the present study do not support such a view (26,
27). Rather. it is likely that Aire is acting at the late differentia-
don stages of mTECs. Accordingly, Aire-dependent processes
for achieving promiscuous gene expression might also be
active at the hate differenmation sages of mTECs (see the sub-
sequent paragraph). Clearly, this does not involve mTECs
gaining the ability to express CD80 from CD8¥ precursors
(30) because GFP* mTECs from Aire®®* mice demonstrated
normal levels of CD80 expression. It is necessary to dissect the
developmental process of mTECs, thereby precisely identfy-
ing the Aire-dependent steps of mTEC differentation.

Given that Aire-expressing cells are terminally differenti-
ated, the demonstration that Aire* mTECs are the major cell
types responsible for expression of TRA genes, at least for
Aire-dependent genes, apparendy favors the terminal differ-
entiation model for Aire-dependent promiscuous gene expres-
ston from mTECs (7, 10, 11). However, our resuls do support
a key aspect of a role for Aire in the developmental model
(17-19): absence of Aire in mTECs causes morphological
changes together with altered distribution of mTECs com-
mitted to express Arre. Indeed, the difference in appearance
of GFP-expressing cells was distinet enough to allow discrimi-
nation between Aire™®® and Aire®™* mouse sectons by blind
analysis. [nterestingly, Gillard et al. (18) noted that globular
mTECs without visible cellular projections were more prom-
inent in Aire-deficient thymus, which could represent the
GFP* globular mTECs we observed in Airé™* mice. Fur-
thermore, expression of functional molecules, such as CD80
and MHC class [T from mTECs noncommitted to express Aire,
was also affected by the absence of Aire, suggesting that Aire
and/or Aire® mTECs influence the organization of mTECs
beyond simply controlling promiscuous gene expression within
Aire-expressing cell lineages. We do not believe that the dem-
onstration that terminally differe 1 Aire-expressing cells
are the major source of promiscuous gene expression (appar-
ently favoring the terminal differentiation model) and the
demonstration that Aire and/or Aire* cells controls thymic
organogenesis (consistent with the developmentil model; refer-
ence 18 and present study) are mutually exclusive. Instead,
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Aire could both promote the diferentiation program of mTECs
committed to express Aire, ensuring that they become fully
equipped with the necessary machinery for promiscuous gene
expression, and be an efficient driver of promiscuous gene
expression 1n such cells. Thus, promiscuous gene expression
seems to be accomplished in terminally differentiated mTECs
that have matured in the presence of Aire protein (Fig. 8), Alter-
natively, Aire might be necessary for maintenance of a termi-
nally differentiated state in which m TECs manifest a dendritic
shape with fully competent promiscuous gene expression.
We found that the numbers of mTECs expressing invo-
lucrin, a marker of epidermal differentiation (22), were reduced
in Aire-deficient mouse thymus. It was noteworthy that
involucrin-expressing mTECs themselves were negative for
Aire expression with immunohistochemistry (unpublished data),
thus making it unlikely that imoluain gene expression inmTECs
s under direct transcriptional control by Aire as a part of
TRA gene expression. Similarly, it is unknown whether im-
paired involucrin expression is specific to mTECs committed
to Aire expression or whether lack of Aire” mTECs affects
the differentiation of other type(s) of mTECs that would oth-
erwise express involucrin at their terminally differentiated
stages. Based on the fact that GFP* Aire-less mTECs showed
alterations in their morphology as well as distribution, we
assume that the former possibility is more likely. Interestingly,
CDBO*  CDBOw=
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Figure 8, Schematic representation of the roles of Aire in mTEC
differentiation and TRA gene expression. Aire-expressing cell lineages
develop from mTEC progenitor cells through concomitant expression of
claudin (26). Expression of Aire-dependent TRA genes, such as jnsulin 2
and SAP1, can be accomplished in terminalty differentiated mTECs show-
ing a dendritic to fibroblastic morphology that have fully matured with
the help of Aire protein (marked as Aire-sufficient). Lack of Aire in mTECs
results in premature ination of differentiation, although claudin®
Aire-expressing cell lineages can still develop and pass the CD80-express-
ing maturation stage (marked as Aire-deficlent]. These CDA0” Alre-less
mTECs have a more globular cell shape and lack transcriptional machinery
for Aire-dependent TRA genes. Because Aire-independent TRA genes, such
as CRPand GAD67, can be expressed before the terminal differentiation
stages, lack of Aire has little impact on their expression. The possibility
also remains that Alre is necessary for the maintenance of a terminally
differentiated state, in which mTECs manifest a dendritic shape with fully
competent pr JOUS gene expression,
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we found that reduction of mvoluen-expressing mTECs in
Aire-deficient mice was associated with a nearly absence of
Hassall's corpuscle-hike structures, although the exact relevance
of this phenotype to the breakdown of central tolerance in
Aire-deficient mice remains unknown (31). Together wich
the fact that formation of thymic cysts is a predominant fea-
ture of Aire-deficient mice (18, 26), it seems likely that Aire
exerts more global control of the differentation program of
mTECs than was initially thought.

Finally, although we have demonstrated that Aire orga-
nizes the global mTEC integnty that facilitates promiscuous
gene expression in the thymic microenvironment, the exact
nature of the mTEC differentiation program under the control
of Aire protein still remains unknown. 'We have demonstrated
that both 4ire and an Aire-independent TRA gene, GAD67,
are predominantly expressed by nonproliferative cells, although
we cannot completely exclude the possibility that expression of
these genes is associated with immature cells that turn over
slowly and, thus, would be poorly labeled by BrdU. The re-
sults prompt us to propose a fascinating hypothesis that promis-
cuous gene expression is achieved by induction of heterogeneity
arnong terminally differendated mTECs rather than by mulb-
potentiality of mTEC progenitors. We speculate that Aire may
contribute to mTEC heterogeneity by acting on mTECs at the
late differenniation stages and that lack of Aire may result in
failure to create this heterogeneity. According to this scenario,
additional mechanisms for the development of Aire-dependent
autoimmunity might be possible bevond reduced TRA ex-
pression from Aire-deficient mTECs, for instance, altered Ag
processing and/or presentation capacity by Aire-deficient
mTECs (12) and/or altered T cell development affecting
estblishment of the complete T cell repertoire. Study of the
mechanisms underlying the Aire-dependent production of
heterogeneity among mature mTECs might be a rewurding
approach to elucidating the nature of the negative selection
niche in the thymus.

MATERIALS AND METHODS

Mice. Aire/GFP knock-in mice (RIKEN Ceuter for Developmental Biol-
ogy accession No. CDBO483K) were generated by gene mrgeting as de-
scribed previously (32). In brief, the g vector was ¢ d by
rephcing the genomic Air locus starting from exon 1 (immediately after the
Kenk sequence) to exon 2 with a GFP-neomycin resistance (neo?) gene
casserte (20). The neof gene casette harbor loxP sites at both ends. The taz-
gedng vector was Introduced into TT2 embryonic stem cells (33), and the
homologous recombinant clones were fimt identified by PCR and con-
firmed by Southern blot analysis. After the targeted cells had been injected
into morubi-stage embryos. the resulting chimerc male mice were mated
with CS7BL/E females (CLEA) to h germ-Line At
mice were cromed with Ayul-Cre mice {21), a general deleter Cre recombi-
nase-expressing transgenic line, to remove the neo® gene casserte, Affer con-
firming removal of the neo’ gene cassette, mice were crossed with C57TBL/6
mice to select the line g the GFP knock-in allele but net the Cre
recombi: pressing gene. Awe*'® mice were then crosed to obtain
Air mice, which bave the null muration for the Aire gene. GADGT/GFP
knock-in mice were heterozygous for GADET-GFP (Aneo) as descrbed pre-
viously (34), OT-[I transgenic mice (35) were purchased from The Jacksen
Labonatory. The mice were maintalned under pathogen-free conditdons.
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The protocols used in this study were in accordance with the Guidelines
for Animal Exper ion of Tokushima U Schuol of Medicine
and were conducted with the approval of the RIKEN Kobe Animal Experi-
ment Commitier.

Immunohistochemistry, Mice were killed and the thymu thsues wers
fixed 25 described previously (25, 36). Inmunohistochemical analyris of the
thymus with UEA-1 (Vector Laboratosies), mat snt-EpCAM mAb (BD),
and nbbit polyclonal anti-K5 Ab (Covance) was performed at described
previouly (37). Rabbit polycloml anti-Aire Ab was produced at described
previoudy (13). Goat polyclonal ant-GFP Ab (Novus Biologicals) and rab-
bit polyclonal anti-GFP Ab (Invitrogen) were wed for the detection of
GEP-expressing cells. BrlU incorpomation by mTECs was examined 4 h af~
ter Lp. injection of 1 ing BrdU/mouse, and the detection of BrdU incorpo-
raton wis performed with antl-BrdU Ab (BD), 2 described previously (26).
Rabbit polyclonal anti-p63 Ab was purchased from Santa Cruz Biotechnol-
ogy. Inc. The level of cell shape complexity for cach GFP* cell was caleu-
Lated by dividing the length of the cellular periphery by the cell area (Le.,
periphery/area % 1/4w) measured by the WinR OOF program (Mitani Cor-
pontion). Afier obtaining photos of the thymus sections stained with antl-GFP
Ab, the photos were subjected to analysis with the soffware. limmunchisto-
chemistry of the thymus sections and statistical analysis of cell ﬁupe :omrladrr
from different genotype of mice for compasison were g

ouly in the same set of experment to minimize varability between the as-
sayt. Numben ol'J.nmlucrln-expmjng mTECs were asesed afier saining
the thymuws sections with mbbit pahelonal Ab agingt mouse lovolucdn
(Covance). Well developed EpCAM® thymic medull were examined for
the presence of involucrin-expressing cells from several thymus sections ob-
ained from individual mice,

TEC p ion and flow tri bysis, TECs were prepared
as dnr!ibcd previeusly (12). In brief, thymic fobes were aolated from mice
and cut inte wnall pieces. The fagments were gently rotated In RPMI 1640
medium (lnvitrogen) supplemented with 10% heat-inactivated FCS (Invit-
rogen), 20 mM Hepes, 100 Usml penicillin, 100 pg/m] sirepiomycin, and
50 uM 2-ME at 4°C for 30 min and dispersed further with pipetting to re-
maove the majority of thymocytes. The resulting thymic fagments were di-
gested with 0.125% collagenase D (Rooche) and 10 U/mi DNase [ (Roche)
In RPMI 1640 a1 37°C [or 15 min, The supernatants, containing dissociated
TECs, were raved. and the remaining thymic (mgments were further di-
gested with colligenase D and DNase L This step was repeated swice, and
the remaining thymic fragments were digested with 0.125% colligenase/dis-
pase (Rooche) and DMase [ at 37°C for 30 min. The supematants from this
digess were combined with the sup from the collag digests,
and the mixture was centrifuged for 5 min at 450 g. The cells were sus-
pended In PBS. containing 5 mM EDTA and 0.5% FCS, and kept on lce
until the saining The cells were rained with anti-CD45 mAb (BD) and
UEA-1 and subjected to flow eytometric cell sorting with a FACS Vantage
(BD). Flow cytometric analysls was perfonned after staining the cells with
anti-CD45 mAb, UEA-1, anti-I-A* {eBicscience), and anti-CD80 {eBiosci-
ence) mAbs with 2 FACSCalibur (BD) 11 deseribed previously (13, 37).

Real-time PCR. RNA was extracted from sorted mTECs with RNeasy
Minl kits (QIAGEN) and made Into cDNA with cDNA Cycle ki (Invitro-
gen) according to the nunufacrurer’s instructions. Real-time PCR for quan-
tification of the mamlin 2, SAP1, CRP, and Hprt genes was performed as de-
scribed previously (12. 13). The pdmers and the probes are as follows: isulin
2 primen, 5'-AGACCATCAGCAAGCAGGTC-Y and 5'-CTGGTG-
CAGCACTGATCCAC-Y; inaulin 2 probe, 5'-FAM-CCCGGCAGAAG-
COTGGCATTI-3 8407 primens, 5 -ACTCCTTGTIGTTGCTIGOTG-
TTT-3 and 5'-TCGACTGAATCAGAGGAATCAACT-3"; SAP? probe,
5'-FAM-TTCACCAGCAGAATCAGCAGTTCCAGAA-3'; CRP primen.
5 TACTCTGGTGCCTTCTGATCATGA-Y and 8 -GGCTTCTTIT -
GACTCTGCTTCCA-Y ;CRPprobe, 5 -FAM-CAGCTTCTCTCGGA-
CITTIGCTCATGA-Y,; Hpdt primen, 5’ -TCAACGACGCTACTGTAAT-
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GATCACTCAAC-Y and 5'-AGCAAGCTTCCAACCTTAACCA-Y; and
Fpnt probe, 3'-FAM-TGCTTTCCCTGGTTAAGCAGTACAGCCC-3'.

Statistical analysis. All mosults are expromed 35 mean + SEM. Satistical
analysis was performed using Student’s two-tiiled unpaired ¢ test for com-
parisons berween two groups. Differences were considered significant if
p-values were 0.05 or lem.

Qaline supplemental materials. FHg. 51 shows Alre-expreming celb in
adult and embryonic thymi. Fig 52 shows altered morphelogy together with
the distdbution of GFP* Alre-lew mTECs in Aow * mice. Fig. $3 shows al-
tered morphology together with the distribution of GFP* Aire-les mTECs
in Aiw~ % mice expresting the nonautoreactive OT-11 TCR. transgene. Ffig.
54 shows altered morphology of GFP* Aire-less mTECs in Ame®# mice at
neonatal stage PL. Table 51 shows detatled information for mice analyzed for
inveluctin-expresing mTECs. Ouline supplemental material is availible at
hurpe/ Sworw jem.org/cgh/ coment/ full jen. 20080046/ TC 1.
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