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Constitutively CD40-Activated B Cells Regulate CD8 T Cell
Inflammatory Response by IL.-10 Induction

Pandelakis A. Koni,*" Anna Bolduc,’ Mayuko Takezaki,” Yutetsu Ametani,
Lei Huang,d“i Jeffrey R. Lee,7’§"‘I Stephen L. Nutt,” Masahito Kamanaka,#
Richard A. Flavell,” Andrew L. Mellor,*" Takeshi Tsubata,** and Michiko Shimoda™*

B cells are exposed to high levels of CD40 ligand (CD40L, CD154) in chronic inflammatory diseases. In addition, B cells
expressing both CD40 and CD40L have been identified in human diseases such as autoimmune diseases and lymphoma. However,
how such constitutively CD40-activated B cells under inflammation may impact on T cell response remains unknown. Using
a mouse model in which B cells express a CD40L transgene (CD40LTg) and receive autocrine CD40/CD40L signaling, we show
that CD40LTg B cells stimulated memory-like CD4 and CD8 T cells to express IL-10. This IL-10 expression by CD8 T cells was
dependent on TFN-I and programmed cell death protein 1, and was critical for CD8 T cells to couniterregulate their overactivation.
Furthermore, adoptive transfer of naive CD8 T cells in RAG-1"'" mice normally induces colitis in association with IL-17 and
IFN-vy cytokine production. Using this model, we show that adoptive cotransfer of CD40LTg B cells, but not wild-type B cells,

significantly reduced IL-17 response and regulated colitis in association with IL-10 induction in CD8 T cells. Thus, B cells

expressing CD40L can be a therapeutic goal to regulate inflammatory CD8 T cell response by IL-10 induction. The Journal of

Immunology, 2013, 190: 3189-3196.

delivers a critical costimulatory signal for B cell differ-

entiation and function (1). CD40L is highly expressed by
activated T cells as well as by platelets and various other cell types
under chronic inflammatory diseases such as autoimmune diseases
(2). CD40L derived from platelets has been shown to modulate
adaptive immune response (3). In multiple sclerosis patients,
B cells had a trait of CD40-activated B cells and stimulated CD8
T cells in vitro via IL-15 (4). Moreover, CD40L is functionally
expressed on some B cells in patients with EBV infection (5),
autoimmune diseases (6-8), and lymphoma (9-11). In B cell
lymphoma, this autonomous CD40/CD40L interaction has been
shown to increase their survival through constitutive NF-kB and
NFAT activation (12, 13). These findings support the hypothesis
that the heightened B cell CD40/CD40L signaling due to elevated
CDA40L expression during chronic inflammatory diseases changes
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B cell functions and has an impact on ongoing immune response
through altered B cell reactivity.

In this study, we employed CD40L transgenic (CD40LTg) mice
that express CD40L under the IgVH promoter specifically on
B cells (14). Thus, CD40LTg mice serve as a model for human
diseases in which B cells abnormally express CD40L and are
exposed to excessive CD40/CD40L signaling under chronic
inflammation. Based on their phenotype, B cells in CD40LBTg
mice are not constitutively activated (14, 15). However, binding of
CD40L or anti-CD40 Ab breaks up the CD40 and CD40L com-
plex formed on the cell surface of B cells and triggers cis acti-
vation of B cells (16), as evidenced by robust NF-kB-1 activation
(15), without triggering frans-activation of dendritic cells (DCs)
(16). This augmented B cell-specific CD40/CD40L signaling en-
hanced the magnitude of primary Ag-specific humoral response as
a result of premature termination of ongoing germinal center re-
sponse (15, 16). Moreover, aged CD40LBTg mice have been
shown to develop B cell-mediated lupus-like disease and colitis
with autoantibody production (14, 17).

In this study, we show that CD40LTg B cells stimulated
memory-like CD4 and CDS8 T cells to express IL-10. Furthermore,
in a RAG-1""" colitis model, adoptive cotransfer of CD40LTg
B cells could suppress inflammatory CD8 T cell response by in-
ducing IL-10 expression and regulated CD8 T cell-mediated colitis.

Materials and Methods

Mice, immunization, and inflammatory challenge

RAG-17/", C57BL/6-Tg(TcraTerb)1100Mjb/J (OT-I), and CS7BL/6-Tg
(TeraTerb)425Cbn/J (OT-1I) mice were all on a C57BL6/] background
and were purchased from The Jackson Laboratory, as were C57BL6/J
mice. All other mice used were on a C57BL6/J background (n > 10)
and were bred in-our facility-under specific pathogen-free-conditions.
CD40LTg mice (14), IL-10-GFP reporter mice (18), JH™™ mice (19), and
Blimp- 1-GFP reporter mice (20) were described before. IFN-a/RBR ™/~
mice and programmed cell death protein 1 (PD-1)"'" mice were the gifts
of D. Moskofidis (Georgia Regents University) and T. Honjo (Kyoto
University), respectively. Typical experiments used mice at 6-12 wk of
age. For immunization and inflammatory challenge, mice 6-10 wk of age
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were given an i.p. challenge with 100 pl PBS containing 2 mg alum
(Sigma-Aldrich) with or without 200 p.g OVA. All studies were reviewed
and approved by the institutional animal care and use committee.

Abs and reagents

Abs used in this study were against I-AP (AF6-120.1), CD4 (RM4-5), CD11c
(HL3), CD8« (53-6.7), CD90.1 (OX-7), TCRB (H57-597), CD19 (1D3),
CD21 (7G6), CD23 (B3B4), CD44 (IM7), CD62L (MEL-14), CD103
(M290), CD122 (TMB1), CD127 (A7R34), IFN-y (XMG1.2), B7H-1
(programmed cell death protein ligand 1 [PD-L1]), B7-DC (PD-L1, pro-
grammed cell death protein ligand 2 [PD-L2]), CD80, CXCRS5-biotin, CD16/
CD32 (2.4G2), and H-2kd (SF1-1.1) from BD Biosciences. Streptavidin-
eFluor780 and Abs against Foxp3 (FIK-16a), CD8p (H35-17.2), MHC-IT
(M5/114.15.2), CD4 (GK5.1), and PD-1 (J43) were from eBioscience.
Peanut agglutinin FITC was from Vector Laboratories (Southfield, MI).
Mouse 1IL-2 and rIL-27 were from R&D Systems (Minneapolis, MN).

Flow cytometry and cell sorting

For analysis of DCs, spleens were diced and incubated in RPMI 1640/1%
FCS containing 0.5 mg/ml collagenase type IV (Sigma-Aldrich) for 30 min
at 37°C; single-cell suspensions were prepared; and RBCs were depleted
with ACK lysing buffer (BioWhittaker). Spleen cells were then washed
twice with PBS and filtered through nylon mesh in RPMI 1640/1% FCS.
For general analysis, cells were pretreated with anti-CD16/CD32 Ab on ice
for 15 min and then incubated at 4°C for 30 min with specific Abs. For
intracellular staining for IFN-y and granzyme B, cells were incubated with
anti-CD3 Ab (100 ng/ml) for 3 h in the presence of brefeldin A (eBio-
science), followed by fixation/permeabilization and staining with anti—
IFN-vy (BD Bioscience) and anti-granzyme B Ab (Invitrogen). For IL-10-GFP
and granzyme B staining, cells were treated with 0.01% paraformaldehyde/
PBS for 5 min and 0.05% Tween 20/PBS for 5 min, followed by anti-
granzyme B Ab.

Cells were analyzed on a FACS Canto (BD Biosciences) with FlowJo
software (Ashland, OR). Singlet lymphocyte gates were set based on forward
scatter and side scatter channels, and autofluorescent cells were gated out using
a dump channel. Positive gates were set using fluorescently labeled isotype-
control nonrelevant Abs, or internal nonrelevant cellular populations. IL-10-
GFP"* gates were set using non-IL-10-GFP reporter cells as a negative control.
B cells were sorted from spleen cells using B cell isolation kit (Miltenyi
Biotec) by depletion of CD43" B cells and non-B cells. CD4 T cells, CD8
T cells, and CD11c DCs were sorted from spleen cells using magnetic beads
(Miltenyi Biotec), whereas CD62L*™ CDS8 or CD4 T cells were purified using
an Aria cell sorter (BD Biosciences).

Cell culture

For CFSE-dilution assays, sorted CD4 and CD8 T cells were labeled with 5
nM CFSE (Invitrogen) for 10 min at 37°C, followed by washing with cold
PBS. Purified B cells (1 X 10% and DCs (2 X 10%) were cultured with 10°
CFSE-labeled OT-I, OT-II cells, and CD8 T cells, or FACS Aria-sorted
CD62L'™ CD8 T cells and CD62L' CD4 T cells in 250 ul RPMI 1640/
10% FCS containing various concentrations of OVA (Sigma-Aldrich) or 100
ng/ml anti-CD3 Ab for 2-3 d. CFSE dilution was analyzed on a FACS Canto
(BD Biosciences) with FlowJo software. IL-10 in the culture supernatant was
measured by IL-10 ELISA kit (R&D Systems).

In vivo cytotoxicity

Spleen cells or B cells purified were pulsed with 2 puM OVA ;57 564 peptide
for 2 h at 37°C. OVA,s572¢4 peptide-pulsed cells and control, nonpulsed
cells were labeled with 3 and 0.3 wM CFSE, respectively, for 3 min at
37°C. After washing, these two were mixed 1:1 and injected i.v. (107) into
day 10-14 immunized mice. The ratios of CFSE™®" versus CFSE'™ B cells
in the host spleen were measured after 18 h.

Quantitative RT-PCR

RNA was prepared using a Qiagen mini kit, according to the manufacturer’s
protocol. cDNA was prepared using a cDNA synthesis kit from SABio-
science (Qiagen). Quantitative RT-PCR analyses were performed in trip-
licate using primers and SYBR Green master mix from SABioscience with
an iQ5 cycler (Bio-Rad). Gene expression levels in each sample were
normalized against (3-actin expression and statistically analyzed with soft-
ware from SABioscience.

Adoptive transfer

Six-week-old sex-matched RAG-1""" recipient mice received an i.v. injec-
tion in 100 1 PBS of either wild-type or CD40LTg B cells (5 X 10°), plus

IL-10 EXPRESSION BY CD8 MEMORY T CELLS

one or other combination of IL-10-deficient or sufficient (IL-10-GFP re-
porter) CD4 T cells (10%) and CD8 T cells (10°). Likewise, RAG-1""" re-
cipient mice received CD40LTg B cells with IL-10-GFP reporter CD4
T cells (10°) and CD8 T cells (10°) from either PD-17'" or IFN-a/BR '~
mice. Two to three weeks after transfer, spleen cells were analyzed by FACS.

Colitis model

Purified naive CD62L*CD44 CDS8 T cells (10°%) by Aria sort from IL-10-
GFP wild-type or IL-10™"~ mice were i.v. transferred into RAG-1 '~ mice
(6-wk-old male) with or without B cells (5 X 10°% from wild-type or
CD40LTg mice. The recipients were weighed weekly for clinical signs of
disease. After 5 wk of transfer, mice were sacrificed for tissue harvest. Each
colon was graded by an experienced pathologist blinded to the treatment
group using a 0-3 scoring system to evaluate acute and chronic inflamma-
tion, crypt damage, and regeneration. The highest injury score could be as
high as 12, and the lowest without injury 1 (physiological inflammation).

Statistics

The p values were determined by applying the two-tailed, two-sample
equal variance Student ¢ test or Mann—Whitney U test.

Results
CD40LTg B cells activate CD8 T cells and induce augmented
Ag-specific cytotoxic response

Previous studies have shown that in vitro CD40-activated B cells
become potent APCs for CD8 T cells and generate augmented Ag-
specific cytotoxic response (4, 21, 22). To test whether CD40LTg
B cells can activate T cells, CD40LTg and wild-type B cells were
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FIGURE 1. CD40LTg B cells prime CDS8 T cells in vitro and generate
augmented in vivo Ag-specific cytotoxicity. (A) CESE-labeled OT-I or OT-II
cells were cultured with wild-type (WT) or CD40LTg (Tg) B cells and with
various concentrations of OVA protein for 3 d. Representative histogram
overlays with percentages of CFSE"" OT-I and OT-I cells cocultured with
B cells from WT (black) or Tg (red) mice are shown. (B) Averages with SDs
of total OT-I tetramer-binding cell numbers in spleen of WT (n = 3) or Tg
mice (n = 3) after day 10 immunization with OVA-alum are shown. *p =
0.02. (C) Representative histograms with percentages of CFSE™™ control
(black) and CFSE™E" OVA,s_p64 peptide-loaded (red) B220* donor cells in
Tg or WT mice (n = 3/group) preimmunized with OVA plus alum. Averages
with SDs of OVAss7_sss-specific lysis (%), determined as (CFSE'*¥[%)] —
CFSE™ % %])/CFSE'*¥[%] X 100. *p = 0.0002. Experiments in (A)—(C)
were repeated twice.
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cultured with CFSE-labeled OVA-specific CD8 (OT-I), or CD4
(OT-II), TCR Tg T cells in the presence of various amounts of
soluble OVA. We found that CD40LTg, but not wild-type, B cells
induced proliferation of OT-I, but not OT-IL, cells, as evidenced
by significantly higher percentage of CESE'™ population in the
OT-I cell culture, in a manner dependent on the amounts of OVA
(Fig. 1A). Also, at 2 wk after immunization with OVA plus alum,
CD40LTg mice generated significantly greater numbers of OVA-
specific tetramer-binding CD8 T cells (Fig. 1B) with augmented
OVA-specific in vivo cytotoxicity compared with wild-type con-
trol mice (Fig. 1C). It should be noted that DCs in Tg mice were
not functionally activated (16) and, in fact, upregulated PD-L1
expression and suppressed CD8 T cell activation (P.A. Koni,
A. Bolduc, M. Takezaki, Y. Ametani, L. Huang, S.L. Nutt,
M. Kamanaka, R.A. Flavell, A.L. Mellor, T. Tsubata, and
M. Shimoda, manuscript in preparation). These results indicate
that like CD40-activated B cells, CD40LTg B cells are potent
APCs for CD8 T cells.

Adjuvant induces activation of natural memory-like CD8
T cells in CD40LBTg mice

During the immunization experiment described above, we found
that, unlike wild-type control mice, CD40LTg mice exhibited
spontaneous global activation of CD8 T cells in their spleen with
accumulation of CD62L'°¥CD44™&™CD§ T cells. This was
substantially augmented after i.p. alum (2 mg) injection even
without Ag (Fig. 2A), although the accumulation of CD62L'""
CD44"&Mint DA T cells was not so obvious (data not shown). At 2
wk after alum injection, significantly higher levels of CD4 and
CD8 T cells in CD40LTg mice were still in cell cycle, as judged
by 24-h BrdU labeling compared with those in wild-type mice
(Fig. 2B). The proliferating BrdU* CD8 T cells were CXCR5"
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CD62L1CD44™ME ™ with effector memory T (Tgy) phenotype
(Fig. 2B), which are similar to those found in the B cell mantle
zone of human tonsils (23). This accumulation of CD62L"%
CD44MeMinCDg8 Ty, cells after alum injection did not occur in
CD40LTg mice on a B cell-deficient Jh ™'~ background (data not
shown).

Total numbers of CD4 and CD8 T cells and the frequency of
Foxp3™ regulatory CD4 and CD8 T cells were not significantly
different between wild-type and CD40LTg mice 2 wk after alum
injection, although Foxp3™ CD4 T cells from CD40LTg mice had
a more activated phenotype with downregulated CD62L expres-
sion compared with those from wild-type mice (data not shown).

Activated natural effector memory CDS T cells express IL-10

The CD62L°YCD44™¥™CDg T cells in CD40LTg did not ex-
press IFN-vy by intracellular staining. By gene expression analysis,
we found that CD8 T cells in CD40LTg mice expressed signifi-
cantly higher levels (67.4-fold) of IL-10 compared with those in
wild-type mice. To better track IL-10 differentiation in CDS8
T cells, IL-10-GFP reporter mice (18) and Blimp-1-GFP reporter
mice (20, 24) were crossed onto a CD40LTg background. As
shown in Fig. 2C, the CD62L°VCD44™1°% hopulation has a
phenotype consistent with effector/effector memory CD8 T cells
defined by Blimp-1-GFP reporter expression (20, 24). This pop-
ulation in CD40LTg/IL-10-GFP mice also expressed elevated PD-
1 and IL-10-GFP reporter expression. This population barely con-
tained Foxp3-GFP* cells (data not shown).

In IL-10-GFP reporter mice, the level of GFP expression cor-
relates with the amount of IL-10 mRNA (18). Because the mean
fluorescent intensity of IL-10-GFP reporter expression in GFP™
CDS8 T cells was consistently lower than that in GFP™ CD4 T cells
(data not shown), we tested whether IL-10-GFP" CDS8 T cells in
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FIGURE 2. CD40LTg mice trigger activation of CD8 Tgy cells during alum-mediated inflammatory response. Wild-type (WT) and CD40LTg (Tg) mice
were given alum, and their spleen cells were analyzed 2 wk later. (A) Average frequencies with SDs of naive (N), memory (M), effector memory (EM), and
effector (E) CD8 T cells (as gated on the leff) in WT and Tg mice with (alum) (n = 9/group) or without (naive) (n = 6/group) alum injection are shown. *p <
0.0005. (B) Average percentages with SDs of BrdU* CD4 and CD8 T cells in naive and alum-treated wild-type (white) and Tg (black) mice are shown (n =
3/group). Representative histograms for BrdU staining of CD8 T cells in Tg (solid) and WT mice (dash) with isotype control (shaded) and for CD62L,
CD44, and CXCRS5 expression of BrdU* cells are shown. *p < 0.05. (C) Representative CD62L versus CD44 FACS profiles of CD8 T cells in wild-type or
Tg Blimp-1-GFP reporter mice and gating strategy of CD62L°VCD44MeMin D] Ty, cell population with percentages are shown (leff). Representative
histograms of Blimp-1-GFP, PD-1, and IL-10-GFP expression in CD62L'°“CD44"€¥"CDg Tgy, cell population in Tg (solid) and WT mice (dash) with
isotype control (shaded) are shown. (D) ELISA IL-10 concentration in triplicate 4-d culture supernatants for anti-CD3-stimulated CD62L'*" CD8 and CD4

T cells of Tg mice with B cells from WT or Tg mice.
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CD40LTg mice produce IL-10. Thus, CD62L'°Y CD§ and CD4
T cells enriched with IL-10-GFP* cells were purified from
CD40LTg and restimulated with anti-CD3 Ab in the presence of
wild-type or CD40LTg B cells. As expected and shown in Fig. 2D,
the amount of IL-10 produced by CD62L'°YCDS8 T cells was
significantly lower than that produced by CD4 T cells from these
mice.

CDA40LTg B cells induce IL-10-GFP expression in T cells
during lymphopenic proliferation

Based on the CD8 T cell IL-10 expression in CD40LTg mice
during alum-induced inflammatory response, we hypothesized that

IL-10 EXPRESSION BY CD8 MEMORY T CELLS

CD40LTg B cells stimulate memory-like CD8 T cells to express
IL-10. To test the hypothesis, we performed adoptive transfer
experiments in RAG-1 ~/~ mice. CD4 and CDS8 T cells transferred
into the lymphopenic environment of RAG-1"'" mice undergo
spontaneous proliferation and generate natural memory/effector
memory T cells (25). When RAG-1""" mice were reconstituted
with CD4 and CDS8 T cells (1 X 10° each) from IL-10-GFP re-
porter mice and B cells (5 X 10°) either from wild-type or
CD40LBTg mice, the recipients of CD40LTg B cells had signif-
icantly greater numbers of CD8 T cells (8.7-fold) with a higher
frequency of CD62L°VCD44'Y effectors (2.8-fold) compared
with the recipients of wild-type B cells at 2 wk posttransfer (Fig.
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FIGURE 3. CDA40LTg B cells induce IL-10 expression from CD8 T cells during lymphopenic response in a manner dependent on IFN-I and PD-1 to
counterregulate overactivation. Wild-type (WT) or CD40LTg (Tg) B cells and T cells from IL-10-GFP or IL-10"~ mice were transferred into RAG-1"/"
mice. Their spleen cells were analyzed after 2 wk. (A) Representative CD62L versus CD44 FACS profiles for CD4 and CD8 T cells of RAG-1"'" recipients
of WT or Tg B cells. Average frequencies with SDs of naive (N), memory (M), effector memory (EM), and effector (E) cells among CD8 T cells are shown
(n = 3/group). *p < 0.005. Experiments in (A) were repeated twice. (B) Representative histograms for IL-10-GFP expression of CD4 and CD8 T cells in
RAG-17/7 recipients of WT (dash) or Tg (solid) B cells. Average percentages with SDs of IL-10-GFP™" cells are shown (n = 7/group). *p = 0.04, **p =
0.0004. Experiments in (B) were repeated twice. (C) RAG-1""" mice received B cells from WT (n = 3) or CD40LBTg (n = 5) mice together with CD4 and
CD8 T cells (IL-10™" or IL Please add a p value to the figure legend, otherwise explain the asterisks in Fig. 1, or provide a revised figure without the
asterisks.-10*'*). Representative granzyme B expression FACS profiles of CD8 T cells in the recipients at 5 wk postcell transfer, with percentages for the
gated granzyme B CD8 T cells. Average percentages with SDs of granzyme B* CD8 T cells (n = 3/group) are shown. *p < 0.05 The experiment in (C) was
repeated once. (D) RAG-1"'" mice received CD8 T cells from WT, PD-17'", or IFN-o/BR ™~ mice together with WT CD4 T cells and Tg B cells.
Representative granzyme B versus IFN-y FACS profiles of CD8 T cells in RAG-1"" recipients, with granzyme B* percentages. Average percentages with
SDs of granzyme B* CD8 T cells and fold changes of IL-10 mRNA level in CD8 T cells compared with that in control WT CD8 T cells are shown (n = 3/
group). The experiment in (D) was repeated once.
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FIGURE 4. CD40LTg B cells regulate naive CD8 T cell-mediated inflammatory colitis by IL-10 induction. (A-D) RAG-1""" mice received CD62L*
CD447CDS8 T cells from IL-10-GFP reporter mice with B cells from wild-type or Tg mice (n = 4 each), without B cells (n = 4 each) or left untreated (n = 3
each). (E-G) RAG-1""" mice received CD62L*CD44 CD8 T cells from IL-10-GFP reporter or IL-10™'" mice with Tg B cells (n = 4 each). (A and E)
Average percentages with SDs of body mass changes (%) for each recipient group are shown. (B, F) Representative intracellular staining IL-17 versus IFN-y
FACS profiles for spleen or MLN CD8 T cells in the recipients with percentages for each quadrant. Average frequencies with (Figure legend continues)
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3A). In addition, their CD4 and CD8 T cells had significantly
higher frequencies of IL-10-GFP expression compared with those
in the recipients of wild-type B cells (Fig. 3B). These results
confirm that CD40LTg B cells stimulate CD4 and CD8 T cells
during lymphopenic proliferation to express IL-10.

Autocrine IL-10 expression is essential for CD8 T cells to
counterregulate their overactivation during lymphopenic
proliferation

Using this adoptive transfer model, we further addressed the role
of IL-10 expression in activated CD8 T cells by CD40LTg B cells.
When RAG-1""" mice were reconstituted with CD40LTg or wild-
type B cells and different combinations of IL-10-deficient or
sufficient CD4 and CD8 T cells, the frequency of CD62L°Y
CD44™ effector CD8 T cells (data not shown) and granzyme B*
CD8 T cells significantly increased when CD8 T cells lacked IL-
10, and this was not further increased when CD4 T cells were also
IL-10 deficient (Fig. 3C). These results indicate that autonomous
IL-10 expression in CD8 T cells is critical to counterregulate their
overactivation and granzyme B expression when CD40LTg B cells
stimulate CD8 T cells.

IFN-a/BR and PD-1 signaling is essential for effector memory
CD8 T cells to express IL-10

Type I IFN signaling is critical for CD8 downregulation (26) and
PD-1 up-regulation on CD8 T cells (27) upon TCR engagement.
PD-1 engagement has been shown to induce IL-10 expression in
T cells (28). As shown in Fig. 2C, CD62L'°VCD44"&"inCpg
T cells in CD40LTg mice, enriched with IL-10-GFP expression,
expressed elevated levels of PD-1. Therefore, we hypothesize that
CDS8 T cell IL-10 expression is triggered as a regulatory mecha-
nism downstream of type I IFN and PD-1 pathway. To test the
hypothesis, CD8 T cells from IFN-a/BR™™ or PD-1"'" mice
were transferred into RAG-1"'" along with CD40LTg B cells. At
2 wk after transfer, CD8 T cells were recovered from the recipient
mice, and their granzyme B expression and IL-10 mRNA ex-
pression level was examined. As shown in Fig. 3D, the frequency
of granzyme B™ CD8 T cells in the recipients of CD40LTg B cells
significantly increased when CD8 T cells lacked IFN-a/3R or PD-
1. Thus, signals from IFN-o/BR and PD-1 are important to block
the activation of CD8 T cells. Furthermore, whereas IL-10 mRNA
level in CD8 T cells increased by ~54,000-fold after transfer into
RAG-1""" recipients together with CD40LTg B cells, it increased
only 4- and 170-fold when CD8 T cells lacked IFN-a/BR and PD-
1, respectively. Thus, IFN-a/BR-deficient CD8 T cells almost
completely failed to upregulate IL-10 mRNA expression upon
stimulation with CD40LTg B cells. These results indicate that the
signal from IFN-o/BR triggers IL.-10 expression in CD8 T cells,
and this IL-10 expression is further enhanced by PD-1 signal
delivered by PD-1/PD-L1 and PD-L2 interaction during CD8
T cell activation.

CD40LTg B cells induce IL-10 expression and suppress
intestinal inflammation caused by spontaneous proliferation of
CD8 T cells

Adoptive transfer of naive CD62L*CD44~CDS8 T cells into RAG-
17/~ mice causes colitis in association with MHC/Ag-driven rapid
spontaneous proliferation and differentiation of inflammatory ef-
fector CD8 T cells producing IL-17 and IFN-y (29). Using this
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model, we tested whether cotransfer of CD40LTg B cells could
suppress this CD8 T cell-mediated inflammatory response with
induction of IL-10. As previously reported, RAG-17"" recipients
of naive CD8 T cells significantly lost body weight (Fig. 4A) in
association with the differentiation of IL-17" and IFN-y* effector
CD8 T cells in their mesenteric lymph nodes (MLNs) and spleen
(Fig. 4B). As shown in Fig. 4A, cotransfer of CD40LTg, but not
wild-type, B cells could suppress inflammation and maintained
the body weight of recipient RAG-1"'" mice during the period
studied. Also, the frequency of IL-17%, but not IFN-y*, CD8
T cells was significantly reduced in the spleen (data not shown)
and MLNs (Fig. 4B) of the recipients of CD40LTg B cells com-
pared with recipients of wild-type B cells or without B cell transfer.
As expected, CD8 T cells of the recipients of CD40LTg B cells
had a significantly higher frequency of IL-10-GFP expression
compared with those in the recipients of wild-type B cells (Fig.
4C). By histology, colon pathology was significantly improved in
the recipients of CD8 T cells with B cell transfer compared with
the recipients of CD8 T cells alone, and this was even more sig-
nificant in the recipients with CD40LTg B cell cotransfer, com-
pared with wild-type B cell cotransfer, in association with reduced
lymphocyte infiltration in the colon (Fig. 4D).

To test whether CD8 T cell IL-10 expression is essential for the
regulation of inflammatory response by CD40LTg B cells, IL-10*"*
or IL-107~ CD8 T cells were transferred into RAG-1"'" mice
along with CD40LTg B cells. As shown in Fig. 4E, the therapeutic
effect of CD40LTg B cells was largely dependent on IL-10 ex-
pression by CD8 T cells because the recipients of IL-107/~ CD8
T cells with CD40LTg B cell cotransfer exhibited systemic in-
flammation, as evidenced by significant weight loss, along with
significantly elevated frequency of IL-17" and IFN-y" CD8 T cells
in their spleens and MLNs (Fig. 4F). The recipients with IL-107"
CD8 T cells also exhibited enhanced lymphocyte infiltration into
the colon tissues, although the clinical scoring of this effect was
not statistically significant (Fig. 4G). These results demonstrate that
CD40LTg B cells are capable of suppressing systemic as well as
intestinal inflammation in spontaneously proliferating CD8 T cells
under lymphopenic conditions by inducing IL-10 expression.

Discussion

Using CD40LTg B cells as a model for B cells in human in-
flammatory diseases that abnormally express CD40L or constitu-
tively receive CD40L, this study presents the possibility that such
B cells induce suppressive mechanisms in memory-like T cells with
IL-10 expression. Furthermore, this study demonstrates in a mouse
model that adoptive transfer of CD40LTg B cells can regulate
inflammatory CD8 T cell response under lymphopenia, indicating
a potential therapeutic use of CD40L-expressing B cells in CD8
T cell-mediated inflammatory diseases.

Lymphopenia, a condition characterized by reduced numbers
of lymphocytes, is a critical cofactor of autoimmunity (30-32).
Under lymphopenic conditions, residual low numbers of CD8
T cells proliferate in response to cytokines and self- and com-
mensal bacterial Ags presented by DCs (25, 29), and quickly form
memory-like cells. Such memory-like cells are functionally in-
distinguishable from adaptive memory T cells to provide imme-
diate protection (33), but may cause tissue damage. In the absence
or failure of regulatory mechanisms, self- and microbial reactive

SDs of IL-17" (B, F) or IL-17* and IFN-y* (F) CD8 T cells in the MLN are shown (n = 4/group). (C) Representative histograms for IL-10-GFP expression of
spleen and MLN CD8 T cells in the recipients of wild-type (WT; dash) or Tg (solid) B cells, with percentages of IL-10-GFP™ cells. (D, G) Representative
H&E staining of colon histology are shown (X 100). Average clinical scores with SDs are shown to the righz. Results from one of two similar experiments

are shown. *p < 0.05, **p < 0.01.
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T cells are abnormally activated and differentiated into inflam-
matory IL-17 and IFN-vy effector cells to cause autoimmune dis-
eases (31, 32). Lymphopenia-induced proliferation of autoreactive
CD8 T cells closely correlates with the onset of diabetes in NOD
mice (34). Furthermore, memory-like CD8 and CD4 T cells co-
operate to break peripheral tolerance under lymphopenic con-
ditions in an autoimmune diabetes model (35). These studies
collectively support the notion that regulating effector differenti-
ation of CD8 T cells during lymphopenic proliferation is a critical
therapeutic target for autoimmune diseases.

In the autoimmune NOD mouse diabetes model, a nanoparticle
vaccine coated with -peptide-MHC complex could prevent and
cure diabetes by selective expansion of low-affinity memory-like
autoregulatory CD8 T cells, in an epitope-specific manner, to
blunt the activation and recruitment of CD8 T cells with other
specificities to the islets (36). In this context, CD40LTg B cells
induced the expansion of effector memory-like CD8 T cells under
lymphopenia (Fig. 3A) and substantially reduced recruitment of

CD8.T cells-to the colon compared with-wild-type B-cells-(Fig.

4D). It is interesting to speculate that CD40L-expressing B cells
have a capacity similar to the nanoparticle vaccine and may be
used for an adoptive cell transfer therapy to treat CD8 T cell-
mediated inflammatory autoimmune diseases.

The current study identified CD40LTg B cells to be potent
APCs for CD8 T cells, which can be used for a therapeutic target.
In fact, accumulating evidence indicates a potential physical in-
teraction between memory-like CD8 T cells and B cells under
physiological settings. In a human/SCID rheumatoid arthritis
model, IFN-vy* CD40L*CD8 T cells in the mantle zone were re-
quired for the maintenance of ectopic germinal centers (37). In
tonsils, CXCR5" CD44"€" memory-like CD8 T cells found in the
mantle zone supported B cell Ab production (23). In a viral in-
fection model, long-lived memory CD8 T cells were mainly found
in B cell follicles (38). More recently, it was shown that MZ B cell
numbers are determined by perforin-mediated CD8 T cell cyto-
toxicity (39). Further studies are needed to examine the role and
significance of interactions between CD40-activated B cells and
memory-like CD8 T cells in immune response.

In line with the mechanisms of CD8 T cell activation by
B cells, previous studies showed that anti-CD40-activated B cells
modulated T cell response via overproduction of the cytokines
1L-6, IL-10, and IL-15 (4, 40, 41). Also, injection of agonistic
anti-CD40 Abs into mice induced bystander proliferation of
memory-like CD8 T cells in a manner dependent on CD40 ex-
pression on APCs (ie., B cells and DCs) and IL-15 (42). In our
model, naive CD40LTg B cells expressed relatively higher levels
of IL-6, IL-10, and IL-15 mRNAs (2.5-, 2.0-, and 2.0-fold, re-
spectively) compared with wild-type B cells. Also, CD21hieb
CD23"°Y MZ B cells from CD40LTg mice produced greater amounts
of IL-6 and IL-10 in response to various stimuli compared with those
from control mice (P.A. Koni, A. Bolduc, M. Takezaki, Y. Ametani,
Kamanaka, R.A. Flavell, A.L. Mellor, T. Tsubata, and M. Shimoda,
manuscript in preparation). Thus, overproduction of certain cyto-
kines could also be a mechanism of augmented CD8 T cell response
in CD40LTg mice. Another potential mechanism for memory CD8
T cell activation by CD40LTg B cells could be through CD40
expressed on memory CD8 T cells (43), although this was not the
case in bystander proliferation of memory-like CD8 T cells induced
by agonistic anti-CD40 Abs (42). Further studies are needed to
understand the molecular mechanisms of CD8 T cell activation
by CD40L-expressing B cells for therapeutic use.

IL-10 expression has been found in virus-specific exhausted CD8
T cells (44, 45) under chronic infection and was implicated as
a regulatory mechanism to prevent overactivation. In this context,
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the current study demonstrates that the absence of IL-10 expres-
sion in CD8 T cells increased granzyme B expression (Fig. 3C),
inflammatory cytokine production (Fig. 4E), and lymphocyte in-
filtration in the colon (Fig. 4F). Thus, autonomous IL-10 expres-
sion is a critical safeguard mechanism in activated memory CD8
T cells to counterregulate overactivation and block inflammatory
response. In a viral infection model, IL-10 production by cytotoxic
T cells was amplified by IL-2 derived from CD4" Th cells with
innate-derived IL-27 through a Blimp-1-dependent mechanism
(46). Like in this chronic viral infection model, Blimp-1 and PD-1
expression coincided with IL-10 reporter expression in CD8 Tgy
cells in our model (Fig. 2C). Furthermore, based on the data
presented in Fig. 3D, we propose IL-10 expression in CD8 T cells
to proceed at least in two steps. First, the IL-10 expression is
induced under IFN-I signaling as a part of IFN-I~mediated regu-
latory mechanisms such as downregulation of CD8« to desensitize
TCR signaling (26). Next, the IL-10 expression is dramatically
upregulated through PD-1 engagement. In CD8 T cells, IFN-I

—induces-IEN-regulatory-factor-9-that-directly-enhances-PD-1 ex-

pression at the transcriptional level (27). PD-1 and the PD-L1/PD-
L2 interaction critically regulates self-reactive CD8 T cell acti-
vation in various autoimmune disease models (47) via induction of
CD8 T cell anergy (unresponsive) by limiting their autonomous
IL-2 production (48) as well as by causing exhaustion in fully
differentiated effector CD8 T cells to block cytotoxicity in asso-
ciation with upregulation of various negative regulators (49, 50).
In this context, we show that IL-10 expression also is one of the
critical regulatory mechanisms mediated by PD-1 engagement.

Finally, our finding may be related to regulatory B cell functions,
which are induced by anti-CD40 activation (51-53). Regulatory
functions of B cells have been mainly associated with their own
overproduction of IL-10 (41, 52, 54, 55). In addition, the current
study suggests that the regulatory action of anti-CD40-activated
B cells may, in fact, involve induction of IL-10 in the memory-like
CD4 and CDS8 T cell compartment. Whereas such a mechanism is
certainly important to prevent excessive tissue damage in infec-
tions (45), colitis, and other autoimmune diseases, it might also
play an adverse role in chronic infections and malignancies by
creating an immune-suppressive environment that impairs overall
T cell function. Thus, our findings may be helpful to treat patients
with chronic inflammatory diseases.
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Cd72° Is a Modifier Gene that Regulates Fas” -Induced
Autoimmune Disease

Miduo Xu,*’ Rong Hou,*" Aya Sato-Hayashizaki,*" Rongyong Man,*' Chenghua Zhu,*"
Chisato Wakabayashi,*" Sachiko Hirose,” Takahiro Adachi,*" and Takeshi Tsubata®"

Although modifier genes are extensively studied in various diseases, little is known about modifier genes that regulate autoimmune
diseases. Autoimmune disease caused by the Fas?" mutation depends on the genetic background of mouse strains, suggesting a crucial
role of modifier genes. MRL/MpJ-Fas?" (MRL/Ipr) and AKR/Ipr mice develop severe and mild lupus-like autoimmune disease,
respectively, whereas this mutation does not cause disease on C57BL/6 (B6) or C3H background. Both MRL and AKR carry the
same haplotype of the Cd72 gene encoding an inhibitory BCR coreceptor (CD72°), and CD72° contains several amino acid sub-
stitutions and a deletion in the extracellular region compared with CD72 and CD72°. To address the role of Cd72° locus in the regu-
lation of Fas@-inducedwautimmuneAdisease,«»we»generated»Bé.—GD72»°/lpr—»and—~MRI—,.~C~D72b/lpr»»congenic mice. Introduction of the
chromosomal interval containing Cd72° did not cause disease in B6 mice by itself, but caused development of lupus-like disease in the
presence of Fas®” on B6 background, clearly demonstrating that this interval contains the modifier gene that regulates Fas? -induced
autoimmune disease. Conversely, MRL.CD72"/Ipr congenic mice showed milder disease compared with MRL/lpr mice. We further
demonstrated that Cd72° is a hypofunctional allele in BCR signal inhibition and that CD72 deficiency induces severe autoimmune
disease in the presence of Fas?". These results strongly suggest that the Cd472° is a crucial modifier gene that regulates Fas?'-induced

autoimmune disease due to its reduced activity of B cell signal regulation. The Journal of Immunology, 2013, 190: 5436-5445.

odifier genes have been extensively studied in various
M diseases such as cancer, arrythmia, and cystic fibrosis,

because penetrance and disease manifestations of the
disease caused by disease-causing genes are extensively modified
by modifier genes (1-3). In cystic fibrosis, contribution of modifier
genes to the disease variability is almost equivalent to that of
environmental factors. Mutation of the Fas gene causes autoim-
mune disease in both mice and human (4-7). Penetrance, severity,
and manifestations of the disease induced by Fas'" mutation, a
loss-of-function mutation of Fas, depend on the genetic back-
ground of mouse strains. MRL/Mpl-Fas”" (MRL/lpr) and AKR/Ipr
mice develop severe and mild lupus-like autoimmune disease,
whereas Fas™" does not induce autoimmune disease in C57BL/6
and C3H mice (8, 9). Moreover, Fas-deficient BALB/c mice were
recently shown to develop allergic inflammation (10). Thus, the
disease caused by Fas'P" or Fas deficiency is strongly regulated
by modifier genes.
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CD72 is a 45-kDa type Il membrane protein expressed in B cells.
CD72 contains a C-type lectin-like domain in the extracellular region
and an immunoreceptor tyrosine-based inhibition motif (ITIM) in the
cytoplasmic region (11-13). CD72 negatively regulates BCR sig-
naling by recruiting SH2-containing tyrosine phosphatase-1 at the
ITIM (12-16). In mice, four allelic forms of CD72 (i.e., CD72%,
CD72°, CD72°, and CD72% were serologically defined (17). CD72%,
CD72°, and CD72¢ are highly homologous (18, 19). In contrast, the
extracellular region of CD72° has a marked difference from the
other alleles including a 7-aa deletion in the C-type lectin-like do-
main, although the amino acid sequence of the transmembrane and
cytoplasmic regions of CD72° is identical to that of the other alleles
(18, 19). Interestingly, MRL and AKR, both of which develop au-
toimmune disease in the presence of Fas™", carry CD72¢, whereas
most of the other strains of mice, including BALB/c and C57BL/6
(B6), carry either CD72% or CD72° (18, 19). Moreover, studies usin g
microsatellite markers revealed association of the loci containing
Cd72 to development of glomerulonephritis in MRL/Ipr mice (20—
22). Thus, Cd72° is a candidate for a modifier gene that regulates
Fas™-induced autoimmune disease.

In this study, we addressed the role of the Cd72° locus in the
development of autoimmune disease by generating B6.CD72° and
MRL.CD72%/Ipr congenic mice. B cells from B6.CD72° congenic
mice showed augmented BCR signaling compared with B6 B cells,
and B6.CD72/lpr developed severe autoimmune disease, whereas
B6.CD72° mice showed no disease. Conversely, MRL.CD72%/Ipr
mice showed less severe autoimmune disease compared with
MRL/lpr mice. These results suggest that Cd72° is a functionally
defective allele, and the Cd72° locus does not cause any disease by
itself but plays a role in development of severe autoimmune disease
in MRL/Ipr mice probably by augmenting BCR signaling. We fur-
ther demonstrate that CD72 deficiency causes severe autoimmune
disease in the presence of Fas”” by generating CD72-deficient
mice. Thus, Cd72° is a modifier gene that plays a crucial role in
development of Fas*-induced autoimmune disease probably through
its defective regulatory function on BCR signaling.
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