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were processed using Kaluza software (Beckman Coulter)
and analyzed with FlowJo (version 7.6.5; TreeStar, Ashland,
OR). The total numbers of cells were estimated from a
FACS-based cell count of single cell suspensions.
Flowcount beads (Beckman-Coulter, Galway, Ireland)
were added to the cell samples and cell counts were calcu-
lated by the following equation: viable cells X total
beads/counted beads.

Recruitment of monocytic MDSC in the tumor by CTLs

Cell sorting was performed using a BD FACS Aria III
(BD Bioscience). Single cell suspensions were centrifuged
over the hypo-osmotic 1.10g/ml density solution OptiPrep
(AXIS-SHIELD Poc AS, Oslo, Norway) and recovered from
the interphase. Dead cells were excluded in flow cytometry
on the basis of forward and side scatter profiles and Fixable
Viability Dye eFluor450 (eBioscience). For the cytochemical
and reverse transcription-polymerase chain reaction (RT-

untre "tgd\

Figure 1.
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PCR) analyses, CD45 tumor and stromal cells,
CD45"CD11b* Gr1"¢"LysC™ granulocytic MDSC,
CD45"CD11b" Gr-1"/®Ly6C* monocytic MDSC, and

CD11b*Gr-1™°"Ly6C™ macrophage were sorted.

The CD107a externalization assay

To evaluate the cytotoxic function of CTLs, cells (5 X 10°)
were stimulated for 4 hr with 1 pg/ml mgp100 peptide and 0.5
pl of APC-conjugated anti-CD107a antibody (Biolegend) or iso-
type control (Rat IgG2a, %, Biolegend).”® Cells were stained
with Pacific Blue-conjugated anti-CD45, APC-Cy7-conjugated
CD8, FITC-conjugated CD90.1. CD45*CD8*CD90.1" cells
were gated and CD107a expression was determined as an indi-
cator of degranulation.

ROS production

To detect the production of reactive oxygen species (ROS)
from monocytic MDSC, cells were stained with 0.6 pM
5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diac-
etate, acetyl ester (CM-H,DCFDA, Invitrogen) for 30 min at
37°C.}¢ Cells were stained with PerCP/Cy5.5-conjugated
anti-CD45, APC-Cy7-conjugated antj-CD11b, APC-conju-
gated anti-Grl, PE-Cy7-conjugated anti-Ly6C and Fixable
Viability Dye eFluor450 (eBioscience, San Diego, CA).
eFluor450” CD45" CD11b* Gr1™Ly6C™" cells were gated and
ROS production was assessed by the green fluorescence
intensity of CM-H,DCFDA.

CFSE labeling and proliferation assay

To prepare responder cells, splenocytes were harvested
from pmel-1 TCR-transgenic mice and CD8" cells were
magnetically enriched by positive selection using a mag-
netic cell sorting system (Miltenyi Biotec, Bergisch Glad-
bach, Germany). CD8" pmel-1 cells were washed twice
with PBS and resuspended at 107 cells/ml in PBS/1% BSA,
0.6 uM carboxyfluorescein diacetate succinimidyl ester
(CFSE, Invitrogen) for 10 min at 37°C. The labeling was
stopped by washing twice with cold RPMI with 10% FCS.
To prepare inhibitor cells, monocytic MDSCs were
enriched from tumor infiltrating cells on day 3 after CTL

1813

transfer. Cells were centrifuged over the hypo-osmotic
1.077g/ml density solution OptiPrep (AXIS-SHIELD Poc
AS) and cells recovered from the interphase. This proce-
dure eliminates dead cells and granulocytes, including
granulocytic MDSC. CD11b™ cells were then isolated using
EasySep Mouse CD11b Positive Selection Kits (STEMCELL
Technologies, Vancouver, BC) according to the manufac-
turer’s instructions. The purity of monocytic MDSC was
routinely >90%. CFSE-labeled pmel-1 cells (5 X 10°) were
then stimulated for 72 hr in 96-well flat-bottom plates
(Greiner Japan, Tokyo, Japan) with hgpl00 peptide
(1 pg/ml). To assess the immunosuppressive activity of
MDSCs, 1.5, 5.0 or 15 X 10° MDSC were added to the
cultures. On day 3 of the assay, cells were harvested and
stained with PE-labeled anti-CD8 and Alexa 647-labeled
anti-Thyl.1 (CD90.1, Biolegend). A total of 100,000 events
were collected for each sample by flow cytometry;
CD8*CD90.1" cells were gated and fluorescence intensity
of CESE was evaluated. The assays were also performed in
the presence of 0.5 mM NG-monomethyl-L-arginine
(L-NMMA) (inducible nitric oxide synthase (iNOS) inhibi-
tor, Dojindo, Kumamoto, Japan), 10 mM N-acetyl-l-cysteine
(ROS  inhibitor, Sigma, Saint Louis, MO) and 05 mM
No-hydroxy-nor-l-arginine (Nor-NOHA) (arginase I inhibitor,
Calbiochem, San Diego, CA). ‘

Quantitative real-time polymerase chain reaction

Total RNA was extracted using TRIZOL according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). The
purity and RNA concentration was determined using a
NanoDrop spectrophotometer (Thermo Scientific, Wilmington,
DE). The RNA was converted to ¢cDNA using the Super-
Script III First-Strand Synthesis System according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA), and
gRT-PCR reactions were carried out using EXPRESS SYBR
GreenER qPCR SuperMix Universal (Invitrogen). Primer
sequences are given in Supporting Information Table SI.
The PCR reactions were run in a Thermal Cycler Dice
Real Time System TP800 (Takara, Shiga, Japan) using the
following program: 1 cycle of 95°C for 2 min, 40 cycles

Figure 1. Infiltration of adoptively-transferred CTLs into the tumor induces massive accumulation of other cell types. (a) Adoptive CTL trans-
fer (ACT) suppresses tumor growth. B16 melanoma cells (1 X 10% were implanted subcutaneously in 6-week-old C57BL/6 mice (five mice
per group). Tumor growth was measured in mice bearing 9-d B16 tumors that received in vitro activated pmel-1 splenocytes (1 X 107) as
CTLs. Tumor volume was calculated by the formula n/6 X L,[,H, where L, is the long diameter, L, is the short diameter, and H is the
height of the tumor. (b) Infiltration of tumor-specific CTLs into the tumor was analyzed. Mice (n = 3) were killed at the indicated time
points and mononuclear cells were isolated from the tumor. In brief, tumors were cut into pieces, and digested in HBSS supplemented
with 0.1% collagenase D (Roche Diagnostics, Indianapolis, IN) and DNase | (Roche Diagnostics) for 60 min at 37°C. The entire material was
passed through a 70 um cell strainer (BD Falcon, BD Bioscience) by being pressed with a plunger, to obtain single cell suspensions of
tumor-infiltrating cells. For flow cytometry, these tumor digests were used without density gradient purification. Cells were stained with
Fixable Viability Dye eFluor450 to label dead cells. Then, CD45™ cells were gated to discriminate immune cells form tumor cells. The fre-
quency of CTL at the tumor site was analyzed as eFluor450~CD45*CD8*CD90.1" and the absolute number of CTLs was calculated (c).

(d) eFluor450CD45™ cells were further stained with anti-CD11b and -Grl mAbs to detect MDSCs. The absolute number of tumor infiltrating
cells () and CD11b™Gr1™ cells () at the indicated time points were shown. Numbers of each population were calculated as described in
the Materials and Methods section and adjusted by the tumor weight (cells/g). [] untreated mice, Jlj ACT mice. Numbers on the images
show the percentage of CD45 gated cells (mean = SD). All experiments shown were performed independently at least three times with
similar results.

Int. ). Cancer: 134, 1810-1822 (2014) © 2013 UICC
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Figure 2. The characteristic phenotype of CTL-induced MDSCs. Tumor-bearing mice (n = 4) were treated as described in Figure 1.
Tumor-infiltrating cells were harvested 3 days after ACT and analyzed by flow cytometry. (@) eFluor450°CD457CD11b™Gr1™ cells were
further defined by the expression of Ly6C. Numbers on the top of the images show the percentage of gated cells (mean + SD). (b)
Numbers of Gr1"8"Ly6C™, GriMLy6C™ and Gr1'®"Ly6C™ cells were compared w/o ACT. [] untreated mice, Jll ACT mice. (0) Surface phe-
notypes of MDSCs were further defined by the expression of Ly6G, IL-4Ra and F4/80. (d) CD11b*Gri"" and CD11b™Gr1™cells were
sorted from day 3 infiltrates from ACT mice (n = 5), stained with Diff quick as described in Materials and Methods; their morphology
was assessed using an OLYMPUS BX41 microscope. All experiments shown were performed independently at least three times with
similar results. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

95°C for 15 sec, 60°C for 30 sec. Results are expressed as
ratios. The quantity of target mRNA was normalized to the
level of GAPDH in each sample. PCR was performed in
duplicate for each experiment and the PCR products were
also monitored by electrophoresis on 1.8% agarose gels and
visualized with ethidium bromide.

Cytology

Smears were prepared from each sorted cell population, air
dried, and stained with Diff quick (Sysmex, Kobe, Japan)
according to the manufacturer’s instructions. Cell morphol-
ogy was evaluated using bright field microscopy (OLYMPUS
BX41 with Canon EOS Kiss X4 digital camera, OLYMPUS,
Tokyo, Japan, magnification 1,000X).

Histologic analysis

Fresh frozen sections were stained as described previously.”
In brief, cryosections were fixed in ice-cold acetone and pre-
incubated in Block Ace (Dainippon Pharmaceutical, Tokyo,
Japan). Subsequently, samples were incubated with primary
antibodies or appropriate control antibodies, followed by
appropriate Alexa Fluor-labeled secondary reagents (Invitro-

gen Japan K.XK., Tokyo, Japan). The samples were then ana-
lyzed using BZ-9000 fluorescence microscope with BZ-II
image processing software (KEYENCE, Osaka, Japan). Puri-
fied  anti-mouse - F4/80, - FITC-conjugated - Ly6C,
APC-conjugated CD90.1, anti-APC-biotin were purchased
from Biolegend. Goat anti-Rat IgG-Alexa 546, Rabbit anti-
FITC Alexa 488, Donkey anti-Rabbit 488, Streptavidin-Alexa
647 were purchased from Invitrogen. Tissues were also fixed
in 10% neutral formalin (Muto Pure Chemicals, Tokyo,
Japan), embedded in paraffin, sectioned (3 mm), and stained
with hematoxylin and eosin.

Statistical analysis

Statistical analyses were performed with JMP software, ver-
sion 9.0.0. (SAS Institute Inc., Cary, NC). Results are shown
as mean *= SD. Comparison of results was carried out using
the two-tailed unpaired t-test.

Results

Adoptively-transferred CTLs migrate to the tumor and

induce accumulation of myeloid cells

To investigate the mechanisms responsible for effective
immunotherapy, we utilized a murine model with B16

Int. J. Cancer: 134, 1810-1822 (2014) ® 2013 UiCC
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Figure 3. Immunosuppressive effector molecules of MDSCs. (@) Tumor-bearing mice (n = 3) were treated as described in Figure 1. Tumor-
infiltrating cells were harvested 3 days after CTL transfer, pooled and stained with eFluor450, ant-CD45-FITC, anti-CD11b-APC/Cy7, anti-Gr1-
APC and anti-Ly6C-PE/Cy7. CD45~ tumor cells, Gri"S"Ly6C™ granulocytic MDSC, Gr1™Ly6C* monocytic MDSC and Gr1'®"Ly6C ™ cells were
sorted and mRNA was isolated. The messages for iNOS, arginase |, MMP9, TGFB and VEGF were analyzed by quantitative RT-PCR. (b)
Tumor-infiltrating cells were stained with anti-CD45-PerCP/Cy5.5, anti-CD11b-APC/Cy7, anti-Gr1-APC, anti-Ly6C-PE/Cy7 and CM-H,DCFDA;
ROS expression was compared with the green fluorescence intensity. Numbers on the top of the images show the fluorescent intensity
(mean = SD). All experiments shown were performed independently at least three times with similar results.

melanoma cells and pmel-1-TCR transgenic T cells. As
shown in Figure la, tumors grew progressively in untreated
mice. In contrast, tumor growth was suppressed in mice
receiving CTLs by adoptive transfer. On day 7, the tumor
volume in untreated and CTL-treated (designated as ACT)
animals was 6549 * 1854 mm’ and 122.6 * 405 mm’,
respectively (p < 0.01). While tumors exceeded 600 mm® by
day 6.8 * 0.9 in untreated mice, this took 11.7 ® 0.5 days in
ACT mice (p < 0.01). These results indicate that adoptively-
transferred CTLs cause a significant delay in tumor growth.
However, anti-tumor activity was transient and tumors
started to grow again around day 8.

Int. J. Cancer: 134, 1810-1822 (2014) © 2013 UICC

To investigate the underlying mechanisms that limit the
duration of anti-tumor activity of these infused CTLs, dynamic
changes in the cells present within the tumor were analyzed.
Tumors were isolated from untreated or ACT mice at the indi-
cated time points after CTL transfer and were examined by his-
tology with standard hematoxylin-eosin staining (Supporting
Information Fig. S1). Only scattered inflammatory infiltrates
were observed in the tumor from untreated mice and ACT
mice on day 1. Massive infiltration of mononuclear cells and
destruction of tumor cells were observed on day 3 and 5 after
CTL transfer. The inflammatory response slightly subsided on
day 7. To further investigate the tumor infiltrating cells, mice
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Figure 4. MDSCs inhibit the proliferation of antigen-specific CTLs. Tumor-bearing mice (7 = 10) were treated as described in Figure 1.
Tumor-infiltrating cells were harvested from B16 tumor 3 days after CTL transfer.and MDSCs were positively selected by anti-CD11b mag-
netic beads. CFSE-labeled pmel-1 cells were stimulated with hgp100 peptide in the presence or absence of MDSCs at the indicated ratio.
The proliferation of pmel-1 cells was evaluated by flow cytometry. The proliferation of pmel-1 cells was further studied in the presence of
L-NMMA (iNOS inhibitor), N-acetyl-i-cysteine (ROS inhibitor) and Nor-NOHA (arginase | inhibitor). Numbers on the images show the percent-
age of gated cells (mean + SD). All experiments shown were performed independently at least three times with similar results.

were sacrificed at different time points after infusing CTLs and
mononuclear cells were isolated from their tumors. The cells
were stained with eFluor450 to label dead cells and the percen-
tages and numbers of eFluor450”CD45™ cells were analyzed
by flow cytometry (Fig. 1). Adoptively-transferred CTLs pref-
erentially ~ infiltrated into the tumor. In ACT mice,
CD8¥CD90.1" CTLs were detected in the tumor as early as
day 1 after CTL transfer, peaked on day 3 to 5 and gradually
decreased by day 7 (Figs. 1b and 1¢). The presence of CTLs in
the tumor paralleled the inhibition of tumor growth observed
in these ACT mice.

In untreated mice on day 1, the percentages of CD8™,
CD4" and NK1.1%* cells in the tumor were approximately 3.8
*+ 2.1%, 5.3 + 1.3% and 3.2 = 1.4%, respectively (Supporting
Information Fig. S2). The percentage of CD11b*Gr1* cells
was 742 %= 1.6% (Fig. 1d). Thus, the majority of tumor-
infiltrating cells were not lymphocytes but consisted of
CD11b*Gr1™ myeloid cells. Tn ACT mice, the tumor-

infiltrating CTLs were accompanied by massive accumulation
of other cells (Fig. le). While about 5.0 X 10° cells per gram
tumor weight were harvested from B16 tumors in untreated
nice, we obtained 1.4 = 0.5 X 10" and 1.6 = 0.5 X 107 from
ACT mice on day 3 and 5, respectively (Fig. 1e). CTL transfer
did not ‘affect the frequency of recipient-derived CD8"
(eFluor450"CD457CD8CD90.17) and CD4™ T cells (Sup-
porting Information Figs. S2A and B). However, the absolute
numbers of these cells were increased. The frequency and
number of NK cells (eFluor450 "CD45"NK1.1") in the tumor
slowly increased after CTL transfer (Supporting Information
Fig. $2C). Of note, massive accumulation of CD11b*Gr1* cells
was observed in the tumor (Figs. 1d and 1f). This was not
reflected in an increased percentage of CD11b"Grl™ cells in
the tumor relative to the untreated animals, but the absolute
number of these cells in ACT mice was much greater (p =
0.02) (Fig. 1f). The numbers of CD11b*Gr1* cells in ACT
mice were 3.6 + 1.4 X 10% 9.3 * 34 X 10% 89 = 2.2 X 10°,

Int. J. Cancer: 134, 1810-1822 (2014) ® 2013 UICC
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and 4.1 = 2.3 X 10° on days 1, 3, 5, and 7, respectively (Fig.
1f). ACT induced massive recruitment of CD11b" Grl1™ cells in
the tumor with similar kinetics to the CTLs.

Increased infiltrating myeloid cells after ACT is
characterized as Gr1™Ly6C* monocytic MDSC
Tumor-infiltrating cells were harvested from ACT and untreated
mice on day 3 after CTL transfer; CD11b*Gr1™ cells were gated
and further analyzed by anti-Ly6C mAb. They were divided into
three populations, Gr1™€"Ly6C*, Gr1™Ly6C" and Gr1®"Ly6C~
cells (Fig. 2a). As shown in Figure 24, the Gr1™Ly6C" cell popu-
lation was increased from 37.8 *+ 5.8% in untreated mice to 79.4
+ 0.6% in ACT mice. The absolute number of Gr1™Ly6C* cells
in ACT mice was 9.2-fold that of control mice (1.2 + 0.3 X 107
vs. 1.3 = 0.3 X 10% (Fig. 2b). In contrast, the percentage of
GrlhighLy6CJr in ACT mice was decreased to 2.0 = 0.8% com-
pared with 17.4 * 10.4% in controls (Fig. 2a), although their
absolute number was not different (Fig. 2b). Because it is known
that the Grl mAb binds to both Ly6G and Ly6C molecules, we
further defined these cells by anti-Ly6G and Ly6C mAbs sepa-
rately. We found that Ly6G was expressed by
CD11b* Gr1™"Ly6C* cells, but not CD11b™ Gr1™Ly6C™ cells.
[L4Re and F4/80 were expressed by both Gr1™Ly6C™ and
Gr1®"Ly6C~ populations (Fig. 2c). These data show that
CD11b* Gr1™"Ly6G* LysC* granulocytic MDSC,
CD11b" Gr1™Ly6G Ly6C*  monocytic =~ MDSC  and
CD11b* Gr1'®"Ly6G Ly6C ™ F4/80" * macrophage were present
in the B16 tumors. The cells preferentially accumulating in
the tumor following ACT were therefore monocytic MDSC.
Accordingly, CD11b¥Gr1™#" and CD11b*Gr1™%cells were
sorted from day 3 infiltrating cells from ACT mice and their
morphology examined by light microscopy (Fig. 2d). Multi-
lobed or polymorph nuclei were observed in CD11b* Gr1™e®
cells and eccentrically-placed kidney bean-shaped nuclei in
CD11b" Gr1™ cells. Consistent with these single cell analysis,
infiltration of adoptively-transferred CTLs and recruitment of
monocytic MDSCs were observed in the tumor after ACT by
immunohistochemistry (Supporting Information Fig. S3).
While only a few CD90.1" CTLs (blue) were detected in the
tumor on dayl, diffuse infiltration of CTLs were observed in
the tumor on day 3 to 7. Infiltration of CTLs were accompa-
nied by 3-5 times more in number of the recruitment of
Ly6C+ monocytic MDSCs (green). The distribution of
CD90.1* CTLs, Ly6C* monocytic MDSCs, and F4/80" mac-
rophages were compared between the center and the peripery
of the tumor on day 3 (Supporting Information Fig.S4). CTLs
and macropahges distributed throughout the tumor tissue in
a disseminated manner as scattered solitary cells. Aggregates
and condensations of monocytic MDSC co-localized with
CTLs. These results suggested that tumor infiltrating CTLs
recruited monocytic MDSC.

Adoptively-transferred CTLs activate monocytic MDSC
It has been reported that granulocytic MDSC use ROS to
mediate suppression,’® whereas monocytic MDSC use up-
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regulation of NO and arginase."® To determine whether cells
accumulating in the tumors of ACT mice have such suppres-
sive functions, we assessed the expression of these suppressive
molecules by cells isolated from the tumor 3 days after CTL
transfer (Fig. 3a). First, CD45 expression was used to separate
leukocytes from tumor cells. Next, granulocytic MDSC and
monocytic MDSC were isolated according to their Grl and
Ly6C expression as defined in Figure 2a. Quantitative RT-PCR
was performed with mRNA extracted from tumor cells and
leukocytes isolated from ACT and untreated mice. mRNAs for
iNOS, arginase I, MMP9, TGFB, and VEGF were detected in
leukocytes from both untreated and ACT mice. Although
MMP9, TGFB, and VEGF were decreased in the ACT mice,
iNOS was markedly upregulated in the Gr1™LysC* mono-
cytic MDSCs from these animals. Furthermore, cells were iso-
lated and stained with the mAbs and with CM-H,DCFDA, an
indicator for the production of ROS. As shown in Figure 3b,
monocytic MDSC from both ACT and control mice produced
ROS, but the fluorescence intensity of the former was
enhanced relative to the latter (p = 0.04). These results indi-
cate that monocytic MDSC expressed immunosuppressive
molecules and that CTL treatment was accompanied by an
upregulation of these immunosuppressive molecules in MDSC.

Monocytic MDSC suppress CTL proliferation

The capacity of MDSC to suppress antigen-specific T-cell prolif-
eration was investigated, with the results shown in Figure 4.
MDSCs were harvested from B16 tumor 3 days after CTL trans-
fer and positively selected by anti-CD11b magnetic beads. Their
purity was 91.6% (data not shown). To prepare responder cells,
gpl00-specific T cells were isolated from pmel-1 TCR trans-
genic mice (designated pmel-1 cells) and labeled with CFSE.
MDSCs were pulsed with 1 pg/ml hgpl00 peptide and
co-cultured with CFSE-labeled pmel-1 cells for 3 days. Pmel-1
spleen cells did not proliferate without peptide (Fig. 4, upper
left). In the presence of peptide and without MDSCs, 93.0 *+
0.9% of pmel-1 cells experienced cell division within 3 days.
When MDSCs were added to the cultures, proliferation was
inhibited in a dose-dependent manner. When MDSCs were
incubated with pmel-1 cells at a ratio of 0.3:1, 1:1 or 3:1, 22.9 =
3.8%, 82 * 0.4%, 41 = 0.3% of pmel-1 cells divided, respec-
tively. These results indicate that MDSCs in the tumors of ACT
mice inhibited the proliferation of the infused antigen-specific
CTLs.

To identify the factors responsible for the immunosup-
pressive activity of these MDSC, blockade of pmel-1 cell pro-
liferation was tested in the presence of L-NMMA (iNOS
inhibitor), N-acetyl-L-cysteine (ROS inhibitor) or Nor-NOHA
(arginase I inhibitor). By themselves, these reagents had no
effect on pmel-1 proliferation at the concentrations used (Fig.
4, upper two lanes). However, in the presence of L-NMMA,
inhibition of pmel-1 proliferation by MDSC was completely
abrogated. Even when three times more MDSCs were added
to the culture, 89.9 * 1.3% of pmel-1 cells still proliferated.
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Figure 5. The anti-tumor activity of CTLs and the accumulation of monocytic MDSCs is mediated by IFN-y. B16 melanoma cells (1 X 10%)
were implanted subcutaneously in 6-week-old C57BL/6 mice (six or seven mice per group). Tumor growth was measured in mice bearing
9-d B16 tumors that received 1 X 107 CTLs activated in vitro. ACT mice were divided into two groups; one received anti-IFN-y mAb and the
other received control Rat 1gG;. (@) Tumor volume was compared between untreated and ACT mice w/o anti-IFN-y mAb treatment. Tumor-
infiltrating cells were harvested 3 days after ACT. The number of tumor-infiltrating cells (b) and CTLs (¢) and intratumoral expression of IFN-
v mMRNA (d) were compared between IFN-y-treated or control IgG-treated mice after ACT. (¢) The number of Gr1"€"Ly6C* granulocytic MDSC,
Gr1™Ly6C* monocytic MDSC and Gr1'®Ly6C™ cells were also compared. B CTL + Rat IgG-treated mice, & CTL + anti-IFN-y mAb-treated
mice. () Gr1"8'Ly6C* granulocytic MDSC, Gr1™Ly6C* monocytic MDSC and Gr1'®"Ly6C™ cells were sorted from ACT mice without anti-IFN-y
mAb 3 days after CTL transfer and RNA was isolated. The messages for chemokine receptors, CCR2, CCR5, CCR1, CXCR2, CX3CR1 and
CXCR3, were compared in these cell populations (1 GriMe"Ly6C", B Gri™Ly6C*, @ Gr1'®"Ly6C™ cells) by quantitative RT-PCR. (g) Tumors
were harvested on day 3 after CTL transfer and total RNA was isolated. The mRNA expression of chemokines, CCL2, CCL7, CCL8, CCL12,
CCL3, CCL4, CCL5, CXCL2, CX3CL1, CXCLY and CXCL10, were compared with these animals (O untreated, B CTL + Rat IgG-treated mice, @
CTL + anti-IFN-y mAb-treated mice) by qRT-PCR. All experiments shown were performed independently at least three times with similar
results.
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Figure 6. CTL-induced anti-tumor activity and MDSC accumulation in CCR2™/~ mice. B16 melanoma cells (1 X 10°) were implanted sub-
cutaneously in 6-week-old C57BL/6 mice (WT) or CCR2™/~ mice. On day 9, tumor-bearing mice (n = 4) received 1 X 107 CTLs. A, Tumor-
infiltrating cells were harvested 3 days after CTL transfer and MDSCs were compared with WT and CCR27/™ mice. (b) Tumor growth was
measured in mice (five to seven mice per group) bearing 9-d B16 tumors w/o 1 X 107 CTL transfer. Suppression of tumor growth by
CTLs is augmented in CCR2™/~ mice. (© Tumor-infiltrating cells were harvested on day 3, 5, and 7. Cells were gated on CD45™; the infil-
tration of CTLs into the tumor was compared between WT and CCR2™/~ mice. (d) The absolute number of CTLs on days 3, 5 and 7 after
ACT in WT and CCR2™/~ mice. (e) Tumor-infiltrating cells were harvested at the indicated time points and stimulated with 1 pg/ml
mgp100 peptide. Cells were gated on CD45%CD8*CDY0.17¥; Externalization of CD107a on CD87CD90.1* CTLs was evaluated. Numbers
on the images show the percentage of gated cells (mean = SD). All experiments shown were performed independently at least three
times with similar results.

Suppression of pmel-1 proliferation was also diminished by ~MDSC:CTL ratio of 3:1, it was slightly increased from 22.9 =
N-acetyl-L-cysteine; it was restored to 39.2 * 2.1% from 4.1 3.8% to 55.4 = 5.2% at a ratio of 0.3:1. These results indicate
* 0.3% at an MDSC:CTL ratio of 3:1. Finally, although Nor-  that NO, ROS and Arginase I are all involved in the immu-
NOHA did not restore pmel-1 proliferation at the nosuppressive activity of MDSCs after ACT.

Int. ). Cancer: 134, 1810-1822 (2014) © 2013 UICC
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Both tumor growth suppression and stimulation of
monocytic MDSCs by adoptively transferred CTLs is
mediated by IFN-y

To determine the factors responsible for the activation of
MDSCs, anti-IFN-y neutralizing mAb was administered intra-
peritoneally to ACT mice. On the day of, and 2 days after, CTL
transfer, mice received either 500 pg anti-IFN-y mAb or rat
IgG, isotype control. Treatment with anti-IFN-y mAb was
found to completely abrogate the anti-tumor activity of trans-
ferred CTLs (Fig. 5a). Thus, even though mice received CTLs,
tumors in anti-IFN-y mAb-treated mice grew progressively with
the same kinetics as in untreated mice. Tumor-infiltrating cells
were harvested 3 days after ACT in animals treated or not
treated with anti-IFN-y mAb. The absolute number of tumor
infiltrating cells was comparable between these two groups (Fig.
5b). The degree of CTL infiltration into the tumor, as well as the
level of intra-tumoral IFN-y expression was the same in anti-
IFN-y mAb-treated and isotype control-treated mice, although
slightly but non-significantly reduced in the former (Figs. 5¢ and
5d). Nonetheless, the anti-tumor activity of the CTLs was com-
pletely abrogated in the anti-IFN-y mAb-treated mice. The per-
centage and number of Gr1™Ly6C* monocytic MDSC in the
tumor were both decreased by neutralization of IFN-y although
the overall number of tumor infiltrating cells remained the same
(Figs. 5b and 5e). These results indicate that both tumor growth
suppression and expansion of monocytic MDSC in the tumor
depend on the IFN-y produced by the tumor-specific CTLs.

The anti-tumor activity of the CTLs is augmented in the
absence of monocytic MDSC
To determine the factors responsible for the recruitment of
MDSCs into the tumor, mRNA expression of chemokine
receptors was compared on Gr1™Ly6C*, Gr1™Ly6C* and
Gr1'®"Ly6C™ cells after ACT (Fig. 5f). While Gr1™"Ly6C*
granulocytic MDSCs express CCR1, Gr1"™Ly6C* monocytic
MDSCs expressed CCR2. Consistently, CCR2 ligands, CCL2,
CCL7 and CCLI12 were expressed in the tumor and up-
regulated by ACT (Fig. 5g). The up-regulation of CCL7 and
CCL12 expression was diminished by anti-IEN-y treatment.
These results suggested that CCR2 axis was involved in the
recruitment of monocytic MDSCs into the tumor by ACT.
Therefore, we compared the anti-tumor activity of
adoptively-transferred CTLs in CCR2 ™/~ mice. B16 tumor cells
were subcutaneously inoculated into C57BL/6 wild-type and
CCR2™/™ mice. Consistent with our previous report,®® we
found that the CD11b*Gr1™Ly6C* monocytic MDSCs
decreased in tumor-infiltrating cells from CCR2 ™/~ mice. How-
ever, CD11b*Gr1™&Ly6C" granulocytic MDSC were increased
from 8.4 * 1.0% to 214 * 13.4% (Fig. 6a). CTLs were then
adoptively transferred and tumor-infiltrating cells harvested on
day 3. CTLs in the tumor in wild-type mice were accompanied
by the accumulation of CD11b*Gr1™ cells, especially Ly6C*
monocytic MDSC. In contrast, CD11b*Gr1™Ly6C" mono-
cytic MDSC were not present in CTL-treated CCR2™/™ mice,
which instead accumulated granulocytic MDSC. While 71.5 =

Recruitment of monocytic MDSC in the tumor by CTLs

4.6% of infiltrating cells were monocytic MDSC in wild-type
mice, this was only 11.9 * 2.9% in CCR2™/™ mice, which had
62.1 £ 7.4% of granulocytic MDSC (Fig. 64).

As shown in Figure 6b, tumors grew progressively not only in
wild-type mice, but in CCR2™/~ mice as well. As expected, tumor
growth was suppressed in mice receiving CTLs by adoptive trans-
fer, and more effectively in the absence of CCR2. These results
indicate that the anti-tumor activity of transferred CTLs was aug-
mented in the absence of monocytic MDSC accumulation. To
investigate the underlying mechanisms for this, tumor-infiltrating
cells were harvested and infiltration of CTLs compared at the
indicated time points. The percentages of CTLs in infiltrating cells
from wild-type mice at days 3, 5 and 7 were 14.9 * 4.3%, 20.7 *
6.1% and 13.9 * 4.7%, respectively. (Fig. 6¢). In CTL-treated
CCR2™/~ mice, the infiltration of CTLs into the tumor was
increased at days 3, 5 and 7 to 314 * 4.7%, 34.1 = 7.4% and
29.3 * 2.8%, respectively. The absolute number of CTLs in the
tumor was 3.0 = 1.4 X 10° in CCR2™/™ mice compared with 1.7
+ 0.8 X 10° in wild-type mice on day 5 after CTL transfer (Fig.
6d). More CD107a* CTLs were present in the tumor of
CCR2™/™ mice receiving CTLs (Fig. 6¢). These results indicated
that more CTLs infiltrated into the tumor and exerted better
effector function in the absence of monocytic MDSC recruitment.

Discussion

Established tumors comprise multiple cellular constituents.®!
Complex interactions between the different cell types in the
tumor contribute to the immunosuppressive microenviron-
ment. Here, we examine the effect of ACT on this complex
regulatory network in the tumor. Adoptively-transferred
CTLs that infiltrated into the tumor and exerted anti-tumor
activity were associated with a massive recruitment of other
leukocytes (Supporting Information Fig. S1), the majority of
which was a CD11b*Gr1™Ly6G Ly6C* monocytic MDSC
population (Figs. 1, 2 and Supporting Information Fig. S3).
This resulted in increased immunosuppressive activity in the
tumor microenvironment and suppressed the CTLs, forming
a negative feedback loop.

MDSCs were originally identified in tumor-bearing mice
as CD11b"Grl™ cells; they are a heterogeneous cellular pop-
ulation containing macrophages, granulocytes, immature DCs
and immature myeloid cells***® They suppress T-cell
responses in vitro through direct cell-cell contact or by pro-
ducing arginase I and iNOS.** Antigen-specific CD8 T cell
tolerance can be induced by nitration of the TCR-CD8 com-
plex mediated by ROS and peroxynitrite produced by
MDSCs.*® They are divided into two populations: monocytic
MDSC and granulocytic MDSC*® which use different effector
molecules and signals to suppress antigen-specific T cell
responses. In monocytic MDSCs, IFN-v signaling through
STAT1 results in the production of NO.?® In contrast, granulo-
cytic MDSCs use ROS for their suppressive function.'® Consis-
tently, in our study, stronger ROS fluorescence intensity was
seen in granulocytic MDSCs than monocytic MDSCs (Fig. 3b).
In ACT, the recruitment of monocytic MDSCs into the tumor
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as a result of CTL tumor infiltration outnumbered granulocytic
MDSCs (Fig. 2). Therefore, the immunosuppressive activity of
CTL-induced monocytic MDSC accumulation was mediated
mainly by iINOS, partly by ROS or arginase I (Fig. 4). Both the
absolute number of monocytic MDSCs (Fig. 2b) and the per cell
expression of INOS mRNA (Fig. 3a) were markedly increased in
the tumor by ACT, treatment-induced immunosuppressive
microenvironment in the tumor turned tougher than that of
steady state condition.

We have reported that the robust induction of IFN-y
mRNA and IEN-y-producing CTLs can be detected in tumors
after ACT."” Because IFN-y is a key effector molecule for CTL
anti-tumor activity,”” we investigated its contribution in our
B16-pmel-1 CTL model. CTL-inhibited tumor growth was
completely prevented by anti-IFN-y mAb treatment (Fig. 5).
This treatment also prevented the accumulation of monocytic
MDSC in the tumor in CTL-treated mice. These results sug-
gested that both suppression of tumor growth and the accumu-
lation of monocytic MDSC at the tumor site were functionally
dependent on IEN-vy. This is consistent with the report by Gal-
lina et al. that MDSC activity was enhanced by IFN-y released
from activated T cells.”® Monocytes conditioned by tumors
express IL-4Ra and secrete IL-13. These two cytokines amplify
the expression of INOS and arginase, which mediate immuno-
suppression. Consistently, our study demonstrated that IFN-y
produced by adoptively-transferred antigen-specific CTLs aug-
mented immunosuppressive activities of MDSCs in the quanti-
tative as well as the qualitative sense (Figs. 1-3).

To separate anti-tumor activity of ACT from the pro-tumor
immunosuppressive activity of MDSC, we studied events down-
stream of IFN-y production, notably which chemokine system
was involved in this process. It has been reported that the
CCL2/CCR2 pathway mediates recruitment of MDSCs into can-
cers.®®*® We had previously reported that the CCL2/CCR2 path-
way mediates recruitment of myeloid suppressor cells to cancers
by controlling both the mobilization of monocytes from the bone
marrow to the blood and their migration to the tumor®
Although CX3CR1 and CCRS5 are also known to be involved in
the regulation of monocyte migration,”*” tumor-infiltrating mac-
rophages were not reduced in CX3CR1™/~ mice and no signifi-
cant difference was observed in the efficiency of infiltration into
tumors by adoptively transferred CCR5"/~ and CCR5™/~ bone
marrow monocytes.”’ In the present study, we demonstrated that
monocytic MDSCs recruited into the tumor after ACT strongly
express CCR2 (Fig. 5f) and CCR2 ligands were induced in the
tumor by ACT (Fig. 5g). We also demonstrated that ACT induced
more profound anti-tumor effects in B16 tumor-bearing
CCR2™/™ mice in the absence of monocytic MDSC expansion
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Manipulation of the gut microbiota holds great promise for the
treatment of inflammatory and allergic diseases™. Although numer-
ous probiotic microorganisms have been identified®, there remains
a compelling need to discover organisms that elicit more robust thera-
peutic responses, are compatible with the host, and can affect a specific
arm of the host immune system in a well-controlled, physiological
manner. Here we use a rational approach to isolate CD4*FOXP3™
regulatory T (T'y)-cell-inducing bacterial strains from the human
indigenous microbiota. Starting with a healthy human faecal sample,
a sequence of selection steps was applied to obtain mice colonized with
human microbiota enriched in T,-cell-inducing species. From these
mice, we isolated and selected 17 strains of bacteria on the basis of
their high potency in enhancing T,., cell abundance and inducing
important anti-inflammatory molecules—including interleukin-10
(IL-10) and inducible T-cell co-stimulator (ICOS)—in T, cells upon
inoculation into germ-free mice. Genome sequencing revealed that
the 17 strains fall within clusters IV, XIVa and XVIII of Clostridia,
which lack prominent toxins and virulence factors. The 17 strains
act as a community to provide bacterial antigens and a TGF-f-rich
environment to help expansion and differentiation of T, cells.
Oral administration of the combination of 17 strains to adult mice
attenuated disease in models of colitis and allergic diarrhoea. Use of
the isolated strains may allow for tailored therapeutic manipulation
of human immune disorders.

CD4"FOXP3* Treg cells are present most abundantly in the intest-
inal mucosa at steady state, and contribute to intestinal and systemic
immune homeostasis*~”. In germ-free mice, the frequency of colonic T,
cells and levels of IL-10 expression by T cells are markedly reduced*~.
We have shown previously that a combination of Clostridia strains
isolated from conventionally reared mice potently affect the number
and fanction of CD4TFOXP3* Treg cells in mouse colonic lamina
propria®. In an attempt to enable clinical translation of our previous
findings, we aimed to identify Tie-cell-inducing bacterial strains
derived from the human microbiota (see Supplementary Fig. 1 for a
summary of the procedure).

We obtained a human stool sample from a healthy Japanese volun-
teer. Because we previously reported that the chloroform-resistant
fraction of mouse gut microbiota was enriched in T;-cell-inducing
species?, the stool sample was either untreated or treated with chlo-
roform and orally inoculated into IQI/Jic germ-free mice. Each group
of ex-germ-free (exGF) mice was separately housed for 3-4 weeks in
vinyl isolators to avoid further microbial contamination. Although a
recent study showed that the human microbiota had no impact on the

immune responses in the mouse small intestine®, we observed a signifi-
cant increase in the percentage of FOXP3" T, cells among CD4™
T cells in the colons of exGF mice inoculated with untreated human
faeces compared with germ-free mice (Fig. 1a and Supplementary Fig. 2).
Notably, a more pronounced increase was observed in the colons
of exGF mice inoculated with chloroform-treated human faeces
(Fig. 1a). These findings suggest that the human intestinal microbiota
contains Tyeg-cell-inducing bacteria, and that they are enriched in
the chloroform-resistant fraction. We also examined the effects of human
faeces inoculation on colonic IL-17- and IFN-y-expressing CD4*
cells (Tg17 and Tyl cells). In exGF mice inoculated with untreated or
chloroform-treated human faeces, the frequency of Tyl cells was
unchanged compared with germ-free mice (Fig. 1b). By contrast, there
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Figure 1 | Ty, cell accumulation in germ-free mice induced by moculatlon
with human microbiota. a—e, The percentages of FOXP3",IL-17" and IFN-y*
cells within the CD4 ™ cell population in the colon lamina propria of the indicated
mice are shown (see also Supplementary Fig. 2). Circles represent individual
animals. The height of the black bars indicates the mean. All experiments were
performed more than twice with similar results. Error bars indicate s.d.

#*P < 0.01; NS, not significant. +hu, exGF mice inoculated with untreated
human faeces; +huChlo, exGF mice inoculated with chloroform-treated human
faeces. (See the main text for further definitions of x-axis labels.)
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was a significant accumulation of 517 cells in the colons of exGF mice
inoculated with untreated human faeces (Fig. 1¢ and Supplementary
Fig. 2). Notably, the capacity of human faeces to induce Ty17 cells was
greatly diminished after treatment with chloroform (Fig. 1c). These
results indicate that the chloroform-sensitive bacterial fraction in the
human stool tested contained Tyl17-cell-inducing bacteria, whereas
the chloroform-resistant bacteria preferentially promoted T, cell
accumulation in the colon.

To investigate whether T, cell induction by the chloroform-resistant
fraction of human intestinal bacteria is transmissible, adult germ-free
mice were co-housed with exGF mice inoculated with chloroform-
treated human faeces for 4 weeks. Co-housed mice showed a signifi-
cant increase in the frequency of colonic T cells (Fig. 1d). In addition,
the progeny of exGF mice inoculated with chloroform-treated human
faeces also showed increased numbers of T cells (Fig. 1d). Therefore,
Treg cell induction by human intestinal bacteria is horizontally and
vertically transmissible. Oral inoculation of germ-free mice with
2 % 10*-fold diluted caecal samples from exGF mice inoculated with
chloroform-treated human faeces fully induced the accumulation of
Treg cells in the colon lamina propria, suggesting that abundant rather
than minor members of the intestinal microbiota in exGF mice inocu-
lated with chloroform-treated human faeces drive the observed induc-
tion of Ty cells (Fig. le). The Tyg-cell-inducing microbiota in mice
inoculated with the 2 X 10*-fold diluted sample (+2 X 10* mice) wasa
stable community, because serial oral inoculation of caecal contents
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Figure 2 | Assessment of microbiota composition and isolation of Treg-cell-
inducing strains. a, b, Pyrosequencing of 16S rRNA genes was performed on
caecal contents from the indicated mice. Relative abundance of OTUs (%) in
the caecal bacterial community in each mouse (a), and the closest species/strain
in the database and the corresponding isolated strain number for the indicated
OTU (b) are shown. ¢, SEM showing the proximal colon of +23-mix mice.
Original magnification, ~X20,000. d, e, The percentages of FOXP3™ cells
within the CD4™ cell population (d) and Helios ™~ cells in CD4*FOXP3™ cells
(e) in the colon of the indicated mice. Circles represent individual animals. All
experiments were performed more than twice with similar results. Error bars
indicate s.d. **P < 0.01.

T3RI] RESEARCH

from these mice equally induced the accumulation of Ty cells in
secondary (+2X 10*-re mice) and tertiary recipients (+2X 10*-re-
re mice) (Fig. le). To minimize nonessential components of the micro-
biota for Ty, cell induction, the caecal contents of +2 X 10* mice were
again diluted 2 X 10*-fold and orally inoculated into another set of
germ-free mice (+(2 X 10%)? mice). The +(2 % 10*)? mice had a
marked accumulation of T cells in the colon (Fig. 1le). These results
suggested that we succeeded in obtaining mice colonized with a rela-
tively restricted and stable community of bacterial species enriched for
Theg cell inducers.

The composition of the gut microbiota in mice treated with human
samples was analysed by 165 ribosomal RNA (rRNA) gene amplicon
sequencing using a 454 sequencer. Quality filter-passed sequences
(3,000 reads for each sample) were classified into operational taxo-
nomic units (OTUs) based on sequence similarity (>96% identity).
The numbers of detected reads and closest known species for each
OTU are shown in Supplementary Table 1, and the relative abundance
of OTUs in each caecal sample is shown in Fig. 2a. As expected, the
OTU profiles of mice treated with human faeces were quite different
from those of conventional specific pathogen-free (SPF) mice (Sup-
plementary Fig. 3). In mice inoculated with untreated human faeces,
OTUs belonging to Bacteroidetes accounted for about 50% of the
caecal microbial community (Fig. 2a). By contrast, most OTUs in
exGF mice inoculated with chloroform-treated human faeces were
related to Clostridia species. Most bacteria in +2 X 10%, +2 X 10%-re
and -+(2 X 10%)* mice had 16S rRNA gene sequence similarities with
about 20 species of Clostridia, listed in Fig. 2b.

To isolate bacterial strains with T;-cell-inducing capabilities, we
cultured caecal contents from +2 X 10%, +2 X 10*-reand +(2 X 10%?
mice in vitro and picked 442 colonies. BLAST searches of 16S rRNA
gene sequences of the isolated colonies revealed that 31 strains in total
were present, all of which were Clostridia (Supplementary Fig. 4). Of
the 31 strains, we selected 23 that had less than 99% 16S rRNA gene
sequence identity to any of the other 30 strains (Supplementary Fig. 4).
We then individually cultured the 23 strains, mixed them in equal
amounts, and orally inoculated the mixture into germ-free IQI mice
(+23-mix mice). Numerous rod- and round-shaped bacteria were
observed by scanning electron microscopy (SEM) on the epithelial cell
surface in +23-mix mice (Fig. 2¢c), and the size and appearance of the
caeca were quite different from those in germ-free mice, indicating
successful colonization (Supplementary Fig. 5a). Pyrosequencing of
16S rRNA genes revealed that the caecal microbiota composition in
+23-mix mice was quite similar to that in +(2 X 10*)* mice (Fig. 2a).
In +23-mix mice, we observed efficient induction of T, cells in the
colonic lamina propria (Fig. 2d). The magnitude was comparable to
that observed in exGF mice inoculated with chloroform-treated
human faeces and much higher than that in mice colonized with
Faecalibacterium prausnitzii, a human Clostridia strain well known
for enhancing regulatory cell functions® (Fig. 2d). Most T, cells in
+23-mix mice expressed low levels of Helios (also known as IKZEF2),
indicating antigen-experienced cells (Fig. 2e, Supplementary Fig. 5b
and ref. 10).

Only 17 strains listed in Fig. 2b and Supplementary Fig. 4 were
detected in +23-mix mice by 165 rRNA gene sequencing, indicating
that these 17 strains may be sufficient to induce T cells. Indeed, we
found that the mixture of 17 strains (17-mix) induced FOXP3* Treg
cellstoa similar extent as the 23-mix (Fig. 3a). The increase in T, cells
induced by the 17-mix was reproducibly observed in exGF mice of
different genetic backgrounds (IQI, BALB/c and C57BL/6) (Fig. 3a).
Moreover, the mix was effective in other rodents: the frequency of colonic
Treg cells in exGF rats inoculated with 17-mix was significantly higher
than that in germ-free rats and comparable to that in SPF rats (Fig. 3a).
The colonization with 17-mix induced a significant increase in the fre-
quency of IL-10* and/or ICOS™ cells within the Treg cell population, as
revealed by analysis of exGF IL-10 reporter mice (110" mice, ref. 4)
colonized with the 17-mix (Fig. 3b). Furthermore, TL-10* Theg cells in
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Figure 3 | Characterization of 17 T,.y-cell-inducing strains. a, The
percentages of FOXP3™ cells within the CD4™ cell population in the colon
lamina propria of the indicated mice and rats. b, The expression of Venus
(IL-10) and FOXP3 by the gated colonic lamina propria CD4™ cells, and ICOS
expression by CD4 FOXP3 ™ cells in exGF I110"*™ mice colonized with or
without 17-mix. ¢, Percentages of FOXP3™ cells within the CD4 ™ cell population
in IQI exGF mice colonized with the indicated mix. d, The production of TNF-o.
and TGE-P1 in HCTS cells stimulated with caecal extracts from the indicated
mice. e, CD8™ T cells from OT-I mice (Teg) and the indicated ratio of colon lamina
propria CD4¥CD25" cells from +17-mix mice (T\eg) were incubated with
CD11c* cells pulsed with OT-I peptide alone or in combination with autoclaved
caecal contents from +17-mix mice (+17-mix caecal), germ-free mice (+GF
caecal), or autoclaved 17 strains cultured in vitro (+17 st in vitro). Depicted data
represent average of duplicates (see also Supplementary Fig. 9c). Circles in

a, c-e represent samples from individual animals. All experiments were performed
more than twice with similar results. Error barsindicate s.d. **P < 0.01; %P < 0.05;
NS, not significant.

-+ 17-mix mice expressed high levels of CTLA4 (Supplementary Fig. 5¢).
Because IL-10 and CTLA4 are essential for the immunosuppressive
activity of Treg cells'*2, and ICOS is required for the T;.g-cell-mediated
suppression of T2 responses”, these results suggest that the mixture of
17 strains affects both the number and function of Theg cells in the colon.
Next, we monocolonized germ-free mice with one of each of the 17
individual strains to determine their individual T, cell induction cap-
ability. The monocolonized exGF mice exhibited low to intermediate
levels of T cell induction with inter-individual variability (Supplemen-
tary Fig. 6a). As expected, none of the strains induced Ty17 cells in the
monocolonized mice (Supplementary Fig. 6b). We also examined T,
cell induction by subsets of the 17-mix (randomly selected combinations
of 3-5 strains: 3-mix, 5-mix-A, 5-mix-B, and 5-mix-C, see Supplemen-
tary Fig. 4). Although all tested combinations of 5-mix induced increases
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in the frequency of T cells, the magnitude was substantially lower than
that observed in +17-mix mice (Fig. 3c). Therefore, it is likely that the
17 strains act synergistically to amplify the induction of Tieg cells in a
microbial-community-dependent fashion.

To investigate the mechanism for the T cell induction by the
community of 17 strains, we incubated various human and mouse
intestinal epithelial cell lines and primary cells with aqueous extracts
from caecal contents from the +17-mix mice, and assessed the pro-
duction of the active form of TGF-f1, a key cytokine for the differenti-
ation and expansion of T, cells. The caecal extracts from +17-mix
mice routinely elicited TGF-B1, but not IL-6 and TNF-u, production,
and the magnitude was significantly higher than that elicited by caecal
extracts from single-strain or 5-mix-colonized mice (Fig. 3d and
Supplementary Fig. 7). The induction of TGF-B1 was not inhibited
by pre-treatment of the caecal extracts with a protease or nuclease
(Supplementary Fig. 7c). Short-chain fatty acids (SCFAs) are protease-
and nuclease-insensitive and have been associated with regulation of
host immune homeostasis*. Quantitative analysis of SCFAs in caecal
contents from + 17-mix mice showed a significantly higher concentra-
tion of acetate, propionate, butyrate and isobutyrate than that in single-
strain or 5-mix-colonized mice (Supplementary Fig. 8a). Furthermore,
amixture of sodium salts of these SCFAs elicited TGF-B1 production in
epithelial cells to a level similar to that seen when the cells were stimu-
lated with caecal extracts from +17-mix mice (Supplementary Fig. 8b).
Therefore, the community of 17 strains cooperatively produces SCFAs
that can elicit a TGF-P response, and this activity may contribute to
the differentiation and expansion of Ty, cells. We also investigated
whether the 17 strains provide bacterial antigens to T cells. To do this,
we addressed the antigen specificity of T, cells accumulated in +17-mix
mice using a cognate antigen-driven suppression assay. CD4*CD25"
lamina propria: T cells from +17-mix mice substantially inhibited
the OT-I ovalbumin (OVA) peptide-driven proliferation of OT-I CD8
T cells, and this suppression was markedly enhanced in the presence of
autoclaved caecal content from +17-mix mice or autoclaved 17 strains
cultured in vitro, but not in the presence of OT-II OVA peptide or caecal
content from germ-free mice (Fig. 3e and Supplementary Fig. 9). These
results are consistent with previous reports'® and suggest that some
fraction of colonic lamina propria Theg cells in +17-mix mice is specific
to the 17 strains of Clostridia. Next, we assessed the kinetics of Ty cell
accumulation and their expression of Ki67, a cell-cycle-associated nuclear
protein, and gut-homing-associated molecules CD103 and B7 integrin.
We observed a marked increase in the proportion of Ki67, CD103 and 7
expressing cells by 1 week after inoculation with the 17-mix (Supplemen-
tary Figs 10 and 11). Collectively, these observations indicate that the 17
strains provide SCFAs, bacterial antigens and probably other factors,
which together contribute to differentiation, expansion and colonic hom-
ing of Ty, cells.

To define the identity of the 17 bacterial strains fully, we sequenced
their genomes (Supplementary Fig. 12). Phylogenetic comparison of
the 17 strains using ribosomal multi locus sequencing typing (rMLST)
revealed that the 17 strains belong to bacterial species falling within
clusters XIVa, IV and XVIII of Clostridia as defined previously” (in a
recent taxonomy, members of cluster XVIII Clostridia were reclassi-
fied in the class Erysipelotrichi) (Supplementary Fig. 13). The genome
sequencing also revealed that the 17 strains all lack strong virulence-
related genes such as collagenase and phospholipase C, often identified
in pathogenic Clostridia species (Supplementary Table 2). We then
examined the relative abundance of the 17 strains in healthy and
ulcerative colitis human subjects using draft genome sequences of
the 17 strains and publicly available human microbiome genomes
generated through the MetaHIT project'®. Ulcerative colitis subjects
showed a tendency towards a reduction of the 17 strains, and 5 out of
the 17 strains were significantly reduced in ulcerative colitis patients
(Supplementary Fig. 14).

To evaluate the potential benefits of supplementation with the 17
strains, 17-mix or control PBS was orally administered into adult SPF
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mice every 2 or 3 days (SPF + 17-mix or SPF + ctrl, respectively). We
confirmed a significant increase in the frequency of colonic T cells in
SPF + 17-mix mice compared with SPF + ctrl mice after 3 weeks of
treatment (Fig. 4a). While being continuously treated with 17-mix or
control, mice were subjected to the OVA-induced allergic diarrhoea
model". The occurrence and severity of diarrhoea and the OV A-specific
serum IgE levels were significantly reduced in SPF + 17-mix mice rela-
tive to control mice (Fig. 4b—d). The protective effect of 17-mix was
significantly attenuated by treatment of mice with a Tee-cell-depleting
anti-CD25 antibody (Supplementary Fig. 15). We also subjected mice to
an experimental colitis model induced by trinitrobenzene sulphonic acid
(TNBS)®. SPF + 17-mix mice showed less severe colon shortening and
milder histological disease features, accompanied by lower mortality
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Figure 4 | Treatment with 17-mix suppresses experimental colitis models.
a, The percentages of FOXP3™ cells within the CD4" cell population in SPF +
17-mix or SPF + ctrl mice. b—d, SPF + 17-mix (n = 9) and SPF + ctrl (n = 7)
mice were subjected to OVA-induced diarrhoea. The diarrhoea score (b; see
Methods for definition), representative photographs of faeces (c), and OVA-
specific IgE levels in the sera (d) are shown. sc, subcutaneous. e~g, SPF + 17-
mix (n = 8) and SPF + ctrl (n = 7) were treated with TNBS. Animal survival
(e), haematoxylin and eosin staining (original magnification, X10) (), and
histology score of the distal colon (g) on day 4 after TNBS administration are
shown. Data are representative of two independent experiments. Error bars
indicate s.d. ¥*P < 0.01; *P < 0.05.
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than control mice (Fig. 4e-g and Supplementary Fig. 16a). In keeping
with this clinical outcome, there was significantly increased expression
of Foxp3 and Tgfbl mRNA in SPF + 17-mix mice compared with con-
trol mice, as well as a tendency towards a reduction of inflammatory
cytokine transcripts (Supplementary Fig. 16b). Identical suppression of
colitis by 17-mix was also observed in an adoptive transfer model, in
which germ-free SCID mice were orally inoculated with faeces from
SPF mice together with or without 17-mix and then transferred with
CD4"CD45RB™ T cells (Supplementary Fig. 17).

The clinical track record of efficacy of single-strain probiotics has
been modest. It has been postulated that a collection of functionally
distinct bacterial species rationally selected from the human gut micro-
biota may be more effective than single strains in preventing/treating
disease®. In the present study, we isolated 17 strains within Clostridia
clusters XIVa, IV and XVIII from a human faecal sample; these strains
affect T, cell differentiation, accumulation and function in the mouse
colon. It remains to be seen whether the 17 strains will have similar
effects in the human intestine; however, a decreased prevalence of
Clostridia clusters XIVa and IV in faecal samples from patients with
inflammatory bowel disease and atopy*** may suggest that supple-
mentation with the 17-strain bacterial community might counter-
balance dysbiosis, induce Ty cells and aid in the management of
allergic and inflammatory conditions.

METHODS SUMMARY

Experiments were performed with authorization from the Institutional Review
Board for Human Research at RIKEN Yokohama Research Institute. Human
stool from a healthy volunteer (Japanese, male, age 31 years) was obtained with
informed consent. The sample was mixed with or without chloroform, and the
aliquots were inoculated into germ-free IQI mice. Detailed procedures for lamina
propria lymphocyte analysis, isolation of bacteria, extraction of bacterial DNA and
sequencing are described in Methods. Statistical analysis was performed using the
Student’s t-test.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Mice and rats. C57BL/6, BALB/c,1Ql/Jic and CB.17 SCID mice and F344 rats kept
under SPF or germ-free conditions were purchased from Sankyo laboratories,
Japan SLC, or CLEA Japan. IQI germ-free mice were used unless otherwise indi-
cated. Germ-free and gnotobiotic mice were bred and maintained in vinyl isolators
within the gnotobiotic facility of Sankyo laboratories. Germ-free I110"*™ mice
were generated as previously described*. OT-I arid OT-1I T-cell receptor trans-
genic mice were purchased from Taconic Farms. All animal experiments were
approved by the Animal Research Committee of RIKEN Yokohama Institute and
the University of Tokyo.

Chloroform treatment of human stool and generation of gnotobiotic mice.
Human stool from a healthy volunteer (Japanese, male, age 31 years) was obtained
with informed consent. Human stool and mouse caecal contents were directly
frozen at —80 °C, or suspended in 4 times volume (w/v) of phosphate-buffered
saline (PBS) + 20% glycerol solution, snap-frozen in liquid nitrogen and stored at
—80 °C until use. The frozen stocks were thawed, suspended in 10 times volume
(wfv) of PBS, and passed through a 70 pm cell strainer to eliminate clumps and
debris. Then suspensions were mixed with chloroform (final concentration 3%),
and incubated in a shaking water bath for 60 min. After evaporation of chloroform
by bubbling with N, gas for 30 min, the aliquots containing the chloroform-resistant
fraction of intestinal bacteria were inoculated into germ-free mice by intra-gastric
administration (250 pl; per mouse). To generate a series of gnotobiotic mice inocu-
lated with diluted samples, caecal contents from exGF mice were treated with
chloroform, diluted with PBS, and inoculated into germ-free IQI mice. The caecal
suspensions diluted 2 X 10*-fold correspond to 2.5 X 10* bacterial cells per mouse.
Each group of exGF mice was individually caged in the gnotobiotic isolator for
3-4 weeks at Sankyo Lab service.

Isolation of intestinal lamina propria lymphocytes and flow cytometry. The
colons were collected and opened longitudinally, washed with PBS to remove all
luminal contents and shaken in Hanks’ balanced salt solution (HBSS) containing
5mM EDTA for 20 min at 37 °C. After removing epithelial cells, muscle layersand
fat tissue using forceps, the lamina propria layers were cut into small pieces and
incubated with RPMI1640 containing 4% fetal bovine serum, 0.5 mgml ™" col-
lagenase D, 0.5 mgml ™" dispase and 40 pg ml ™! DNase I (all Roche Diagnostics) for
1h at 37°C in a shaking water bath. The digested tissues were washed with HBSS
containing 5 mM EDTA, resuspended in 5 ml of 40% Percoll (GE Healthcare) and
overlaid on 2.5 ml of 80% Percoll in a 15-ml Falcon tube. Percoll gradient separation
was performed by centrifugation at 800g for 20 min at 25 °C. The lamina propria
lymphocytes were collected from the interface of the Percoll gradient and sus-
pended inice-cold PBS. For analysis of T cells, isolated lymphocytes were labelled
with the LIVE/DEAD fixable dead cell stain kit (Invitrogen) to exclude dead cells
from the analysis. The cells were washed with staining buffer containing PBS, 2%
FBS, 2mM EDTA and 0.09% NaN3 and surface staining was performed with
PECy7- or Pacific blue-labelled anti-CD4 antibody (RM4-5, BD Biosciences),
PE-labelled anti-ICOS antibody (C938.4A, BioLegend), Alexa488-labelled anti-
CD103 antibody (2E7, BioLegend), and PerCP/Cy5.5-labelled anti-integrin-B7
antibody (FIB27, BioLegend). Intracellular staining of FOXP3, CTLA4, Helios
and Ki67 was performed using the Alexa647-labelled anti-FOXP3 antibody (FJK-
16 s, eBioscience), PE-labelled anti-CTLA4 antibody (UC10-4F10-11, BD Bio-
sciences), PE-labelled anti-Helios antibody (22F6, BioLegend), PECy7-labelled
anti-Ki67 antibody (B56, BD Biosciences) and FOXP3 staining buffer set (eBio-
science). For analysis of Tzl and Ty17 cells, isolated lymphocytes were stimulated
for 4 hwith 50 ng ml ™" phorbol 12-myristate 13-acetate (PMA, Sigma) and 1 pgml ™
ionomycin (Sigma) in the presence of GolgiStop (BD Biosciences). After incuba-
tion for 4 h, cells were washed in PBS, labelled with the LIVE/DEAD fixable dead
cell stain kit and surface CD4 was stained with PECy7-labelled anti-CD4 antibody.
Cells were washed, fixed in Cytofix/Cytoperm, permeabilized with Perm/Wash
buffer (BD Biosciences), and stained with the APC-labelled anti-IL-17 antibody
(eBiol7B7, eBioscience) and FITC-labelled anti-IFN-y antibody (XMG1.2, BD
Biosciences). The antibody-stained cells were analysed with LSR Fortessa or
FACSArialll (BD Biosciences), and data were analysed using FlowJo software
(Treestar).

Meta 16S rRNA gene sequencing. The caecal contents from exGF mice were
suspended in 10 ml of Tris-EDTA containing 10 mM Tris-HCl and 1 mM EDTA
(pH 8), and incubated with lysozyme (Sigma, 15mgml™") at 37°C for 1 h with
gentle mixing. A purified achromopeptidase (Wako) was added (final concentra-
tion 2,000 unit ml™*) and further incubated at 37 °C for another 30 min. Then,
sodium dodecyl sulphate (final concentration 1%) was added to the cell suspension
and mixed well. Subsequently, proteinase K (Merck) was added (final concentra-
tion 1 mgml ™) to the suspension and the mixture was incubated at 55 °C for 1 h.
High-molecular-mass DNA was isolated and purified by phenol/chloroform
extraction, ethanol and finally polyethyleneglycol precipitation®*. PCR was per-
formed using Ex Taq (TAKARA) and (1) the 454 primer A (5'-CCATCTCA
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TCCCTGCGTGTCTCCGACTCAG (454 adaptor sequence) + barcode (10
bases) + AGRGTTTGATYMTGGCTCAG-3’ (27Fmod)) and (2) the 454 primer
B (5'-CCTATCCCCTGTGTGCCTTGGCAGTCTCAG (454 adaptor sequence)
+ TGCTGCCTCCCGTAGGAGT-3' (338R)) to the V1-V2 region of the 16S
rRNA gene. Amplicons generated from each sample (~330 bp) were subsequently
purified using AMPur XP (Beckman Coulter). The amount of DNA was quan-
tified using Quant-iT Picogreen dsDNA assay kit (Invitrogen) and TBS-380mini
fluorometer (Turner Biosystems). Then, the amplified DNA was used as template
for 454 GS Junior (Roche) pyrosequencing using GS Junior Titanium emPCR Kit-
Lib-L, GS Junior Titanium Sequencing Kit and GS Junior Titanium PicoTiterPlate
Kit (all Roche) according to the manufacturer’s instructions. Quality-filter-passed
reads were obtained by removing reads that did not have both primer sequences,
had the average quality value (QV) <25, and were possibly chimaeric®. Of the
filter-passed reads, 3,000 reads trimming off both primer sequences for each sample
were used and subjected to OTU analysis with the cutoff similarity of 96% identity.
Representative sequences from each OTU were blasted to Ribosomal Database
Project (RDP) of bacterial isolates, our genome database constructed from pub-
lically available genome sequences in NCBI and HMP databases, and 16S sequences
of the 23 strains obtained in this study.

Isolation of bacterial strains. The frozen stocks of caecal contents from exGE
mice were serially diluted with PBS and seeded onto non-selective agar plates
(blood liver (BL) agar (Eiken Chemical) or Eggerth-Gagnon (EG) agar plates).
EG agar plates contain the following components (quantities expressed per litre):
Lab-Lemco Powder (2.8 g, Oxoid); proteose peptone no. 3 (10.0g, Difco); yeast
extract (5.0 g, Difco); Na,HPO, (4.0 g); D(+)-glucose (1.5 g); soluble starch (0.5 g);
L-cystine (0.2 g); L-cysteine-HCI-H,O (0.5 g); Tween 80 (0.5 g); Bacto agar (16.0g,
Difco); and defibrinated horse blood (50 ml). After culture under aerobic condi-
tions or strictly anaerobic conditions (80% N5, 10% H,, 10% CO,) at 37 °Cfor 2 or
4 days, individual colonies were picked up and cultured for an additional 2 or 4
days at 37 °C in ABCM broth (Eiken Chemical) or EG agar plate. The isolated
strains were collected into EG stock medium (10% glycerol) and stored at —80 °C.
To identify the isolated strains, 165 rRNA gene sequences were determined. The
16S rRNA gene was amplified by colony-PCR using KOD FX (TOYOBO) and
GeneAmp PCR System9700 (Applied Biosystems) using 165 rRNA gene-specific
primer pairs: 8F (5-AGAGTTTGATCMTGGCTCAG-3’) and 519R (5'-
ATTACCGCGGCKGCTG-3") or 1513R (5'-ACGGCTACCTTGTTACGACTT-
3"). The amplification program consisted of one cycle at 98 °C for 2 min, followed
by 40 cycles at 98 °C for 105, 57 °C for 30 s and 68 °C for 1 min 30's. Each amplified
DNA was purified from the reaction mixture using Illustra GEX PCR DNA and gel
band purification kit (GE Healthcare). Sequence analysis was performed using
BigDye Terminator V3.1 cycle sequencing kit (Applied Biosystems) and Applied
Biosystems 3730x] DNA analyser (Applied Biosystems). The resulting sequences
were compared with sequences in RDP database and genome database using
BLAST to determine close species/strains.

Bacterial culture of isolated strains. The isolated strains of Clostridia and
Erysipelotrichi were cultured in EG broth without horse blood under a strictly
anaerobic condition (80% N, 10% Ha, 10% CO,) at 37 °C in an anaerobic cham-
ber (Coy Laboratory Products). To prepare the bacterial mixture, bacterial strains
were individually grown in EG broth to confluence and mixed at equal amounts of
media volume.

Scanning electron microscopy. Scanning electron microscopy was performed by
Filgen, Inc,, Japan. The proximal colon was removed from +23-mix mice, cut
open longitudinally, prefixed with 2% glutaraldehyde in 0.1 M phosphate buffer
(pH7.4) for 24 h at 4 °C, and then postfixed with 2% osmium tetroxide for 1h at
4°C. Fixed samples were dehydrated for 5 min each in sequential baths of 50%,
70%, 90% and 100% ethanol, inserted into a critical point dryer until dry and
coated with osmium in an OPC-80N osmium plasma coater (Filgen). Scanning
electron micrographs were taken by a JEOL JSM-6320F instrument.
Measurement of organic acids. Organic acid concentrations in caecal contents
were determined by gas chromatography-mass spectrometry (GC-MS). Caecal
contents (10 mg) were disrupted using 3-mm zirconia/silica beads (BioSpec Pro-
ducts) and homogenized in extraction solution containing 100 pl of internal stand-
ard (100 M crotonic acid), 50 pl of HCland 200 pl of ether. After vigorous shaking
using a Shakemaster neo (Bio Medical Science) at 1,500 r.p.m. for 10 min, homo-
genates were centrifuged at 1,000g for 10 min and then the top ether layer was
collected and transferred into new glass vials. Aliquots (80 pl) of the ether extracts
were mixed with 16 il of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA). The vials were sealed tightly by screwing and heated at 80 °C for
20 min in a water bath, and left at room temperature for 48h for derivatization.
The derivatized samples were run through a 6890N Network GC System (Agilent
Technologies) equipped with HP-5MS column (0.25 mm X 30 m X 0.25 um) and
5973 Network Mass Selective Detector (Agilent Technologies). Pure helium

(99.9999%) was used as a carrier gas and delivered at a flow rate of 1.2 ml min™".
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The head pressure was set at 10 p.si. with split 10:1. The inlet and transfer line
temperatures were 250 °C and 260 °C, respectively. The following temperature pro-
gram was used: 60 °C (3 min), 60120 °C (5 °C min "), 120-300 °C (20 °Cmin ™).
One microlitre quantity of each sample was injected with a run time of 30 min.
Organic acid concentrations were quantified by comparing their peak areas with the
standards.

Genome sequencing and gene prediction. The genome sequences of 17 Teg-cell-
inducing strains were determined by the whole-genome shotgun strategy using a
454GS FLX Ti or Jon PGM sequencer. Each 1-5 g of the genomic DNA was
sheared to obtain DNA fragments. Template DNA was prepared according to the
supplier’s protocol. The generated sequence data were assembled using Newbler
v2.8 software to obtain the draft genome sequences. All genome sequence data
were deposited in DDBJ BioProject ID: PRJDB521-543. Protein-encoding genes
were predicted using MetaGeneAnnotator software”. Putative toxins and viru-
lence factors were searched using the BLASTP program and virulence factor
databases, VFDB (http://www.mgc.ac.cn/VFs/mainhtm) and MvirDB (http:/
mvirdb.linl.gov), with the e-value cutoff of 1.0 X 107", the identity >30% and
the length coverage >60%.

Phylogenetic tree. Sequences concatenated with genes encoding 26 ribosomal
proteins (large subunit L10, L11, L14, L16, L17, L19, L20, L23, 124, 129, L31,
132, L35, L7/L12, and small subunit S10, S12, §13, §15, S16, S17, 520, S20, 521,
$3, 54, 87, S8) predicted from the genomes of each strain were used to construct a
phylogenetic tree. The sequences of other bacterial species used for the tree con-
struction were obtained from the ribosomal multi-locus sequencing typing
(MLST) database®. The calculation was performed using the MEGA v5.0 package
and the neighbour-joining method with a bootstrap of 1,000 replicates.

Cognate antigen-driven T, cell suppression assay. Preparation of antigens in
caecal contents was performed as previously reported'®. Caecal contents from
germ-free mice or +17-mix mice were collected and suspended in PBS (500 mg
ml™?); they were then filtered through a 70-um mesh, and autoclaved at 121 °C for
15 min. To prepare antigens of bacterial components, the 17 strains of Clostridia
were cultured in vitro, mixed, washed and suspended with 1 ml PBS, and auto-
claved at 121°C for 20 min. CD11c™ cells were isolated by FACSArialll from
spleens of SPF C57BL/6 mice and pulsed for 1h with 0.5 uM SIINFEKL OT-1
peptide alone or in combination with either of 5 uM ISQAVHAAHAEINEAGR
OT-II peptide, autoclaved caecal contents from +17-mix mice or germ-free mice
(diluted 1:200), or autoclaved 17 strains of bacteria cultured in vitro (diluted
1:200). The antigen-pulsed CD11c* cells were plated at 5 X 10* per well in 96-
well round-bottomed plates. CD8 T cells (T cells) were sorted from spleens of
SPF OT-I mice by FACSArialll and added to the CD11c* cell-seeded plates at
5 X 10*per well. Then, CD4"CD25" Tcells (Tegcells) sorted from colonic lamina
propria of +17-mix mice or from spleens of SPF OT-TI mice were added to the
culture at the indicated ratio of Ty to Teg cells. After 3 days, all cells were har-
vested, stained with anti-CD4 and anti-CD8 antibodies, and analysed by
FACSArialll to enumerate the number of CD8 OT-I T cells.

Intestinal epithelial cell stimulation with caecal extracts and SCFAs. To pre-
pare caecal extracts, frozen caecal contents from germ-free, +17-mix or SPF mice
were thawed and well suspended in 4 volumes of sterile water. After centrifugation
(5,000 r.p.m. for 15 min), transparent supernatants were collected, filtered through
0.22 pm filter and used as caecal extracts. In some experiments, caecal extracts
were treated with proteinase K (2 mgml ™, 55 °C for 1 h; Roche) or nuclease that
degrades all forms of DNA and RNA (125 unit ml ™, 37 °C for 4 h; Thermo), and
subsequently heated at 95 °C for 5min to inactivate the enzymes. Human intest-
inal epithelial cell lines (HCTS8, HT29, Caco2, T84 and Colo205) and a mouse

epithelial cell line (CMT93) were obtained from ATCC and maintained at 37 °C
(5% CO2) in RPMI containing 10% heat-inactivated horse serum (Invitrogen).
Cells were cultured at 1.5 X 10% cells in 150yl medium in 48-well plates and
stimulated with 4.5 pl caecal extract for 24 h. Human primary intestinal epithelial
cells were obtained from Lonza and maintained at 33 °C (5% CQO2) in SmGM-2
medium containing 10% FBS (Lonza) for 1-2weeks (6 X 10* cells in 48-well
plates). The medium was changed to 150 pul SmGM-2 containing 1% FBS before
stimulation. Caecal extracts (4.5 pl) were added to the culture and incubated for
24h. Culture supernatants were collected and the level of the active form of TGF-
B1 (Promega), TNF-a (R&D) and IL-6 (R&D) was measured by ELISA. To stimu-
late epithelial cell lines with SCFAs, sodium salts of acetate, butyrate, propionate
and isobutyrate were dissolved in PBS. SCFAs were added to the culture individu-
ally (final 0.5 mM) or in combination (final 0.5 mM each), and incubated for 24 h.
TNBS colitis. C57BL/6 SPF adult mice were orally inoculated with 17-mix or
control PBS every 2 or 3 days for 3 weeks. 2,4,6-Trinitrobenzene sulphonic acid
(TNBS)-induced colitis was induced by the intracolonic administration of 2.5 mg
of TNBS (Sigma) in 50% ethanol into anaesthetized mice via a thin round-tip
needle. The tip of the needle was inserted 4 cm proximal to the anal verge, and mice
were held in a vertical position for 30s after the injection. All the mice were
observed daily and were killed on day 4 after TNBS administration. Colons were
fixed with 4% paraformaldehyde, sectioned, and stained with haematoxylin and
eosin. The degree of inflammation in the distal part of colon was graded from 0 to 4
as follows: 0, normal; 1, ulcer with cell infiltration limited to the mucosa; 2, ulcer
with limited cell infiltration in the submucosg; 3, focal ulcer involving all layers of
the colon; 4, multiple lesions involving all layers of the colon, or necrotizing ulcer
larger than 1 mm in length.

Allergic diarrhoea. BALB/c SPF adult mice were primed by subcutaneous injec-
tion with 1 mgof OV A (Fraction V; Sigma) in 100 pl of Complete Freund Adjuvant
(CFA, DIFCO). One week after priming, mice were given 50 mg of OV A dissolved
in 200 pl of PBS by intra-gastric administration three times per week. 17-mix or
control PBS was orally administered to mice every 2 or 3 days for the entire period
of the experiments. Diarrhoea was monitored visually 1 h after each oral OVA
challenge. Diarrhoea was scored as follows: 0, normal faeces (solid); 1, moist faeces
(semi-solid); 2, mild diarrhoea (loose); and 3, severe diarrhoea (watery). Serum was
collected from the cheek vein 1 h after the last OVA challenge and OVA-specific
IgE levels were measured by ELISA (Chondrex).

Adoptive CD4+CD45RB™ T-cell transfer model of colitis. Germ-free CB.17
SCID mice were orally inoculated with SPF faeces together with or without 17-mix
of Clostridia. One week later, exGF SCID mice received 4 X 10° CD4"CD45RB™ T
cells by intraperitoneal injection. Naive CD4¥CD45RB" T cells were isolated from
spleens of SPF BALB/c mice by FACS sorting. All the mice were abserved daily and
were killed on day 14 after T-cell transfer.
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Coordinated Changes in DNA Methylation in Antigen-Specific
Memory CD4 T Cells

Shin-ichi Hashimoto,*"* Katsumi Ogoshi,* Atsushi Sasaki,” Jun Abe,* Wei Qu,’
Yoichiro Nakatani,” Budrul Ahsan,® Kenshiro Oshima,” Francis H. W. Shand,*

Akio Ametani,* Yutaka Suzuki,’ Shuichi Kaneko," Takashi Wadaft Masahira Hattori,
Sumio Sugano,” Shinichi Morishita,” and Kouji Matsushima*

Memory CD4" T cells are central regulators of both humoral and cellular immune responses. T cell differentiation results in
specific changes in chromatin structure and DNA methylation of cytokine genes. Although the methylation status of a limited
number of gene loci in T cells has been examined, the genome-wide DNA methylation status of memory CD4" T cells remains
unexplored. To further elucidate the molecular signature of memory T cells, we conducted methylome and transcriptome analyses
of memory CD4* T cells generated using T cells from TCR-transgenic mice. The resulting genome-wide DNA methylation profile
revealed 1144 differentially methylated regions (DMRs) across the murine genome during the process of T cell differentiation, 552
of which were associated with gene loci. Interestingly, the majority of these DMRs were located in introns. These DMRs included
genes such as CXCR6, Tbox21, Chsyl, and Cish, which are associated with cytokine production, homing to bone marrow, and
immune responses. Methylation changes in memory T cells exposed to specific Ag appeared to regulate enhancer activity rather
than promoter activity of immunologically relevant genes. In addition, methylation profiles differed between memory T cell
subsets, demonstrating a link between T cell methylation status and T cell differentiation. By comparing DMRs between naive
and Ag-specific memory T cells, this study provides new insights into the functional status of memory T cells. The Journal of

Immunology, 2013, 190: 4076-4091.

D4* T cells are central regulators of both humoral and
cellular immune responses. Activation of naive CD4*
T cells by Ag induces cell proliferation, resulting in the
formation of a large number of effector cells and, subsequently,
a limited number of memory cells. Memory CD4™ T cell pop-
ulations are maintained by cytokine survival signals and homeo-
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static proliferation, such that they are able to respond rapidly to
subsequent exposure to the same Ag (1, 2). Recently, it was re-
ported that the first exposure of a naive T cell to Ag and cytokine
signals results in specific changes in the cell’s chromatin structure
and in DNA methylation of the cell’s cytokine genes (3-5).

Chromatin modifications are known to impose epigenetic con-
trols on gene expression without changing DNA sequence (6).
These modifications determine the level of cell type—specific gene
transcription by modulating the accessibility of genes to tran-
scription factors and the basal transcription apparatus. It is well
known that epigenetic regulation is linked to gene repression of
oncogenes and development-related genes (6, 7). Genes that are
active (open) in a particular tissue or cell type have increased
acetylation and methylation of their histones (e.g., H3K4 meth-
ylation), whereas genes that are inactive (closed) are characterized
by highly condensed chromatin and decreased acetylation and
methylation of their histones (e.g., H3K9 and H3K27 methyla-
tion). In addition, DNA methyltransferases establish and maintain
the pattern of genomic DNA methylation of cytosines in CpG
dinucleotides. DNA methylation status is generally considered to
correlate inversely with transcriptional activity, with transcrip-
tionally silent genes being highly methylated and transcriptionally
active regions being relatively unmethylated (8, 9). DNA meth-
ylation is also associated with epigenetic gene regulation during
embryogenesis, genomic imprinting, and X-chromosome inacti-
vation (10, 11).

In the immune system, a lack of methylation at the appropriate
loci in T and B lymphocytes is associated with transcription and
rearrangement of Ig and TCR genes, as well as with cell lineage—
specific expression of CD4, CDS8, and CD21 (12-15). When naive
T cells differentiate to Th1 cells, but not to Th2 cells, DNase
hypersensitive sites appear in the IFN-y gene (16). Furthermore,
the IFN-y gene is methylated to a lesser extent in human and
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murine Thl and CD8 effector cells than in naive and Th2 cells. In
contrast, the IL-4 and IL-5 genes are less methylated in Th2 celis
than in Th1 cells. Treatment of T cells in vitro with drugs that in-
hibit histone deacetylases or DNA methylation increases IL-4 and
IFN-y expression. Moreover, naive T cells from conditional Dnmt1-
knockout mice, which lack DNA (cytosine-5-)-methyltransferase 1,
express substantially more IFN-y and IL-4 after Ag activation, an
effect that appears to be mediated, at least in part, by demethylation
of the cis-regulatory element (17). Recently, it was demonstrated
that demethylation of the FOXP3 locus is pivotal for differentiation
of CD4"CD25" regulatory T cells (18) and that the CpG regions of
cell type—specific genes (e.g., IL2RA, CTLA4, and CD40LG) in
conventional human CD4"* T cells and regulatory T cells are dif-
ferentially methylated (19). A limiting DNA methylation affects the
proliferative potential of Ag-specific CD8" T cells with moder-
ate effects on their differentiation to effector and memory CD8*
T cells (20). Additionally, methyl-CpG-binding domain protein
2—deficient mice display reduced memory CD8* T cell differen-
tiation following acute viral infection (21).

These findings indicate that DNA methylation is crucial for
memory T cell development and cytokine production. However, in
T cells, the DNA methylation status of only a limited number of
genes has been examined. The genome-wide DNA methylation
status of memory CD4" T cells derived from Ag-stimulated naive
cells remains unexplored. In this study, we investigated the gene-
expression profiles and genome-wide DNA methylation status of
naive and Ag-specific memory CD4" murine T lymphocytes.

Materials and Methods
Mice

BALB/c mice were purchased from Clea (Tokyo, Japan). OVA-specific
TCR-transgenic (Tg) mice (DO.11.10; OVA-specific TCR Tg X RAG2™~
mice) were maintained under specific pathogen-free conditions.

Reagents

The anti-CD4-Pacific Blue (RM4-5), anti-CD62L. mAb (MEL-14), anti—
CD25-PE (7D4), PE-conjugated anti-CD4 mAb (GK1.5-PE), anti-CD44-
bio (IM7), anti~CD69-bio (H1.2F3), anti-CD127-bio (A7R34), IFN-y—
FITC (XMG1.2), anti~IL-4-Alexa Fluor 647 (11B11), anti~TNF-o—~PE/
Cy7 (MP6-XT22), anti-mouse TCR DO11.10-PerCP/Cy5.5 (KJ1-26), and
streptavidin-allophycocyanin were purchased from BD Pharmingen and
eBioscience.

Generation of effector and memory CD4* T cells

OVA-specific naive CD4™ T cells were isolated from the spleens of
DO11.10-Tg mice. To generate effector cells, naive CD4* T cells were
stimulated with 1 pg/ml an OVA peptide (residues 323-339; ISQAV-
HAAHAEINEAGRD; synthesized by Sigma Genosys, Hokkaido, Japan)
plus allophycocyanin for 5 d in vitro (22). Five million of these cells were
transferred i.v. into normal syngeneic BALB/c recipient mice. In most
experiments, 4 wk after effector cell transfer, KJ1* cells from the spleens
of recipient mice were sorted by FACSVantage (BD Pharmingen) and used
as memory CD4* T cells.

Assays for cytokine production

Naive effector and memory KJ-1*CD4" T cells were restimulated with
PMA (20 ng/ml)/ionomycin (1 pg/ml) (P/I) and brefeldin A (10 pg/ml) for
5 h. Cells were then fixed (Cytofix buffer; BD Pharmingen), per-
meabilized, stained intracellularly with anti-IFN-y Ab, anti-IL-4 Ab, or
anti-TNF-a Ab or its isotype control, and analyzed using a Gallios Flow
Cytometer (Beckman Coulter).

Methyl-sensitive cut counting library construction

The integrity of cDNA was confirmed using an Agilent 2100 Bioanalyzer
prior to construction of the methyl-sensitive cut counting (MSCC) libraries.
The protocol for MSCC library construction was modified slightly from that
described previously (23).

4077

Adapters Al (5'-TTTCCACTACGCCTCCGCTTTCCTCTCTATGGG-
CAGTCGGTGATCCGAC-3") and A2 (5'-CGGTCGGATCACCGAC-
TGCCCATAGAGAGGAAAGCGGAGGCGTAGTGG-3') contain a 5’
Mmel recognition site and a 5'-CG overhang; adapters B1 (5'-CGC-
CTTGGCCGTACAGCAGAGCTTACCGCAGAGAATGAGGAACCCG-
GGGCAG-3") and B2 (5'-TTTCTGCCCCGGGTTCCTCATTCTCTGCG-
GTAAGCTCTGCTGTACGGCCAAGGCGNN-3") contain a 3’-NN over-
hang and barcode (more information in Supplemental Table I), as de-
scribed in the Applied Biosystems protocol. To construct the MSCC Hpall
library, 1 pg genomic DNA isolated from CD4™ T cells was mixed with
8 U Hpall (New England BioLabs) in 1X NEBuffer 1 in a 50-p.l reaction
volume and incubated at 37°C for 12 h. Another 8 U Hpall was added, and
the mixture was incubated at 37°C for an additional 3 h. DNA was purified
by phenol-chloroform extraction and ethanol precipitation and resus-
pended in 12.5 pl dH,O. This 12.5-ju1 DNA solution was mixed with 1.5
pl a mixture containing 5 M adaptor A1, 5 wM adaptor A2, and 10 U T4
DNA ligase (Invitrogen) before incubation at 16°C for 12 h. DNA was
again purified by phenol-chloroform extraction and ethanol precipitation
and resuspended in 8 pl dH,O. This DNA was run on a 10% nondenaturing
Tris—acetate-EDTA (TAE) polyacrylamide gel, and the 60-80-bp band
was purified. After ethanol precipitation, the DNA pellet was resuspended
in 70 pl a reaction mixture containing 14 U Mmel (New England BioL-
abs), 50 uM S-adenosyl methionine, and 1X NEBuffer 4. This mixture
was incubated at 37°C for 12 h, after which DNA was again purified by
phenol-chloroform extraction and ethanol precipitation and resuspended in
13 @l dH,0. This DNA solution was mixed with 1 .l each 5.8 uM adaptor
B1 and B2 and 10 U T4 DNA ligase, and the mixture was incubated at 16°
C for 12 h. DNA was again purified and resuspended in 20 pl dH,O. This
DNA solution was mixed with 10 U DNA polymerase I (New England
BioLabs), 33 uM 2'-deoxynucleoside 5’-triphosphate, and 1X NEBuffer
and incubated at 16°C for 30 min. DNA was again purified and resus-
pended in 8 pl dH,O. This DNA was run on a 9% nondenaturing TAE
polyacrylamide gel, and the 120-140-bp band was purified. The purified
DNA was then amplified by PCR using the primers 5'-CCACTAC-
GCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT-3' and 5'-CTGC-
CCCGGGTTCCTCATTCTCT-3'. The 20-pl mixture for PCR contained
200 nM of each primer, 200 nM 2’-deoxynucleoside 5'-triphosphate, 1X
PS buffer, and 1.25 U PrimeSTAR HS DNA polymerase (TaKaRa) and was
run at 98°C for 30 s; 10 cycles at 98°C for 5 s, 62°C for 15 s, 72°C for
1 min; and then 72°C for 10 min. The PCR product was run on a 9% non-
denaturing TAE polyacrylamide gel, and the 120-130-bp band was puri-
fied. The purified libraries were sequenced with the Applied Biosystems
SOLiD4 system, following the manufacturer’s protocol. The integrity of
the cDNA was confirmed using an Agilent 2100 Bioanalyzer prior to
construction of the MSCC libraries. A 1-ng sample of size-fractionated
cDNA was used for sequencing reactions.

An Mspl control library was constructed in the same manner as the Hpall
library, with the following exceptions: in the first step, 100 U Mspl (New
England BioLabs) was used instead of Hpall, and NEBuffer 2 was used
instead of NEBuffer 1, and no amplification was performed following gel
purification. All Hpall libraries were normalized to 5 million.

SOLiD BioScope software (version 1.3) was used to determine methyl-
sensitive restriction enzyme scores and map MSCC sequence reads (20 bp
from the Mmel restriction site) to the mouse genome assembly (NCBI37/
mm9). A DNA-methylation score was defined as the sum of tag sequence
hits (a plus-strand tag and aminus-strand tag) for each restriction enzyme site,
in the absence of repetitive sites, and normalized to 10° reads by the specific
enzyme. To avoid inaccurate identification of methylation sites, differen-
tially methylated regions (DMRs) were defined as those with a change from
0 tags (high-methylation group) to >10 tags (low-methylation group).

Generation and sequencing of the 5'-serial analysis of gene
expression library

A newly developed 5’-end mRNA collection method (24) has extended the
range of the original 5'-end serial analysis of gene expression (SAGE)
technique. This method initially profiles 25-nucleotide 5'-SAGE tags using
a novel strategy that incorporates the oligo-capping method. The 5'-SAGE
tags are then ligated directly to a linker for sequencing. The purified li-
braries were sequenced with a Solexa system, according to the manu-
facturer’s protocol (Illumina). The integrity of the cDNA was confirmed
using an Agilent 2100 Bioanalyzer prior to construction of 5'-SAGE li-
braries. A 1-ng sample of size-fractionated cDNA was used for sequencing
reactions with the Illumina GA, performed according to the manufacturer’s
instructions. We assigned unique tags to RefSeq genes (University of
California, Santa Cruz, http/hgdownload.cse.ucsc.edu/goldenPath/mm9/
database/) when the start position of the tag was within 500 bp upstream
of the transcription start site (TSS), based on RefSeq annotation.



