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Type 1regulatory T (Tr1) cells are Foxp3~ interleukin-10 (IL-10)-producing CD4* T cells with potentimmunosuppres-
sive properties, but their requirements for lineage development have remained elusive. We show that Tg1 cells con-
stitute the most abundant regulatory population after allogeneic bone marrow transplantation (BMT), express the
transcription factor Eomesodermin (Eomes), and are critical for the prevention of graft-versus-host disease. We
demonstrate that Eomes is required for Tg1 cell differentiation, during which it acts in concert with the transcription
factor B lymphocyte-induced maturation protein-1 (Blimp-1) by transcriptionally activating IL-10 expression and
repressing differentiation into other T helper cell lineages. We further show that Eomes induction in Tg1 cells re-
quires T-bet and donor macrophage-derived IL-27. Thus, we define the cellular and transcriptional control of Tg1 cell
differentiation during BMT, opening new avenues to therapeutic manipulation.

INTRODUCTION
Type 1 regulatory T (Tr1) cells are a FoxP3, interleukin-10 (IL-10)-
producing T cell population, which have potent immunosuppressive
functions and bear alloantigen specificity (1, 2). IL-10 is the major
mediator by which Tr1 cells assert their immunomodulatory role.
Direct and bystander-mediated T cell suppression by transforming
growth factor-B (TGF-B) and granzyme B (GzmB)-dependent kill-
ing of antigen-presenting cells (APCs) have also been described [re-
viewed in (3)]. In addition to IL-10, Tr1 cells show high expression of
TGF-B and secrete intermediate amounts of interferon-y (IFNy) but
not IL-2 or IL-4 (3-5). Extensive studies have demonstrated the im-
portance of Trl cells in maintaining immune tolerance or limiting
overt inflammation after transplantation, during autoimmune disease,
or after infections (6-9). IL-27 has been identified as a main driver of
Tg1 cell differentiation via the activation of transcription factors that
include B lymphocyte-induced maturation protein-1 (Blimp-1), the
aryl hydrocarbon receptor (AhR), and c-Maf (5-8, 10-12). However,
the function, phenotype, and lineage development of Tg1 cells in dis-
ease states remain poorly understood (5, 13).

Graft-versus-host disease (GVHD) is a common complication of
allogeneic bone marrow transplantation (BMT), limiting survival and
quality of life (14). CD4"FoxP3" regulatory T (Tyeg) cells are a well-
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defined regulatory population important for the generation of toler-
ance after BMT (15). Because of impaired homeostasis of Ty, cells after
allogenenic BMT (16), other suppressive cell populations such as Tr1l
cells may be imperative for the prevention and treatment of GVHD.
Consistent with this idea, IL-10 deficiency in donor T cells results in
more severe GVHD (17, 18). Thus, we developed a mouse model using
a dual 1110°"*/Foxp3™™ reporter mouse strain (19, 20) to delineate
Theg cell responses after experimental BMT. Using GVHD as a disease
model, we show that Tr1 cells are the most abundant IL-10-producing
Treg cell population after experimental BMT. Further analyses demon-
strate that Tg1 cells that develop during GVHD express high amounts
of Eomesodermin (Eomes), which is required for their development,
and its overexpression promotes Tr1 cell development both in vivo and
in vitro. Eomes acts in concert with Blimp-1, a known transcriptional
regulator of Tr1 cell differentiation (6-8, 21), to induce IL-10 expres-
sion. We further show that Eomes expression and Tr1 cell develop-
ment require T-bet and donor macrophage—-derived IL-27, resulting in
a T-bet°Eomes" phenotype. Last, we demonstrate that Eomes" Tyl
cells are abundant after clinical BMT, indicating the applicability of our
findings. Our findings open the way for new therapeutic strategies in
transplantation and other clinical settings.

RESULTS

Tr1 cells represent a major T,.q4 cell population in GVHD

We used 1110°** and Foxp3®™ dual reporter mice as BMT donors to
define CD4"FoxP3IL-10" Tgl cells, CD4"FoxP3" Ty cells, and
CD4*FoxP37IL-10" conventional T (Tcon) cells (Fig. 1A). T cells were
the major IL-10 producers after both allogeneic and syngeneic BMT
(Fig. 1B), with the highest proportion and intensity of IL-10 produced
by Tr1 cells (Fig. 1C). Tr1 cells were present at up to 10-fold higher fre-
quency and number than T cells after allogeneic BMT in GVHD tar-
get tissues (liver and, to a lesser extent, small intestine), mesenteric
lymph nodes (Fig. 1D), and spleen (Fig. 1, D to F). Tl cells induced
under these conditions had suppressive properties in vitro equivalent to
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Fig. 1. Tr1 cells constitute the major T4 cells after allogeneic BMT. (A to E) B6 (Syn) and B6D2F1 (Allo) mice were transplanted with B6 CD3* Tcells (IIIOGFP/Foxp3RFP).
(A) Gating strategy after BMT for analysis and fluorescence-activated cell sorting (FACS) of Tr1 (red), Treq (blue), and Tcon (green) cells. (B) Schema of BMT. (C) Expression of
IL-10 and FoxP3 in the spleen at day 14 (representative of more than three experiments). (D) Frequencies of Tr1 and T,eq cells at day 14 (solid bar, II10GFP+; open bar, //70"’”").
(E) CD4" T cell subsets in spleen after BMT (n = 8 to 9 per group each time point). (F) B6D2F1 mice were transplanted with B6 CD4" T cells (110°" and Foxp3RFP) and fre-
quencies of Tg1 and Treg cells in the spleen at day 14 (n = 14). (G) Suppression of proliferation of carboxyfluorescein diacetate succinimidyl ester-labeled B6 CD4" and CD8*
responder T cells in vitro by naive Tyeq cells versus Tg1, Treg, and Teon cell “suppressors” sorted from 10 transplant recipients at day 14 (data combined from two experi-
ments). (H) Experimental BMT schema showing adoptive transfer of sorted Tg1 cells to treat established acute GVHD and (1) survival of recipients are shown [n=8in T cell
deplete (TCD) group, others n =11 to 12]. Data are means + SEM.

B6./110-"-

posttransplant Tig cells on a per-cell basis (Fig. 1G and fig. S1). To con-
firm their suppressive function in vivo, we induced GVHD with wild-type
(WT) or Il1 07~ CD4'CD25™ T cells that cannot develop into functional
Tr1 cells. As expected, we observed enhanced GVHD in the absence of
IL-10; however, adoptive transfer of limited numbers of Tr1 cells at day 7
after BMT (Fig. 1H), when acute GVHD was established, prolonged sur-
vival significantly (Fig. 11), consistent with potent regulatory function.
Thus, Tr1 cells represent the major T cell population in GVHD induced
by allogeneic BMT and contribute significantly to transplant survival.

Tr1 cells express Eomes and display a distinct

phenotypic profile

CD49b and LAG-3 coexpression can be used to identify Tr1 cells in
models of colitis (9); however, their expression is insufficient to iden-
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tify Tl cells after BMT (fig. S2A). Therefore, we used Foxp3®™*~
and I110°"* as Tyl cell markers. Thus defined Tyl cells demon-
strated high expression of CD122, a4p7, LAG-3, Ly6C, and TIGIT
and low expression of CD25 and CD69 relative to other CD4" T cell
subsets (fig. S2B). Consistent with the Tg1 cell phenotype (3, 5, 9),
Foxp3* ™ 11105*"* Tg1 cells expressed high amounts of IL-10 and IFNy
but little T helper 2 (Ty2) cytokines, such as IL-4, IL-13, and IL-5,
or Ty17 cytokines, such as IL-17, IL-6, or granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Fig. 2A and fig. S2C).

Tr1 cells have often been considered a terminally differentiated Ty1
cell subset programmed to limit aberrant inflammation (5, 13, 22). Tr1l
cells expressed high amounts of T-bet, the Ty1 cell-determining tran-
scription factor, but low amounts of GATA-3, BCL-6, and RORyt.
When we analyzed the expression of other transcription factors related
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Fig. 2. Tg1 cells express Eomes and display a distinct phenotypic profile. (A to C) B6D2F1 mice were transplanted with /1107 Foxp3®F B6 CD3" T cells. CD4* T cells
from spleen were FACS-sorted into Tr1, Treq, and Teon cells at day 14 as in Fig.1A (data from three experiments; ND, not detectable). (A) Cytokine production in culture
supernatant of T cell subsets. (B) Expression of transcription factors in T cell subsets (red, Tg1; blue, Tyeg; green, Teon; gray, isotype). (C) Expression of cytokines and Eomes

in T cell subsets. Data are means + SEM.

to T cell differentiation, we observed high Eomes expression, which
was largely restricted to Tr1 cells (Fig. 2B and fig. S2D). Eomes ex-
pression tightly correlated with high expression of IL-10, IFNYy, and
GzmB (Fig. 2C). In contrast, Eomes® Tr1 cells expressed low levels
of IL-2,1IL-17A, and GM-CSF (Fig. 2C). Thus, Tr1 cells that develop
during allogeneic BMT specifically express Eomes.

Eomes is required for Tg1 cell differentiation

To test the role of Eomes in Ty1 cell development in vivo, we used CD4*
T cells isolated from Eomes™'xCd4-cre donor mice in allogeneic BMT.
Strikingly, Tr1 cell generation was significantly reduced (by >70%) with
decreased GzmB expression in recipients of Eomes-deficient CD4"
T cells (Fig. 3A and fig. S3, A and B). Critically, the loss of Eomes did not

impair the development of IL-10"IFNy" or T-bet" Tcon, IFNY " TNF"
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Ty1,and IL-17A" Ty17 cells or IL-10 expression by Theg cells but instead
favored the expression of IL-4 and FoxP3 (Fig. 3A and fig. S3, Bto F). To
further elucidate the role of Eomes in the differentiation of Tg1 cells and
transactivation of 1110, we transplanted donor WT or Eomes ™~ CD4"
T cells, which constitutively expressed Eomes after retroviral transduc-
tion. Strikingly, enforced expression of Eomes rescued the development
of Tg1 cells from Eomes™'~ CD4" T cells after BMT and also promoted
their development in WT cells (Fig. 3B). In addition, overexpression of
Eomes promoted the expression of GzmB while suppressing FoxP3,
IL-4, and IL-17A expression (fig. S3G). Furthermore, overexpression of
Eomes up-regulated the transcription of 1110 but suppressed that of
other lineage-defining transcription factors including Tbx21, Gata3,
Rorc, Bcl6, and Foxp3, in addition to the Tgr1/Ty17 cell-related factors
Ahrand 1121 (Fig. 3C) (10, 23, 24).
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Tr1 cells generated in vitro in the presence of IL-27, a cytokine-
promoting Tr1 cell development (8, 11, 12), did not express Eomes
protein, nor did Tyl, Tu2, Tul7, and induced Ty cells (fig. S4A),
indicating that short-term in vitro cultures do not replicate the con-
ditions inducing Tl cells after BMT. Nevertheless, Eomes mRNA
was higher in Tg1 cell than in other T cell lineages in these cultures
(fig. S4B). Consistent with this observation, we did not observe a de-
fectin Tgr1 cell differentiation in the absence of Eomes in these condi-
tions (fig. S5A). However, transduction of Eomes into CD4" T cells
and subsequent restimulation in culture markedly promoted the dif-
ferentiation of IL-10"IFNy* Tg1 cells and the expression of GzmB
while suppressing the expression of IL-4 and FoxP3 (fig. S5B). Over-
expression of Eomes also suppressed mRNA expression of transcrip-
tion factors defining other Ty cell lineages, including Tbx21, Gata3,

11

wr »

Rorc, and Bcl6, and other Tr1/Ty17 cell-related factors, such as Ahr,
Maf, and 1121 (fig. S5C). Collectively, we show that Eomes is required
for Tr1 cell differentiation, IL-10 secretion, and repression of alterna-
tive fate differentiation.

Eomes directly regulates IL-10 expression in Tr1 cells

To understand the mechanism by which Eomes regulates Tr1 cell dif-
ferentiation, we performed chromatin immunoprecipitation (ChIP)
assays on sort-purified Tg1 cells or CD4" T cells 14 days after BMT.
This demonstrated that Eomes is bound to multiple sites within 2 kb
upstream of the transcription start site (TSS) of the I/10 gene (Fig. 3D).
The binding of Eomes to the Il10 promoter was similar to that ob-
served in the Ifny promoter, suggesting that Eomes regulates expres-
sion of both 1110 and Ifny directly. Consistent with this concept, the

B WT WT Eomes—- Eomes—-
+Mock-GFP +Eomes-GFP +Mock-GFP +Eomes-GFP
0.1 30

0.3 31

o
Bt 49 : 76 -
+ 0 107 100 10° 10° o102 10° 10° 10° =
8 |7 32 “l93 01 IEN ‘ 83 . i
E * . ] Y 010 10° 10* 10° 010 10° 10* 10° 010 10° 10* 10°
s s s
9 N 45 10 53 01 05 29
w L o o e ™
0 o N g 10°
e JER R caranell TR PR — . ;
"o 1 1t 010 10° 10" 10 010? 10° 10° 10 0102 10° 10° 10 = = "
FoxP3 Eomes Eomes —mM8M8M8M8m ™ 1\ 15 05 o =< 62
[ Eomes* Eomes o 10° 10° 10° o 10° 10* 10° o 10° 10' 10°
" 151 oS 70, NS 100y 22 707 xx - 2 4oym w2 25 am s
. ® o o 60{,, °° @ v 2 60 3 -3 s e Se,n .
°oQ 8™ c 3 50 g ok o 8 8078 eF 50 3 = SR ¢ . 2 .
(s = . | . . + P .
=3 °p 9 T 40 e g g 60 ° & 40{% | ° 285 H 2g'®
=0 23 g &7 30 = E 40 20 30kt 2 25 | 2510
L9 B xR X o = . = 3 240l FI g
=2 B R R 90 xR ®F 20 z £ 8 = £ £ 05 *
g a 3 Jal 3 20 S = 8 e 8 |
= o . © 10 3 10 * 0 s ool
% 0 ¥ O ¥ 0= C;X LR cg? LR
$ & NS ™ é\ & oe,(- & \ng.»
& & & & O é\& S @ @
C WT Eomes WT Eomes WT Eomes
21 Eomes 21 1o 18 Prdm1 18 Maf 12 Ahr 15 n21
c
%18 18 1.5 15 1.0 12 D
g1s 1.5 1.2 1.2 08 0o
12 12 09 09 06 : TCACCCCT CCACACCT TCAATCCT >
2 Z gz 06 06 04 06 -1880 -1542 -456
g 3 0.3 0.3 0.3 0.2 03 — S ]
0 0.0 0.0 0.0 0.0 0.0 C B A TSS
R R Q RR KR RR KR RR LR RRLKR RRRXR
<§”®” SELS SIS SEES  LEES 9“;;““ 1110 promoter
0 0 (, 0 0 QJ
@ ®° @ «‘\“%(‘\ @ ®° @ ®° \“ w\° \b@o
) )
WT Eomes‘/“ WT Eomes"‘ WT Eomes WT Eomes WT Eomes Wr Eames ] aEGomes s WT y
5 lg 4 Eomes™~
15 Tbx21 20 Gata3 15 Rorc 18 Bcelé 12 Foxp3 -
I 15 1.0 3 4 =l 3
g'” 18 ' 12 08 5 £
509 09 : : S 3 5
3 1.0 0.9 0.6 & 5 =2
o e
208 06 06 0.4 3 =
303 05 03 g 1
zo : 03 0.2 a o
0.0 0.0 0.0 0.0 0.0 0 0
R KL d R R ‘2 Q R Q ¥ O o & Q> ¢]
(< <( K Q ‘< 54 "< < ‘< £ ‘( £ ‘( ‘( ‘< < ‘< < "< ‘( o
S5 ‘_oe SSLS \5’ X RN SIS QO QT 0T e Q&7 ®
®° ®° ®° ®° \\ \¥° \¥° ®° ®° ®°
WT Eomes WT Eomes Eomas- WT Eomes Eomas- WT Eomes WT Eomes

Fig. 3. Eomes is required for Tg1 cell differentiation. (A to D) B6D2F1 mice were transplanted with primary or retrovirally transduced (Mock-GFP or Eomes-GFP) CD4*
T cells. (A) Expression of IL-10, IFNy, FoxP3, Eomes, and T-bet (open bar, Eomes*IL-10%; solid bar, EomesIL-10%; n = 10 per group) in recipients of WT or Eomes™~ CD4*
T cells at day 14 (n = 10 per group). (B) Expression of IL-10, IFNy, and Eomes in transduced WT or Eomes ™~ CD4" T cells at day 7 (n =8 per group) and (C) transcription of //10
and related genes (data are from four to five pooled animals in triplicate reactions, representative of two independent experiments). (D) CD4" T cells or Foxp3t 110+ Tg1
cells were FACS-sorted from the spleen and liver at day 14 (representative of three experiments). A schematic diagram of the mouse IL-10 promoter indicates Eomes binding
sites upstream of the TSS, with each sequence shown. Recruitment of Eomes to the //70 promoter and control regions in CD4* T cells from Tg1 cells (data are from 30 pooled
animals in triplicate reactions) and recruitment of RNA polymerase Il (Pol II) to the /10 promoter in WT or Eomes™~ CD4* T cells (data are from 10 pooled animals in triplicate
reactions). Data are means + SEM.

Zhang et al., Sci. Inmunol. 2, eaah7152 (2017)

7 April 2017 40f13



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A , 1 B

[ -

S ., , -

et _14_ et 62 N

4 010?10 10° 10° 0 10* 10° 10* 10° =

: ©°0.6 0.1 ©0.1 0.6

2 | IFNy

£ ov g °

—
@ =t oA 0.4 =
010 10° 100 108
Eomes

WT WT Blimp-1--  Blimp-1--

+Mock-GFP +Eomes-GFP +Mock-GFP +Eomes-GFP

0- 5 £55
0102 10* 10* 10°

1n522

Ly
0102 10° 10 10°

33 "“los 17

Eomes IFNy : 53 af 15
10° 10° 010 10° 10* 10°
@ " o
@ @ 20 % 5 ?"; § 40 ;‘; g 40 P P
® ® Sy © L+ s o F . 8
. o 15 %2 c® 2y 1l 353170 28
D+ T - X a3 28 o =3 T X
£ =23 w3 e 9 .5 20{¥ 8 < 20{8 25
S > 10 S oo zZ 3 £ ] o B
w o P 5L, 2% Lg . S S I
=8 L5 =% =8 =g 10]* 4210 £2
S <55 > 5 O 2 B3R v}
° ° g a1 <} £ : 5 o £ 3
£ £ - S c 0 0.04= — c 0 0
° RR KR RR KR RR KR RR KR
° & oé& «é‘e ) w’ée'« gé'f’(( *,é‘aé wé(eé (fé‘qc;? <~f0‘<eé< géeé
& & & & & & & &
$Q’\ < \“020& @i‘c@ \“o(,/o@ @icé\ \*02/06\ @z/o@ @z/o@ @z/oé\
& € AR A S TE
L2 R2 WT  Blimp1~- WT  Blimp1~- WT  Blimp1~- WT  Blimp1~/-
c ] ! D 3 Eomes”
Site /10 B Site /110 C % *kkk B Eomes—
20 . 100 L, 40 » 157 E
= = | loéEGomes ° o § . %
3 [ o
245 g3 E ,3803?%._ 301 | *912
< £ N e
5 5 Bx oot B % (% 22 9
£10 g2 £84o. 58 o0 238
%3 [ = — w
g os g 4 w39 12 *g =8 I8 =3
8 il 'E 10*] ° 20 8 8 3
0.0 0 N o £ 0 £ 0 ~ £,
K K& K& K K L K& K = 9 — v v v
& & & & & & & Q e & & & L&
¢ & & ¢ F & F = o 38 D) @ @ 0
WS W S WS W 00?100 10° 108 o2 108 10t 108 N N A\
L Q/ | Q/ , N @ Y @ J 010° 10 10" 10° ao® 10° 10° 10°
WT  Blimp-1- WT Blimp-1- Eomes Eomes
O IL-10" O iL-10*
NS NS H |L-107 B L-107
» 30 2 1577 2 E , 307 127 S
D 25 . 83 © ,s O > 2
S s 2812 - - 8 25 3
ot ool T EF |l & “» = 20 o2& 9
o o - + of& B8 N D+ N =
=g T o3 s 88 © g% o X
S8 15 29 2 ED 45 EZ g
W <0 2 8 6{" -l | kel S (%
R (PO i T ® g 10 Y5
S 5 £33 i e s . G&s
£ S £ = = © c #
o e A\ -
Q&g X & X 1 od 3 0 X 0 X
& & = o 10 1ot 108 S S
\\\ \\»\ 010> 10° 10* 10 \é\\\\ @\\»\

Eomes

Fig. 4. Eomes* Tg1 cells are dependent on Blimp-1, IL-27, and IL-10. (A to F) B6D2F1 mice were transplanted with primary or retrovirally transduced (Mock-GFP or
Eomes-GFP) CD4* T cells, and spleen was examined after BMT. (A) Expression of Eomes, IL-10, and IFNy in WT or Blimp—I‘/‘ CD4"* T cells at day 14 (n = 14 to 15 per group).
(B) Expression of Eomes, IL-10, and IFNy (n = 18 and 17 for WT; n = 13 and 14 for Blimp-17'") in transduced CD4" T cells at days 7 to 10. (C) Recruitment of Eomes to /110
promoter in transduced CD4* T cells (WT or Blimp-l_/') at day 10 (data are from four animals in duplicate or triplicate reactions). (D) Expression of T-bet, Eomes, and IL-10 in
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of Eomes and IL-10 (open bar, Eomes*IL-10%; solid bar, Eomes*IL-107) in CD4* T cells in recipients of WT or /107~ CD4*CD25 T cells at day 14 (n = 10 to 11 per group). Data

are means + SEM.

recruitment of RNA polymerase II to the I10 promoter, an indicator
of transcriptional activity, was reduced in Eomes-deficient CD4"
T cells (Fig. 3D).

Eomes" Tg1 cells are dependent on Blimp-1, IL-27, and IL-10

Blimp-1 is a well-defined transcriptional promoter of IL-10 in CD4" Ty
and T cells (6, 11, 21). Consistent with this notion, after BMT, IL-10
production in all CD4" T cells was confined to Blimp-1-expressing cells
(fig. S6A). Critically, conditional ablation of Blimp-1 (Prdm1 fl/ﬂchk—cre)
in donor T cells resulted in a near-complete loss of both IL-10 and
Eomes expression in CD4" T cells, demonstrating a near-complete lack
of Tg1 cells (Fig. 4A), whereas the expression of T-bet was not impaired
(fig. S6B). To elucidate the relative contribution of Eomes and Blimp-1
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to the expression of IL-10, we transferred Eomes-transduced WT or
Blimp-17~ CD4" T cells into allogeneic BMT recipients. Consistent
with a critical role of Eomes in the differentiation of Tr1 cells, overex-
pression of Eomes in Blimp-1-deficient CD4" T cells partially rescued
their defective expression of IL-10 and GzmB and suppressed the ex-
pression of IL-2, IL-4, IL-17A, GM-CSF, and FoxP3 after BMT (Fig. 4B
and fig. S6, C and D). Furthermore, Eomes transduction enhanced the
recruitment of Eomes to the I110 promoter regions in both WT and
Blimp-1""~ CD4 T cells (Fig. 4C).

To test the role of IL-27 in the induction of Eomes™ Tx1 cells after
BMT, we transplanted I127+"'~ CD4" T cells. Consistent with an impor-
tant role for IL-27 in Tg1 cell induction, we found substantially decreased
expression of Eomes in I 1277~ CD4* T cells, and Tx1 cells were reduced

50f13



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A B c Skin Liver
1004 1004 TR
3 iy Skin Liver Small intestine
T 801 T 80 — 259 wx 259 xx 129 NS
t B @ . . g
2 g S R R T
é 40 §40_ %153 15 . . o o
& 20l & 20l - :2:10 10 .
0 0 1 ’“'{’\r E 5 5 3 ﬁ
0 102030405060 70 0 1020 3040506070 2 o] % ==} ~ ﬁ 0 v
Days after BMT Days after BMT = S $.0 S
e— TCD @\\»\ <O é\\\»\ <O é&\\»\ <O
—o— WT
—8— [27r7"-
D Skin Liver Small intestine E 100+ 7D
207 X 20 =* 157 NS —
8 T 124 ° 3 %%
5151, B 15 . s . % 601 . wWT
2. % ol : =
8"10 oo 107 ¢ «/ T o S 40
E ; * ° 5} -
£ 5 5 ° dg o 20 Eomes
&£ | ) 3
0 ! 0 é 0 04 y iy
« & o « & o « o 0 1020 30 40 50 60 70
< \\’\Q <O N \\’\Q N <+ \\’\Q N Days after BMT

Fig. 5. Attenuation of GVHD by Eomes™* Tg1 cells. (A to E) B6D2F1 recipients were transplanted with CD4" T cells, and survival or histopathology was examined. (A) Survival
of recipients of WT or Blimp-17"~ CD4" T cells (2 x 10° per mouse) (n =11 per T cell group, n =7 in TCD; two experiments). (B) Survival of recipients of WT or 1127/~ CD4*CD25~
T cells (2 x 10° per mouse) (n = 12 per T cell group, n = 7 in TCD; two experiments). (C and D) Histology in recipients of (C) WT versus 11107 or (D) WT versus 110" ck-cre
CD4*CD25 T cells (1 x 10° per mouse) at day 28 (n = 6 per T cell group, n = 3 in TCD group). (E) Survival of recipients of WT or Fomes ™~ CD4*CD25™ T cells (1 x 10° per mouse)
(n =12 perT cell group, n =7 in TCD; two experiments). Histology represents mean + SEM.

by >80% (Fig. 4D and fig. S6E). In contrast, T-bet expression was in-
creased in the absence of IL-27 signaling (Fig. 4D), and the develop-
ment of CD4'IL-10 TFNy " conventional Ty1 cells or IL-10 production
capabilities of Treg cells were not impaired (fig. S6E).

We next tested whether the differentiation of Eomes" Tr1 cells was
dependent on IL-10 itself. The expression of Eomes, Tyl cells, and
T-bet was not reduced in I110r-deficient CD4" T cells (111 o1 xLck-cre)
after BMT (Fig. 4E and fig. S6F), indicating that IL-10 signaling in
T cells was not required for Tr1 cell differentiation. However, when
we transplanted 1110~ CD4*CD25™ T cells, Eomes* cells were reduced
(Fig. 4F), in line with the notion that IL-10 promotes Tg1 cell differen-
tiation indirectly (22, 25). In summary, Eomes expression in Ty1 cells
is downstream of IL-27 and Blimp-1 but does not depend on T cell-
intrinsic IL-10 signaling.

Eomes® Tg1 cells are critical for the prevention of GVHD

We next examined whether Blimp-1- and [127r-deficient CD4" T cells
would exacerbate GVHD due to impaired expression of Eomes and
Tr1 cells. Whereas Blimp-1 deletion exacerbated GVHD (Fig. 5A),
IL-27 receptor (IL-27R) deletion did not (Fig. 5B). Notably, Ty cells
were increased, and their IL-10 production was intact in recipients of
1127r”~ CD4" T cells (figs. S6E and S7A), consistent with compensa-
tory regulatory pathways in the absence of Trl cells. In contrast,
11107~ CD4" T cells sustain comparable expression of Eomes in T¢op
and Theg cells (Fig. 4F and fig. S7B) after BMT and thus reflect a more
relevant model to define the regulatory function of Tr1 cells in vivo.
Consistent with the reduced frequency of Tr1 cells, we observed en-
hanced GVHD in the skin and liver in recipients of 1110/~ CD4*CD25~
T cells (Fig. 5C). These findings were confirmed by transplanting
110" Lck-cre CD4*CD25 T cells, which also led to exacerbated
GVHD in the absence of IL-10-producing Tr1 cells (Fig. 5D). Last,
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Eomes™'~ CD4*CD25™ T cells also resulted in increased GVHD, further
confirming the important regulatory role of Eomes” Tyl cells after
BMT (Fig. 5E).

Eomes and T-bet cooperate to generate Tg1 cells

As we had observed coexpression of T-bet (encoded by Thx2I) and
Eomes in Tg1 cells after BMT, we wished to test the role of IFNy sig-
naling and T-bet in Ty cell development. Transplanting Ifngr '~ donor
T cells or neutralizing IFNY resulted in reduced expression of T-bet and
Eomes (Fig. 6A), with reduced expression of Eomes" Tr1 cells and ex-
panded T cell populations (Fig. 6, B and C). When we transplanted
Tbx21"~ CD4" T cells during BMT, we found that Eomes* Tr1 cells
were markedly reduced (Fig. 6D and fig. S8A). Although overall fre-
quencies of IL-10"CD4" T cells were unaffected, the absolute numbers
were reduced (Fig. 6D). However, most of the Thx21 “~1L-10* CD4*
T cells did not express IFNy but rather IL-4 and GATA3 or IL-17A,
indicating that these cells had been diverted to Ty2 or Ty17 cells, re-
spectively (Fig. 6D and fig. S8B). Gene expression analysis confirmed
polarization of donor CD4" T cells to Ty2 (Gata3, 114, and 1l13) and
Tu17 (Rorc, Ahr, and II21) cell lineages in the absence of T-bet. The
transcription of 1110 (from Ty2 cells) was also increased (fig. S8C). The
residual Eomes* population in Thx21”~ CD4*IL-10" cells expressed
IFNy but did not express IL-4 (fig. S8D). Thus, T-bet and IFNy pro-
mote Eomes expression within the Tg1 cell lineage after BMT and, in
concert with Eomes, repress alternate cell fates. To further understand
the relative function of Eomes and T-bet in the differentiation of Tr1
cells, we retrovirally transduced Thx21""~ CD4* T cells with Eomes.
The overexpression of Eomes rescued the expression of IL-10, IFNy,
and IL-10"TFNy" Tl cells and correspondingly suppressed the ex-
pression of GATA-3*IL-4" T2 and IL-17A" Ty17 cells (Fig. 6E and
fig. S8, E and F).
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to four subsets based on /70

We next investigated whether there is a temporal and/or spatial col-
laboration between T-bet and Eomes during Tgrl cell development.
First, Eomes expression in Tyl cells was profoundly time-dependent
after BMT (fig. S8G), and CD4" T cells transited from a T-bet"Eomes®
to a T-bet°Eomes™ state over time (Fig. 6F), correlating with the in-
creasing frequency of Trl cells (Fig. 1E). Furthermore, after repeated
exposure to high levels of alloantigen in vivo, most donor CD4" T cells
had acquired Eomes (>95%) and converted to Tr1 cells (>70%) within
4 weeks of transfer into secondary BMT recipients (fig. SSH). Consis-
tently, overexpression of Eomes suppressed the expression of T-bet
while promoting Tyl cell differentiation (Fig. 3B and fig. S8I). Tgr1
cells (Foxp3®™®~1110°*%), found in low frequencies in naive mice, also
exhibited higher Eomes expression. This was sEeciﬁc to Tr1 cells because
IL-10-producing Treg cells (Foxp3*" 1110°*"*) expressed some T-bet
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and Foxp3"F expression and T-bet and Eomes were evaluated (representative of two experiments). Data are means + SEM.

but not Eomes (Fig. 6G). Collectively, these data show that both T-bet
and Eomes are required for Tr1 cell differentiation, which is character-
ized by the initial up-regulation of T-bet, the acquisition of Eomes ex-
pression, and the subsequent down-regulation of T-bet, resulting in a
T-bet®Eomes™ phenotype.

Recipient DC and donor-derived IL-27 promote

Tr1 cell development

GVHD is initiated by recipient APCs and is influenced by the intensity
of conditioning, that is, total body irradiation (TBI) and chemotherapy
dose intensity, in part through inflammatory cytokine dysregulation
(26, 27). Thus, we hypothesized that Tr1 cells may also be generated in
an APC- and conditioning-dependent fashion. The frequency of Tgr1l
cells in donor CD4" T cells correlated with the frequency of residual
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recipient conventional dendritic cells (DCs) (Fig. 7A) and reduced in-
tensity of TBI that favors the persistence of recipient DC (fig. S9A).
Blocking DC function by CD40L inhibition reduced Tr1 cells while
favoring Ty, cell development (Fig. 7B). In line with this observation,
depletion of both donor and recipient DC markedly reduced the de-
velopment of Tr1 cells early after BMT (Fig. 7C). Whereas the propor-
tions of Ty cells were unaffected, absolute numbers were reduced,
albeit much less markedly than Tyl cells (Fig. 7C). In contrast, the
depletion of donor DC or inactivation of donor APC function in isola-
tion did not impair Tr1 cell development (Fig. 7D and fig. S9, Band C),

indicating that recipient DCs are required for the development of Tyl
cells early after BMT.

Consistent with the notion that Eomes* Ty1 cells are dependent
on IL-27 signaling and further confirming critical role of IL-27 in
promoting Tr1 cell development, we found that the number of Tr1
cells significantly correlated with the number of IL-27" cells in the
spleen (Fig. 7E). Because IL-27R and IL-6R share and compete for the
same signaling component, gp130 (28), we hypothesized that blocking
IL-6R may favor IL-27R function. As expected, IL-6R inhibition
blocked signal transducer and activator of transcription 3 (STAT3)
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Fig. 7. Recipient DC and macrophage-derived IL-27 promote the development of Tg1 cells. (A to K) B6D2F1 mice were transplanted with TCD BM and CD4" T cells,
and spleen was examined. (A) Correlation of Tg1 cells (I110°7"+Foxp3%"-) with proportions of recipient DC at day 14 (n = 26). (B) Frequencies of Treg (Foxp3°™*) and Tg1
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at day 14 are shown. (K) Expression of IL-27 from recipient DC at day +1 after BMT. (L and M) B6.WT or B6.Foxp3GFP'DTR mice were treated with DT for up to 2 weeks, and

spleens were analyzed. (L) Phenotype of IL-27-secreting macrophage in CD3~ splenocytes and (M) expression of Eomes*IL-10" cells over time with representative plots
at day 14. Data are means + SEM.
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phosphorylation in response to IL-6 but not IL-27 (Fig. 7F). In con-
trast, IL-6R inhibition enhanced STAT1 phosphorylation in response
to IL-27 early after BMT (Fig. 7F) and resulted in increased expres-
sion of Tr1 cells and a small increase in the frequencies of Ty cells
(Fig. 7G and fig. S9D). The enhanced STAT1 phosphorylation in re-
sponse to IL-27 after IL-6R inhibition was not a result of an increase
in the number of cells producing IL-27 itself or IL-27 production on
a per-cell basis (Fig. 7H). We next sought to identify the cellular
sources of IL-27 after BMT. Most IL-27 (70 to 80%) was produced by
Ly6C" donor macrophages (CD11b*, MHC-II", Ly6C", F4/80",
CD64", and CCR2%), with a more limited contribution from donor
DC (CD11c" and MCH-II") (Fig. 71). More than 80% of all LyGChl
donor macrophages were secreting IL-27 after BMT (Fig. 7]). Deple-
tion of donor DC did not impair the overall frequencies or numbers
of IL-27" cells (fig. S9B), consistent with the lack of contribution by
donor DC to Tr1 cell development. Last, we demonstrated that recipi-
ent DC did not produce IL-27 early after BMT (Fig. 7K), suggesting
that the requirement of recipient DC to Tg1 cell development relates to
their capacity for alloantigen presentation and not IL-27 production.
Thus, donor macrophages appear as the main producers of IL-27 and,
in concert with the initial stimulation by recipient DC, drive Eomes-
dependent Tr1 development after BMT.

Zhang et al., Sci. Inmunol. 2, eaah7152 (2017) 7 April 2017

To further understand the requirement of Eomes in Tg1 cell devel-
opment, we investigated the expression of Eomes™ Tg1 cells in other
models of immunopathology. To this end, we used Foxp3°*P™® mice
to temporarily deplete Ty cells, thereby causing autoimmunity (29-31).
Depletion of T cells from adult mice resulted in a marked increase in
IL-27-producing Ly6Chl macrophages (Fig. 7L) and, critically, induced
large numbers of Eomes® Tx1 cells (Fig. 7M). Thus, our data show that
different inflammatory conditions result in the development of Eomes"
Tr1 cells. Furthermore, our results demonstrated that defects in T
cells are associated with compensatory increases in Eomes® Ty1 cells.

Identification of Tg1 cells in humans

To validate whether our findings from experimental BMT can be trans-
lated into humans, we analyzed the expression of Eomes, IL-10, and
other markers in CD4" T lymphocytes collected from healthy donors
and BMT recipients. Eomes'CD4" cells from healthy individuals and
BMT recipients were CD25°, FOXP3™, IFNy™, IL-4°, and IL-17A", and
aproportion secreted IL-10 (Fig. 8A). Thus, human EomesIL-10" cells
show the characteristics of Tr1 cells. Notably, compared with currently
used IL-10"TFNY" staining methods, the use of Eomes in defining IL-10"
Tr1 cells (Eomes'IL-10") provides better discrimination of Tr1 cells be-
tween healthy donors and BMT recipients (Fig. 8B). Furthermore, the
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use of T-bet and Eomes expression defines populations with increasing
proportions of IL-10"TFNy" Tr1 cells (Fig. 8, C to E), consistent with the
requirement for these transcription factors at different stages of differen-
tiation both in steady state and after clinical BMT. IL-10*TFNy* Tg1 cells
were enriched (>10-fold) in the T-bet°Eomes™ population, which exhib-
ited an effector memory (CD45RA™CCR7") phenotype (Fig. 8, C to E,
and fig. S10). Thus, consistent with the findings in the mouse model, after
clinical BMT, high Eomes and low T-bet expression in CD4" T cells can
be used to identify a population that is enriched for Tr1 cells.

DISCUSSION

We demonstrate that Eomes acts together with Blimp-1 and specifi-
cally drives the development of Tr1 cells. On the basis of our data and
published results (8, 32), we propose a model for the differentiation of
Tr1 cells after BMT, as illustrated in fig. S11. In this model, antigen
presentation by recipient DC and macrophage-derived IL-27 provide
the cellular and molecular cues for the development of Tg1 cells, in-
ducing Blimp-1 expression, which initiates the transcription of I/10.
Blimp-1 is also required for Eomes expression, and both factors act in
concert, enabling stable IL-10 production and Tyl cell differentia-
tion. Concurrently, T-bet is required to suppress GATA3 and RORyt
while driving IFNy and Eomes expression, ultimately leading to a
T-bet°Eomes™ phenotype, which can reliably identify Tg1 cells after
BMT as well as in steady state in mouse and man. There are some
limitations to this study. Our preclinical studies used predominantly
a single transplant model, although clinical data were congruent. In
addition, although T cell depletion results in Tr1 cell generation in
vivo, it is not yet clear how important Tg1 cells are in other disease
settings. Last, the relative in vivo suppressive activity of Tr1 cells ver-
sus Treg cells remains to be explored.

There is still debate whether Tg1 cells constitute an independent
lineage or simply represent IL-10-producing Tyl cells. In particular,
the lack of a master transcriptional factor for Tg1 cells has made pro-
gression of the field difficult (5, 13, 33). Multiple transcription factors,
including Blimp-1, AhR, and c-Maf, are induced by IL-27 and have
been shown to be critical for Tr1 cell differentiation (5-8, 10); however,
none of them appear to be specific to the Tr1 cell lineage. Eomes is a
T-box transcription factor that is more often than not coupled with
T-bet in the biology of CD8" T cells and natural killer cells (34, 35). Its
role in regulating functions of CD4" T cells (36, 37) and suppressing
Treg and Ty17 cell differentiation have been described recently (38, 39).
Here, we demonstrate that IL-10"TFNy" Tg1 cells are uniquely de-
pendent on Eomes. We found that Eomes bound to the 1110 and Ifny
promoters. Similarly, it has been shown that Eomes also binds to the
promoter of Gzmb (35), the expression of which is another feature of
Tr1 cells. Eomes overexpression was sufficient to promote IL-10 and
GzmB and suppress other lineage-characteristic transcription factors
(e.g., FoxP3, GATA-3, RORyt, and BCL-6) and cytokines (e.g., [L-2,
IL-4, IL-13, GM-CSF, and IL-17A). Therefore, expression of Eomes
and IL-10 within CD4" T cells defines the Tr1 cell lineage.

Increasing data have suggested a close relationship between Tg1 and
Tx17 cells linked via AhR, c-Maf, and IL-21 (10, 23, 24, 40). However,
Tr1 and Ty17 cells require different cytokines for their respective dif-
ferentiation: IL-27/IL-10 for the former and IL-6/TGF-B/IL-23 for the
latter (12, 41-43). Multiple groups have independently shown that
IL-27 opposed the functions of IL-6/IL-23 in Ty17 cell differentiation
(8, 28, 44). Our data demonstrate that inhibition of IL-6R signaling
favors IL-27 function and subsequent development of Eomes* Tyl
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cells. We further show that Eomes distinguishes Tr1 cells from other
T cell lineages including T17 cells, and its overexpression represses
polarization to Ty17 cells. This is in line with the notion that Eomes
suppresses Ty17 cell differentiation by directly inactivating Rorc and
Il17a promoters (39). A role for IL-27 in inhibiting Ty cell reconsti-
tution after BMT has also recently been reported (45), consistent with
the counterbalanced Ty1 cell expansion seen here. There appears to be
substantial interplay between IL-6 and IL-27 (28), an effect also seen
during GVHD. IL-6 inhibition has an intriguing capacity to enhance
IL-27 responses and thereby to promote Tr1 cell differentiation, an ef-
fect likely contributing to clinical efficacy (46).

Eomes can be regulated by T-bet in a Runx-3-dependent manner,
and the differential expression of these two T-box transcription fac-
tors is critical for the differentiation of CD8" T cells (47, 48). In line
with this notion, we show that IFNy signaling and T-bet expression
were required for Eomes expression, demonstrating an important
role of T-bet in the early phase of Tg1 cell development. Downstream
of IL-27, Blimp-1 is critical for the expression of IL-10 in CD4" T cells
in various models (6-8, 21, 49). Here, we show that Eomes* T1 cells
were regulated by both Blimp-1 and T-bet, consistent with a recent
report that demonstrated close collaboration between Blimp-1 and
T-bet in cytotoxic T lymphocyte generation (50). In addition, binding
of Blimp-1 to the Eomes promoter in CD8" T cells during viral infec-
tion has been described (32), suggesting that Blimp-1 not only regu-
lates IL-10 expression directly but also contributes to the induction or
maintenance of Eomes expression in Tr1 cells. Both Blimp-1 (6) and
Eomes bind to the I110 locus, and the activity of both is required to
promote efficient Tgr1 cell differentiation and 1110 expression. Similar
to Eomes, Blimp-1 is required not only for IL-10 expression but also for
GzmB (51). We also confirmed that IL-10 itself contributes to Tg1 cell
differentiation, a T cell-extrinsic effect likely via myeloid cells (22, 25).
Opverall, these data suggest that the functional interactions between
Blimp-1, T-bet, and Eomes are important for the differentiation of
CD4" T cells and Tx1 cell lineage in particular. Identification of the
bona fide transcriptional and cellular control of Tg1 cell development
should allow for therapeutic utilization of Tr1 cells in transplantation
and other diseases, where excessive and aberrant immunity results in
immunopathology.

MATERIALS AND METHODS

Study design

Female C57BL/6 (B6.WT, H-2b, CD45.2), B6.SJL-Ptprca (PTPrca,
H-2b, CD45.1), and B6D2F1 (H-2b/d, CD45.2) mice were purchased
from the Animal Resource Center (Perth, Western Australia, Australia).
B6 1127+~ and Thx217'~ mice were obtained from the Jackson Labora-
tory (Bar Harbor, ME). B6 Blimp-1°* (52), 1110 x Foxp3** (19, 20),
Foxp3ST®, Foxp3S™"P™R 1107, Ifryr”, MHC-IT, 110" xLck-cre
(53), 110" X Lck-cre (54), Prdm1"x Lek-cre (Blimp-17") (51), CD11cDOG,
and DBA2xB6.CD11cDOG mice were bred at the Queensland Institute
of Medical Research (QIMR) Berghofer Medical Research Institute animal
facility. B6 Eomes™ mice were derived from the Eomes™*¥/mhe mjce
previously generated by GTB and described in (55). The Eomes*/meherry
mice were crossed to the B6.12954-G(ROSA) 26507 ™25 1T line, which
induces FLP-mediated recombination to remove the mCherry/Amp
cassette to generate the Eomes™™* line. Removal of the Frt sites (and hence
the IRES-Cherry cassette) was detected using primers (a) 5'-ggacttggggag-
ccaaaa-3’ (forward) and (b) 5'-cacatctgtaaccgcagcat-3' (reverse) (deleted

allele, 306 bp). The primers (c) 5'-agtcggtttgagctggtgac-3' (forward), (d)
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5'-tttggaacagcctecaaatc-3’ (reverse) were used to detect the wild-type
(339 bp) and floxed allele (421 bp) while primer (e) 5'-AAGGGGAAGG-
GTGGTTAGAA-3’ (reverse) was used to detect the floxed allele (1941 bp)
and germline deletion (587 bp). This Eomes™™ Jine was subsequentl/y
crossed with Cd4-cre or Lck-cre mice to generate T cell-restricted Eomes "~
offspring. All recipient mice were used between 6 and 10 weeks of age,
and age-matched female donor mice were used. Mice were housed in
microisolator cages and received acidified autoclaved water (pH 2.5)
after BMT. All animal studies were performed in accordance with the
QIMR Berghofer Medical Research Institute Animal Ethics Committee.
We chose sample sizes based on estimates from initial and previously
published results to ensure appropriate power. As stated in the figure
legends and wherever possible, n values were derived from individual
mice from replicated experiments.

Bone marrow transplantation

BM (B6.CD45.1" or where indicated) was T cell-depleted, and spleno-
cytes were processed to CD3" or CD4" T cells, as described previously
(56). On day -1, recipient mice received 1100 centigray (cGy) (B6D2F1),
1000 cGy (B6), 900 cGy (CD11c-DOGxDBA/2 F1), or otherwise speci-
fied doses of TBI (**’Cs source at 108 cGy/min), split into two doses
separated by 3 hours. On day 0, recipients were transplanted with 5 x 10°
to 10 x 10° BM cells with or without 1 x 10° to 2 x 10° T cells (CD3" or
CD4"). Intraperitoneal injections of rat anti-mouse IFNy (XMG1.2,
produced in-house, 1 mg per dose, three times per week), hamster anti-
mouse CD40L (MR, BioXcell; 500 ug per dose, days 0, +2, +4, and +6),
ratanti-mouse IL-6R (MR16-1, Chugai Pharmaceutical Co., Japan; 500 pug
per dose, days -1, +3, and +7), and control monoclonal antibody
(mADb) were administered to recipients. In some experiments, CD11c-
DOG mice [in which diphtheria toxin (DT) receptor is driven off the
CDl11c promoter] were used as BM donors. Recipients were given
intraperitoneal injections of DT (160 ng per dose, three times per
week) after BMT to deplete donor DC. For depletion of recipient DC,
B6.CD11c-DOGxDBA/2 F1 mice were used as recipients and treated
with DT on days -3, -1, 0, +1, +3, +5, and +7.

Treg cell depletion

For depletion of Ty, cells, age-matched recipients (B6.WT or B6.
Foxp3“FPPTR) yere given intraperitoneal injections of DT (160 ng
per dose, three times per week) for up to 2 weeks.

Histology

GVHD target tissues (skin, liver, and small intestine) were taken, pre-
served in 10% formalin, embedded in paraffin, processed to 5-mm-thick
sections, and stained with hematoxylin and eosin. The sections were
examined in a blinded fashion using a semiquantitative scoring system,
and images were acquired as previously described (56, 57).

Flow cytometry

Single-cell suspensions were processed and stained, cells were analyzed
on an LSRFortessa cytometer (Becton Dickinson), and data were pro-
cessed using FlowJo version 9.0 (Tree Star). Cell sorting was performed
using FACSAria or MoFlo.

Clinical analysis

Peripheral blood was collected from healthy donors (n = 27) or patients
(day 60 after BMT) of an observational study (n = 18) and a phase 3
clinical trial (ACTRN12614000266662) (n = 25). All studies were ap-
proved by the institutional ethics committee, and all patients signed in-
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formed consent. Peripheral blood mononuclear cells were purified from
whole blood using Ficoll-Paque centrifugation and stained immediately.

Gene expression analysis

Total RNA was extracted with the RNeasy Micro Kit (Qiagen), and
gene expression was determined using TagMan GE assays (Applied
Biosystems). All measurements were run in parallel with the house-
keeping gene Hprt. All primer/probe mixtures were purchased from
Applied Biosystems.

Statistics

Results from mouse experiments are presented as means + SEM, and
the Mann-Whitney U test was used for comparisons. Results from
clinical samples are presented as median + interquartile range, and
Mann-Whitney U test was used for comparisons. Survival is estimated
and plotted using Kaplan-Meier methods, and the difference between
subgroups is estimated using log-rank methods. Ordinary least-squares
method is used in the linear or semi-log regression analysis. A two-sided
P value of 0.05 is considered statistically significant. Statistical analyses
are performed using Prism version 6 software (GraphPad) (NS, not sig-
nificant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.)
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