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Invariant NKT Cells Inhibit Autoreactive B Cells in
a Contact- and CD1d-Dependent Manner

Jun-Qi Yang,""Jr’i’1 Xiangshu Wen,”"1 Peter J. Kim,* and Ram Raj Singh""Jf’g’1I

Autoantibody production is a hallmark of autoimmune diseases, such as lupus and rheumatoid arthritis. Accumulating evidence
suggests a role of invariant NKT (iNKT) cells in their pathogenesis. Mechanisms underlying the role of iNKT cells in these diseases,
however, remain unclear. In this study, we show that iNKT cells suppress IgG anti-DNA Ab and rheumatoid factor production and
reduce IL-10-secreting B cells in a contact-dependent manner, but increase total IgG production and enhance activation markers
on B cells via soluble factors. In vivo reconstitution with iNKT cells also reduces autoantibody production in iNKT-deficient mice
and in SCID mice implanted with B cells. Using an anti-DNA transgenic model, we found that autoreactive B cells spontaneously
produce IL-10 and are activated in vivo. In the presence of activated iNKT cells, these autoreactive B cells are selectively reduced,
whereas nonautoreactive B cells are markedly activated. Because iNKTs recognize CD1d, we reasoned that CD1d might play
a role in the differential regulation of autoreactive versus nonautoreactive B cells by iNKT cells. Indeed, autoreactive B cells
express more CD1d than nonautoreactive B cells, and CD1d deficiency in lupus mice exacerbates autoantibody production and
enhances Ab response to a self-peptide but not to a foreign peptide. Importantly, iNKT cells fail to inhibit autoantibody production
by CD1d-deficient B cells. Thus, iNKT cells inhibit autoreactive B cells in a contact- and CD1d-dependent manner but activate
nonautoreactive B cells via cytokines. Such ability of iNKTs to suppress autoantibody production, without causing global sup-

pression of B cells, has important implications for the development of iNKT-based therapy for autoimmune diseases. The Journal

of Immunology, 2011, 186: 1512-1520.

nvariant NKT (iNKT) cells are CD1d-restricted, lipid Ag-

reactive T cells that express an invariant TCR Val4Jal8

in mice (1-3). Upon activation by glycolipid Ag, such as
a-galactosylceramide (aGalCer) (4), these cells transactivate a
variety of other cells, including NK cells, T cells, B cells, and
dendritic cells (5-9). Activated iNKT cells have been reported to
enhance Ab responses against T-dependent and T-independent Ag
and pathogens (10-12). These observations suggest a supportive
role of iNKT cells on B cell functions.

B cell depletion is emerging as an effective treatment for in-
flammatory diseases, such as systemic lupus erythematosus (SLE)
and rheumatoid arthritis (13). Ablation of autoreactive B cells
suppresses disease (14) in the New Zealand Black (NZB) X New
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Zealand White (NZW) F; (BWF;) model of SLE (15). These
studies as well as reports showing prevention of autoimmune
disease in B cell-deficient mice (16) emphasize a pivotal role of
B cells in these diseases. B cells also promote Ag presentation and
produce cytokines such as IL-10, which contribute to the de-
velopment of these diseases (17, 18).

We have previously reported that CD1d deficiency worsens
autoantibody production and nephritis in BWF; (19) and pristane-
injected BALB/c mice (20), suggesting a role of iNKT cells in
regulating autoantibody production. Hence, we investigated the
role of iNKT cells on autoantibody production and explored
mechanisms underlying iNKT cell effects on autoreactive B cells
in this study. Our results show that iNKT cells inhibit IgG auto-
antibody production in a contact- and CD1d-dependent manner
but leave normal polyclonal IgG responses intact and increase the
expression of activation markers on B cells via cytokines. Thus,
iNKT cells selectively suppress autoreactive B cells, without im-
pairing normal B cell responses.

Materials and Methods
Mice

NZB, NZW, and SCID BALB/c mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). BWF; mice that develop T cell-dependent
autoantibody-mediated lupus nephritis (15) were bred locally. In some ex-
periments, lupus-like autoantibodies and nephritis were induced in BALB/c
mice by pristane injection (20). Va14™ BALB/c (21) and Ja18™~ BALB/c
(22) mice were provided by Dr. A. Bendelac (Chicago, IL) and Dr. M.
Taniguchi (Yokohama, Japan), respectively. R4A-y2b™ mice that have in-
creased numbers of IgG2b anti-dsDNA Ab B cells (23) were provided by Dr.
B. Diamond. CD1d™"~ BWF, mice were generated by introgressing CD1d-
null allele onto NZB and NZW backgrounds (19). All mice were handled
in accordance with institutional guidelines.

Reagents

For detection of iNKT cells, recombinant soluble dimeric mouse CD1d:Ig
was loaded with aGalCer (Kyowa Hakko Kirin, Tokyo, Japan), and labeled
with PE following the manufacturer’s instructions. Synthetic immuno-
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stimulatory phosphorothioate-modified oligodeoxynuleotide (CpG-ODN
1826: 5'-TCCATGACGTTCCTGACGTT-3") was synthesized at the local
core facility (underlined letters represent CpG motifs). LPS and anti-mouse
IgM were purchased from Sigma-Aldrich (St. Louis, MO). Peptides A6.1
V3145 (p31) (GYFMNWVKQSHGKSL) and hen egg lysozyme 106—
116 (p106) (NAWVAWRNRCK) were synthesized at the Chiron Labora-
tories (Clayton, Victoria, Australia), using F-moc chemistry. The synthetic
peptides were analyzed for purity by HPLC and by mass spectrometry, as
described previously (24). Peptide p31, an autoantigenic peptide derived
from the Vi of a pathogenic anti-dsDNA mAbD, stimulates T cells that
promote anti-DNA Ab production and accelerate lupus nephritis (24, 25).
Both p31 and p106 bind MHC class 11 (I-E% and elicit strong immune re-
sponse in BWF; mice (25, 26). Animals were immunized with the peptide in
CFA s.c. and challenged i.p. with the respective peptide in IFA.

Purification of T, B, and iNKT cells

Splenic T cells and B cells were purified using anti-CD90 (Thy1.2) and anti-
CD45R (B220) microbeads, respectively, on an autoMACS magnetic cell
separator (Miltenyi Biotec, Auburn, CA). In some experiments, T cells were
enriched using mouse T cell enrichment columns (R&D Systems, Min-
neapolis, MN). To purify iNKT cells, spleen cells were incubated with PE-
labeled CD1d-aGalCer dimer on ice for 20 min. After washing, spleen
cells were incubated with anti-PE microbeads (Miltenyi Biotec), and
iNKT cells were positively selected using autoMACS. Purity of T and
B cells was >97%, and purity of iNKT cells was >92%.

Flow cytometry

Cells were incubated with anti-CD16/32 (2.4G2) to block FcRyII/III,
followed by staining with conjugated mAbs, as described previously (19).
iNKT cells were detected using CD1d-aGalCer dimer and anti-TCR{ (27).
Stained cells were analyzed using FACSCalibur (BD Biosciences, San
Diego, CA) and CellQuest (BD Biosciences, San Jose, CA) or FlowJo
softwares (Ashland, OR).

Reconstitution of Jal8™'~ mice

Recipient Ja18 '~ mice were injected i.p. with 5ug LPS, followed by i.v.
transfer of CFSE-labeled purified T cells (5 X 10°) from donor Va14™ or
Ja18™/~ mice. Donor mice were injected i.v. with 4 wg aGalCer or vehicle
90 min prior to harvesting cells. Reconstitution was assessed by detection
of CFSE" cells in peripheral blood cells after 7 d (Supplemental Fig. 1).
Animals transferred with T cells from aGalCer-injected Vo 14™ mice had
higher numbers (=2-fold) of CFSE* cells than recipients of control T cells
(from aGalCer-injected Ja18™' mice or vehicle-injected Va14™¢ mice),
suggesting an expansion of activated iNKT cells. Spleen cells harvested
from these mice on day 7 were cultured for 6 d, and supernatants were
tested for autoantibodies.

Reconstitution of SCID mice

BALB/c SCID mice were injected i.p. with 5 wg LPS and 6 pg aGalCer
separately and then transferred i.v. with CFSE-labeled B cells (1 X 107)
isolated from 10-mo-old Ja18 '~ mice. SCID mice were then transferred
iv. with 6 X 10° T (TCRB™) or iNKT (TCRB*CDI1d-aGalCer dimer*)
cells from donor 10-wk-old Va14™ mice. Control animals received the
same numbers of B220" cell-depleted spleen cells from Ja18 ™/~ mice.
Four days after the transfer, spleen cells harvested from these mice were
analyzed for TCRB and CD1d-aGalCer dimer-positive cells to verify the
reconstitution of SCID mice with iNKT cells. As expected, the recipients
of Ja18 '~ T cells had no iNKT cells; and recipients of purified iNKT
cells had higher numbers of iNKT cells in their spleens than recipients of
purified T cells from Va14™ mice (Supplemental Fig. 2). Spleen cells
from these mice were cultured in complete medium without any stimulant
or with LPS or CpG for 6 d, and supernatants were assayed for autoanti-
bodies.

Detection of autoantibodies, Ig isotypes, and cytokines

Spleen cells (1.5 X 10%/ml) were incubated in complete medium with LPS
(10 pg/ml), CpG-ODN (4 pg/ml), anti-mouse IgM (10 pg/ml) or aGalCer
(50 ng/ml). Supernatants were collected after 5-6 d. IgG anti-DNA Abs
were measured by ELISA, as described previously (14). Rheumatoid factor
(RF) (anti-IgG2a®) was determined by ELISA, as described previously
(20). Total Ig and its isotypes were measured by a standard sandwich
ELISA (14) using appropriate Ab pairs (Southern Biotechnology Asso-
ciates, Birmingham, AL). Cytokines were assayed in culture supernatants
by ELISA using appropriate mAb pairs and standards, as described pre-
viously (14).

1513

Transwell experiments

Va14™ BALB/c mice (24 mo old, five mice per group) were injected i.v.
with vehicle or aGalCer 90 min before harvesting their spleens. T cells
were purified from these spleens using T cell enrichment columns (R&D
Systems). These purified T cells were cultured in RPMI 1640 medium
(Sigma-Aldrich) with 10% FCS (Life Technologies) with B cells that were
purified from the spleens of BALB/c mice 6—12 mo after pristane injection
(20) using anti-B220 microbeads and autoMACS (Miltenyi Biotec). In
Transwell experiments, T cells (1 X 10° in upper wells and the same
numbers of B cells in lower wells were cultured using HTS Transwell-24
Plate (Corning, Acton, MA). For the mixed cultures, the same numbers of
T cells and B cells were cultured in regular 24-well plates (Corning). B cell
stimulants LPS (10 pg/ml) or CpG-ODN (2 pg/ml) were added to cultures,
as indicated. Culture supernatants collected after 5—7 d were tested for
Abs. Activation marker (CD86) and IL-10 production were assessed in 18-
h cultures.

Cytokine secretion assay

Cellular sources of cytokines were identified using MACS cytokine se-
cretion assay kit (Miltenyi Biotec), following the manufacturer’s protocol
with some modifications (20). Briefly, spleen cells (1 X 10% were in-
cubated at 37°C for 45 min with the cytokine catch reagent that attaches to
all leukocytes via CD45 and binds to the specific cytokine that is secreted
by the cell. After washing, cells were stained with PE-conjugated cytokine
detection Ab, counterstained with anti-B220 or anti-CD19 and anti-TCR
Abs, and analyzed by FACSCalibur. To enrich IL-10-secreting B cells,
T cell-depleted spleen cells were incubated at 37°C for 45 min with the IL-
10 catch reagent. After washing, cells were stained with PE-conjugated
anti-IL-10 Ab, followed by incubation with anti-PE microbeads. IL-10-
secreting cells were then positively selected using AutoMACS (Miltenyi
Biotec). More than 90% of such IL-10—enriched cells were B220 positive.

Statistical analysis

Levels of Abs and cytokines, lymphocyte percentage, and numbers were
compared using Student ¢ or Mann—Whitney U test.

Results

iNKT cell ligand aGalCer suppresses autoantibody production
in vitro

To determine the effects of iNKT cells on autoreactive B cells, we
added aGalCer to spleen cell cultures from 6-mo-old BWF; mice
that spontaneously produce IgG autoantibodies (Fig. 1A). Strik-
ingly, although total IgG levels increased, levels of IgG anti-DNA
Ab were significantly reduced in the presence of aGalCer. In-
hibition of autoantibody production, but not of total IgG, by
aGalCer might reflect a selective suppression of in vivo activated
autoreactive B cells in diseased BWF; mice. Hence, we inves-
tigated the effect of aGalCer on activated (LPS-stimulated) BWF;
spleen cells. aGalCer still did not reduce total IgG levels, but
significantly reduced IgG anti-DNA Ab production in a dose-
dependent manner (Fig. 1B). Inhibition of autoantibody produc-
tion by aGalCer is not limited to anti-DNA, as another auto-
antibody, RF, is also reduced. These data further confirm the
suppressive effect of aGalCer on autoreactive B cells.

aGalCer-mediated suppression of autoantibody production is
not limited to BWF; mice, as addition of aGalCer to spleen cell
cultures from IgG2b anti-dsDNA transgenic (R4A-'y2ng) 23)
NZW mice reduced autoantibody levels but increased total IgG
levels (Fig. 1C). Thus, the suppressive effects of aGalCer on auto-
reactive B cells must be quite robust.

aGalCer does not “directly” act on autoantibody-producing
B cells

aGalCer-induced suppression of autoantibody production in spleen
cell cultures (Fig. 1A-C) could be due to aGalCer-mediated
direct signaling via CD1d on B cells. However, addition of
aGalCer to cultures of purified B cells without (Fig. 1D) or with
LPS (Fig. 1E) from BWF; mice or from R4A-'yZng mice (Fig.
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FIGURE 1. oGalCer suppresses production
of IgG autoantibodies. Whole spleen cells (A—
C) or purified B220" cells (D-F) were cultured
with aGalCer (A, D), LPS plus varying con-
centrations of aGalCer (B, E), or LPS with or
without 50 ng/ml aGalCer (C, F). Supernatants
collected on day 5 were assayed for autoanti-

iNKT CELLS REGULATE AUTOANTIBODY PRODUCTION

A1 5 Spleen cells D1 6 B cells
08 # = B Anti-dsDNA Ab
* 0.8 O Anti-ssDNA Ab
0.4 * 0.4 O Total IgG
0 0
0 50 0 50
aGC (ng/ml) aGC (ng/ml)

B Spleen cells + LPS E B cells + LPS

12

o Anti-dsDNA Ab
O Anti-ssDNA Ab

bodies or total IgG, which are expressed as the 08 A RF
mean = SD OD or micrograms per milliliter, o sl g O Total IgG
respectively. Results from 6-mo- (A, D) or 3- * 04
mo-old BWF, mice (B, E) or 4-mo-old R4A- * %
y2ng NZW mice (C, F) are shown. Addition 01 ¥ ! J : 04 J ’ d :
of aGalCer to whole spleen cells, but not to B 0 10 50 200 0 10 50 200
cells alone, results in reduction in autoanti- aGC (ng/ml) aGC (ng/ml)
bodies. *p < 0.05-0.01; n = 5. Total IgG levels,
however, are unaffected or increased in these C F O Anti-dsDNA Ab
cultures. #p < 0.01-0.06. Results are repre- Spleen cells B cells B Anti-ssDNA Ab
sentative of three to five experiments, each 15 10 15 O RF 12
using three to seven animals per group. o Total IgG 10
1o * 0.6 10 o
i 0.6
05 04 s 0.4
0.2 02
0.0 00 00 0.0
LPS - - + + — —++ - - + + — -+ +
aGC - + - + — +—+ - + - + -+ — +

1F) had no effect on autoantibody production. Thus, aGalCer
confers suppression of autoantibody production through its effects
on non-B cells.

aGalCer-mediated regulation of autoantibody production
requires the presence of iNKT cells

Next, we investigated the role of iNKT cells in aGalCer-mediated
suppression of autoantibody production. Spleen cells from iNKT

cell-deficient Ja18 '~ mice (22) or iNKT cell overexpressing
Va14™ mice (21) were cultured with B cell stimulants LPS or
CpG to induce autoantibody production. Addition of aGalCer to
these cultures reduced autoantibody production by spleen cells
from V148 mice (Fig. 2B) but not by spleen cells from Ja18 '~
(Fig. 2A) or CD1d™’~ mice (data not shown). To determine
whether Ja18 '~ B cells that have never been exposed to iNKT
cells are amenable to suppression by aGalCer-activated T cells,

A Anti-dsDNA Ab Anti-ssDNA Ab Rheumatoid factor
4 4
Jolg+- * M ‘1 M N : B
2 | N 2 N
=l L T BN
cells |, - HE ol — N v 3
FIGURE 2. iNKT cells regulate IgG autoantibody
B 2 14 - . B! production. A and B, Spleen cells from Ja18™/~
Va14T9 1? il I * 1 % [ 2 2 . (A) or Va14™ (B) mice (both 3 mo old) were cul-
SC:IE n 05 ul % 05 § E : 1 * % tured without or with LPS or CpG in the presence or
= 0 - N ol - L i E 0 N absence of aGalCer. C and D, Purified B cells from
Ja18™'" mice were cultured alone (C) or with T cells
C ) M : : = [ from Vo148 mice (D) in the presence of LPS, CpG,
Ja187" 2 N - i il & : s and/or aGalCer. Supernatants collected on day 5
B cells % % i % 1 s were tested for autoantibodies. Results are shown as
0 - N oles M L] 0 N the mean = SD of the mean triplicate OD from three
mice per group. *p < 0.05-0.01. Results represent
SRR |2 m 1 M p z 1 il four independent experiments.
+Jo187-B * 05 il
B N 1 B
cells®’ ] _ HE'O -7§Eéuﬁ SHEI
aGalCer: - + - -+ -+ -+ - + + - + - o+
Stimulants: - - LPS CpG - - LPS CpG - LPS CpG
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we cultured Ja18 ™/~ B cells with aGalCer or aGalCer plus
Val4™ mouse T cells (Fig. 2C, 2D). Results show that Vo14T#
T cells efficiently suppress Ja18 '~ B cells. Thus, suppression
of autoantibody production by aGalCer requires the presence of
iNKT cells.

In vivo regulation of autoantibody production by iNKT cells in
reconstituted Jal8 '~ and SCID mice

To more directly test the role of iNKT cells on autoantibody
production in vivo, Ja18 '~ mice were injected with LPS to
stimulate B cells and then reconstituted with T cells from vehicle-
or aGalCer-treated Va14™ mice or with T cells from control
(aGalCer-treated Ja187/7) mice (Supplemental Fig. 1). Anti-
DNA Ab and RF production was reduced in Ja18 '~ mice that
were reconstituted with aGalCer-stimulated Vo148 T cells as
compared with control mice (Ja18 '~ mice that received T cells
from aGalCer-treated Jo18 '~ mice) (Fig. 3).

Activation of iNKT cells results in frans activation of other
immune cell types (5, 6, 20). To investigate whether iNKT cell
itself or whether trans-activated conventional T cells suppress
autoreactive B cells in vivo, we conducted an adoptive transfer
experiment in SCID mice that lack B and T cells. SCID mice were
injected with B cells from Ja18 /" mice and with purified T
(TCRB*) or iNKT (CD1d-aGalCer dimer*TCRB™) cells from
Val4™ mice (all BALB/c background) (Supplemental Fig. 2).
Spleen cells from the reconstituted SCID mice were then tested
for autoantibody production. As shown in Fig. 44, anti-DNA Ab
levels are lower in SCID mice reconstituted with Va 14" mouse
T cells or iNKT cells than in SCID mice reconstituted with Ja18 '~
T cells. Spleen cells from the iNKT cell-reconstituted mice continue
to produce lower levels of autoantibodies after further in vitro
stimulation with LPS or CpG (Fig. 4B). These data further confirm
that activated iNKT cells alone can suppress autoantibody pro-
duction in the absence of conventional T cells.

INKT cells do not cause global suppression of B cells

In contrast to suppressive effects of aGalCer on autoantibody
production, addition of aGalCer to whole spleen cell cultures in-
creases the expression of activation markers CD69 and CD86 on
B cells in BWF, or R4A-y2ng mice (Fig. 5A, 5B). aGalCer also
enhances these markers on Ja18 '~ B cells when cocultured with
Val4™ T cells (Fig. 5C). aGalCer further upregulates the ex-
pression of these markers on spleen cells stimulated with LPS

Ja18 -~ mice reconstituted
with T cells from
O aGalCer-treated Jo187~ mice
O Vehicle injected V14" mice
B uGalCer-treated Vo147 mice
150

[e]
|wy/Bu

0+ 0
RF Anti-DNA Total IgG

FIGURE 3. Reconstitution of Ja18~'~ mice with activated iNKT cells
suppresses autoantibody production. Ja18 '~ mice were injected with
T cells from aGalCer or vehicle-treated Va14™ or Ja18™/~ mice, as
described in Materials and Methods. Spleen cells from the reconstituted
mice were cultured for 6 d, and supernatants were tested for autoantibodies
and total IgG. *p < 0.05, **p < 0.01; mean * SE; n = 3/group. Results
represent two similar experiments.
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A SCID mice reconstituted with B cells

m:D Jo187~ T cells
0.2 - Va14™9 T cells
W Vo 14T9 iNKT cells

a o1
: *
(@] " i
1 ®
0

Anti-ssDNA  Anti-dsDNA  Total IgG

B 24

1.6

D.B-f f
0 - r

0.9 =

Jwy/Bu

RF (0.D.)

0.6 4 L

" (e | i

0.9 L =

Anti-ssDNA (0.D.)

0.6 ®

Anti-dsDNA (0.D.)

Total IgG (ng/ml)

0 N
Stimulants: LPS LPS

CpG CpG
aGalCer: - + - +

FIGURE 4. iNKT cells suppress autoantibody production in recon-
stituted SCID mice. BALB/c SCID mice were injected i.p. with LPS and
aGalCer and then reconstituted with B cells Ja18 '~ B cells were used to
avoid any iNKT cells) and with purified T (Val4’¢ T cells) or CD1d-
aGalCer dimer* T cells (Va14"® iNKT cells) from V14" mice or Ja18 ™/~
spleen cells depleted of B220" cells (Jal8 '~ T cells), as described in
Materials and Methods. Spleen cells from the reconstituted animals were
cultured without any stimulant (A) or with LPS or CPG in the presence or
absence of aGalCer (B) for 6 d, and supernatants were assayed for auto-
antibodies and total IgG. *p < 0.05-0.01; mean * SE; n = 3-5 mice/group.
Results represent two similar experiments.

(Fig. 5A-C) or CpG (Fig. 5D). Again, aGalCer-induced upregu-
lation of activation markers requires the presence of T cells in
culture, because there is no effect on activation markers when
aGalCer is added to pure B cells alone. Thus, aGalCer-activated
T cells generally activate B cells, whereas at the same time, they
suppress autoantibody production.

INKT cell-mediated suppression of autoantibody production
requires cell—cell contact but increase in B cell activation
markers occurs in a contact-independent manner

To begin to understand mechanisms underlying iNKT cell-mediated
effects on B cells, we performed a Transwell culture experiment
where T cells from V14T mice were cultured together or sep-
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FIGURE 5. Effect of activated iNKT cells on B cell activation markers
in autoimmune mice. Whole spleen cells or purified B cells were stimu-
lated overnight with LPS (A-C) or CpG (D) in the presence or absence of
aGalCer. Cells from 5 mo-old BWF1 mice (A) or from 4 mo-old R4A anti-
DNA transgenic NZW mice (B, D), and mixed Val4™ T cells plus Jal187/7
B cells from 2- to 3-mo-old mice (C) were analyzed. Expression of acti-
vation markers is shown on gated B220" cells. Results are representative of
at least five similar experiments.

arated in Transwells with B cells from pristane-injected mice
(Fig. 6). Results show that inhibition of autoantibody production
requires direct contact between aGalCer-activated T cells and
B cells, whereas increase in the expression of activation markers
on B cells occurs both in Transwell and mixed cultures. Thus,
different mechanisms (i.e., cognate interaction versus cytokine-
dependent effects) mediate diverse influences of iNKT cells on
B cells.

INKT cells reduce IL-10-producing B cells from autoimmune
mice

Next, we measured cytokines, I1L-2, IL-4, IL-10, IL-13, TGFp1,
and IFN-v, in supernatants of Va14™ T cells and B cells (from
pristane-injected BALB/c mice) cultured together or separately
in Transwells, as described above in Fig. 6. We found that IL-
10 levels were significantly reduced when Val4™® T cells and
B cells were together in mixed cultures as compared with when
the two cell types were separated in Transwells (Fig. 7A). Other
cytokines were increased or unchanged (data not shown). To de-
termine whether iNKT cells inhibit IL-10 production specifically
by B cells, we enumerated IL-10-secreting B cells using the cy-
tokine secretion assay (Fig. 7B). Results show that IL-10-secret-
ing B cells are reduced in the mixed cultures, but not in
Transwells, when LPS-stimulated B cells from autoimmune
pristane-injected mice are cultured with aGalCer-primed T cells
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FIGURE 6. Activated iNKT cells suppress autoantibody production in
a contact-dependent manner, but upregulate activation markers on B cells
in a contact-independent manner. Purified T cells from vehicle- or
aGalCer-treated V14" BALB/c mice were cultured with B cells from
BALB/c mice (6 mo post-pristane injection; as a source of autoimmune B
cells (20)) separately in Transwells or together in mixed cultures, as de-
scribed in Materials and Methods. Fifth day culture supernatants were
tested for autoantibodies (A, shown as OD) or total IgG (B, shown as
nanograms per milliliter). The expression of activation marker (CD86) was
assessed on B cells after 18 h in culture (C). *p < 0.05; anti-DNA and RF
levels were reduced in LPS- or CpG-stimulated mixed cultures but not in
Transwell cultures. Results from one representative of three experiments
are shown as the mean = SD of mean triplicate values.

compared with when they are cultured with T cells from control
(vehicle-injected) mice. Taken together, data in Figs. 6 and 7 show
that iNKT cells inhibit the production of autoantibodies and IL-10
by B cells in a contact-dependent manner.

Autoreactive B cells spontaneously produce IL-10 and are
selectively inhibited by iNKT cells

The above findings led us to ask whether autoreactive B cells
preferentially secrete IL-10. To address this, we used anti-DNA
transgenic mice, R4A v2b, where anti-DNA B cells can be de-
tected using flow cytometry (23, 28). Intracellular staining of
freshly isolated spleen cells for IL-10 showed that anti-DNA
B cells (IgG2b* cells from R4A mice) expressed more IL-10
than nonanti-DNA B cells (IgG2b  cells from R4A mice or
I1gG2b™ cells from nontransgenic mice) (Fig. 84). In addition, co-
culture of R4A spleen cells with iNKT cells along with LPS and
aGalCer significantly reduced the proportion and number of anti-
DNA (IgG2b*) B cells, without affecting the number of non-
autoreactive B cells — R4A mouse IgG2b  cells (Fig. 8B) and
IgG2b™ B cells from nontransgenic mice (data not shown in fig-
ure). Thus, anti-DNA B cells that spontaneously produce IL-10
are selectively inhibited by iNKT cells, whereas nonautoreactive
B cells are not reduced in presence of iNKT cells.
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FIGURE 7. Activated iNKT cells suppress IL-10—secreting autoimmune
B cells. A, T cells from aGalCer-treated Vo148 mice and B cells from
pristane-injected mice were cultured separately in Transwells or together
in mixed cultures. Supernatants collected at 18 h were assayed by ELISA
for IL-10 (mean * SD of mean triplicate values). B, B cells from pristane-
injected mice and T cells from vehicle- or aGalCer-treated Va14™ mice
were cultured separately in Transwells or together in mixed cultures, as
described in Fig. 6. B cells from Transwell cultures and all cells from
mixed cultures were collected and analyzed for IL-10 production using the
cytokine secretion assay. IL-10—secreting cells are shown as the percent of
B cells. Results are representative of three independent experiments, each
using cells pooled from three to four mice per group. *p < 0.05.

Autoreactive and nonautoreactive B cells differ in terms of
in vivo activation status and response to in vitro stimuli

The above data showing IL-10 production by freshly isolated anti-
DNA B cells, but not by nonautoreactive B cells, suggest that
autoreactive B cells might be activated in vivo. Indeed, CD86
expression was higher on R4A IgG2b™ cells than on R4A IgG2b~
cells or nontransgenic IgG2b* cells in freshly isolated spleen cells
(Fig. 8A). Intriguingly, however, the addition of aGalCer or LPS
to R4A spleen cells did not further increase CD86 expression on
anti-DNA B cells, whereas both stimuli markedly increased CD86
expression on nonautoreactive B cells (Fig. 8C). Autoreactive
B cells, however, are not completely unresponsive, as the addition
of LPS* aGalCer and purified iNKT cells to R4A mouse B cells
at 1:2 ratio can increase CD86 expression on both 1gG2b* and
IgG2b cells (data not shown). Thus, iNKT cell stimulation re-
duces the numbers of autoreactive B cells and does not activate
them further, whereas it markedly increases the numbers of acti-
vated nonautoreactive B cells.

Autoreactive B cells express more CD1d than nonautoreactive
B cells

We have thus far shown that iNKT cells reduce autoantibody
production in a contact-dependent manner, and they seem to dif-
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ferentially interact with autoreactive versus nonautoreactive B
cells. Because iNKT cells recognize CD1d (1-3), we reasoned that
differences in CD1d expression between autoreactive and non-
autoreactive B cells might explain their differential regulation.
Indeed, CD1d expression was higher on anti-DNA B cells than on
nonautoreactive B cells (Fig. 8A4). Addition of aGalCer to R4A
spleen cells or coculture of R4A B cells with iNKT cells isolated
from aGalCer-treated mice further increased CD1d expression on
anti-DNA B cells but had no effect on CD1d expression on non-
autoreactive B cells (data not shown). LPS, however, had little
effect on CD1d expression on both autoreactive and nonauto-
reactive B cells.

CD1d deficiency increases anti—self-Ab responses but does not
affect Ab response to a foreign Ag peptide

If CD1d expression on autoreactive B cells plays a regulatory role
in autoantibody production, CD1d deficiency might increase au-
toantibody production. In fact, we have reported that CD1d ™/~
BWF, mice have increased levels of circulating IgG anti-DNA
Abs and experience more severe lupus compared with their
wild-type (WT) littermates (19). In this study, we show that pro-
duction of RF by spleen cells was higher in CD1d~'~ BWF,; mice
than in their WT littermates (Fig. 94). Total IgG levels in these
cultures, however, were not different between CD1d ™/~ and
CD1d"* BWF, mice (Fig. 94).

To further examine whether CD1d deficiency selectively in-
creases autoimmune responses while leaving normal IgG responses
intact, young CD1d~'~ BWEF, mice and their WT littermates
were immunized with self (p31)- or foreign (p106) peptides that
are known to induce strong immune responses in BWF; mice
(24, 26). Immunized animals were monitored for serum anti-
peptide Abs (Fig. 9B). Interestingly, whereas CD1d ™'~ and
CD1d** mice mounted equivalent responses to the foreign pep-
tide, the Ab response against the self-peptide was higher in
CD1d™’~ mice than in WT littermates. Thus, in vivo autoreactive
B cell responses are heightened in the absence of CD1d in auto-
immune-prone conditions.

INKT cells inhibit autoantibody production in CD1d-dependent
manner, but total IgG production is unaffected by CDI1d
expression on B cells

To directly test the role of CD1d on iNKT cell-mediated inhibi-
tion of autoantibody production, we cocultured CD1d ™/~ or WT
B cells without or with iNKT cells (T cells from CD1d™’~ or
Va4 mice, respectively). As shown in Fig. 10, the addition of
activated iNKT cells significantly reduced the production of IgG
anti-DNA autoantibodies by WT B cells but had no effect on anti-
DNA Ab production by CD1d-deficient B cells. As shown above,
iNKT cells did not reduce total IgG levels in cocultures with
CDI1d™"~ or WT B cells. Thus, inhibition of autoantibody pro-
duction by iNKT cells requires CD1d expression on B cells.

Discussion

In this study, we report that iNKT cell ligand aGalCer suppresses
IgG autoantibody production in vitro and in vivo. In contrast,
aGalCer exposure does not reduce or, in some instances, increases
total polyclonal IgG production, and upregulates activation
markers on B cells. These aGalCer-induced effects on B cells are
mediated by iNKT cells, because: 1) addition of aGalCer to pu-
rified B cells alone has no effect on IgG production or activation
markers; 2) addition of aGalCer to spleen cells from Vo14T#
mice, but not those from Ja18 '~ mice, suppresses autoantibody
production; 3) aGalCer-activated T cells suppress autoantibody
production by B cells from Ja18 '~ mice in vitro as well as
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FIGURE 8. Differences between autoreactive and nonautoreactive B cells in cytokine production, surface markers, and response to in vitro stimuli. A,
Analysis of freshly isolated spleen cells from anti-DNA"® mice. Freshly isolated spleen cells from R4A y2b™ or WT control mice were stained for CD19,
CD86, and CD1d and intracellular IgG2b and IL-10. Histograms show IL-10, CD86, and CD1d expression on gated CD19*IgG2b* or CD19*1gG2b ™ cells.
Anti-DNA B cells (R4A 1gG2b™) expressed more IL-10, CD86, and CD1d than nonautoreactive B cells (R4A IgG2b~ and normal mouse IgG2b* cells)
[mean fluorescence intensity (MFI)]. p < 0.05-0.001). B, Effect of iNKT cells on anti-DNA B cells. R4A spleen cells were cocultured without or with
iNKT cells (sorted T cells from Ja18 ™'~ or Va14™ mice, respectively) with LPS or LPS+aGalCer for 3 d. Cells were analyzed for the expression of CD86
and intracellular IgG2b on gated CD19* B cells. Numbers on dot plots indicate the percentages of IgG2b* cells. Total numbers of IgG2b* and IgG2b ™ cells
are shown in bar diagrams. *p < 0.05-0.005 compared with various controls. C, Response of anti-DNA B cells to in vitro stimuli. R4A spleen cells were
cultured with medium alone, aGalCer, or LPS for 3 d. Lymphocytes were analyzed for CD86 expression on gated CD19*1gG2b* and CD19*1gG2b~ B
cells. CD86 expression was higher on anti-DNA (IgG2b™) than on nonautoreactive (IgG2b~) B cells in unstimulated cultures. #p < 0.00002. In vitro
stimulation with aGalCer or LPS did not significantly increase CD86 expression on anti-DNA B cells but significantly increased CD86 expression on
nonautoreactive B cells. *p < 0.00001; mean * SE of mean triplicates; n = 3 mice each group. Results are representative of two independent experiments.
aGC, aGalCer.

in vivo upon adoptive transfer; and 4) transfer of purified iNKT
cells into SCID mice reconstituted with B cells from Ja18 ™'~ mice
suppresses autoantibody production. Using anti-DNAT® mice, we

but activate nonautoreactive B cells. Consistently, CD1d deficiency
enhances IgG autoantibody and anti-self-peptide responses but
leaves total IgG and antiforeign peptide IgG responses unaffected.

show that iNKT cells reduce the numbers of autoreactive B cells Finally, iNKT cells reduce autoantibody production in a contact-
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FIGURE 9. Effect of CDI1d deficiency on self versus nonself-Ab responses in autoimmune-prone mice. A, Spleen cells from CD1d~’~ BWF, mice or
control littermates (10 mo old) were cultured with or without LPS. Supernatants collected on day 5 were assayed for autoantibodies and total IgG. B,
CD1d™/~ BWF, mice and control littermates (10 wk old) were immunized with a self (p31) or a foreign (p106) peptide, in CFA and challenged with the
peptide in IFA, as described in Materials and Methods. Sera collected on day 14 postchallenge were assayed for IgG anti-peptide Abs. Results are shown as
the mean * SD of the mean triplicate OD from six mice per group. *p < 0.05. Results are from one representative of two independent experiments.
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FIGURE 10. iNKT cells inhibit autoantibody production in a CD1d-

dependent manner. Purified B cells from 5-mo-old CD1d™"~ or WT mice
were cocultured with purified T cells from CD1d ™"~ or Va14™® mice (all
BALB/c) in the presence of medium alone, LPS, or LPS+aGalCer for 6
d (B cells alone were not cultured with medium alone). Supernatants were
assayed for total IgG (A) and IgG anti-dsDNA and anti-ssDNA autoanti-
bodies (B, C). Results are expressed as the mean * SE of mean triplicate
OD. *p < 0.01-0.0001, anti-dsDNA; p < 0.05-0.001, anti-ssDNA.

and CD1d-dependent manner. These data strongly indicate a regu-
latory role of CD1d and CD1d-reactive iNKT cells on autoantibody
production.

Several studies have shown that iNKT cells can potentiate Ab
responses (10-12). For example, human iNKT cells stimulate Ab
production by B cells in the presence of aGalCer (11). CD1d/
iNKT cell dependence is also reported in contact allergen-induced
IgM production by murine B cells (29). However, others have
found Ab production to be independent of iNKT cells (30). In this
study, we show that whereas CD1d-deficiency does not impair the
production of total polyclonal IgG in vitro or IgG Ab against
a foreign peptide in vivo, aGalCer-stimulated iNKT cells enhance
total IgG levels in cultures. Addition of an anti-CD3-stimulated
iNKT cell line to BWF; B cells also increases total IgG levels
(31). In addition, cocultures of anti—-CD3-stimulated iNKT cells
and B cells increases the levels of total IgM and IgM anti-DNA
Abs but not IgG anti-DNA Abs (31, 32). Such an increase in IgM
Abs is not blocked by an anti-CD1d mAb (32), suggesting that
direct CDld-dependent interactions between iNKT cells and
B cells do not mediate such iNKT cell-induced B cell stimulatory
effects. Indeed, our data show that activated iNKT cells increase
total IgG levels and B cell activation markers even when the two
cells are separated in Transwell cultures. Collectively, iNKT cells
seem to increase total polyclonal IgM and IgG levels and B cell
activation markers via soluble factor(s), such as IL-4 (8).

In contrast to the above B cell stimulatory effects, activated
iNKT cells suppress IgG anti-DNA Ab and RF production (Figs.
1-4, 6, 10) when the iNKT cells and B cells are cultured together
(Fig. 6). Our data in this study show suppressive effects of
iNKT cells on spontaneous autoantibody production in old BWF;
mice as well as on induced autoantibody responses in young
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BWF,, anti-DNA"® NZW, pristane-injected BALB/c, Va14T#
BALB/c, and Ja18™/~ BALB/c mice in vitro or in reconstituted
Ja187'~ and SCID mice in vivo. In resonance with these findings,
CD1d™/~ BWF, mice exhibit increased autoantibody levels (19)
and mount a strong Ab response to a self-peptide, p31 (Fig. 9),
that has been shown to promote anti-DNA Ab production (24).
Consistently, in a model where injections of syngeneic apoptotic
cells transiently trigger autoantibody production (33), the absence
or reduction of iNKT cells as well as absence of CD1d expression
on B cells leads to increased autoreactive B cell activation but
does not affect the activation of B cells reactive to 4-hydroxy-3-
nitrophenyl-OVA (33). The regulatory effects of CDl1d-reactive
iNKT cells on autoreactive B cells must be important in the de-
velopment of lupus, as BWF; and BALB/c mice rendered de-
ficient in CD1d experience more severe spontaneous or induced
lupus, respectively, than their WT littermates (19, 20).

Our results show that addition of aGalCer to purified B cells
alone has no direct effects on IgG production (Figs. 1D-F, 2C),
activation markers on B cells (Fig. 5), and B cell proliferation (J.
Yang and R.R. Singh, unpublished observations). Thus, aGalCer-
mediated B cell effects must be conducted by iNKT cells them-
selves or by another cell type enlisted by iNKT cells. That addi-
tion of Val4™ T cells to purified B cells can modulate B cell
functions (Figs. 2D, 5C) suggests that iNKT cells or trans-acti-
vated conventional T cells can mediate aGalCer effects on B cells
and that NK or other cells are not required in this process. Fur-
thermore, ability of iNKT cells alone to confer autoantibody
suppression upon transfer into reconstituted SCID mice (Fig. 4)
suggests that the presence of conventional T cells is also not re-
quired for iNKT cell-mediated suppression of autoantibody pro-
duction. Thus, iNKT cells can directly suppress autoreactive
B cells. These results, however, do not exclude the synergistic or
additive roles of trans-activated NK, T or dendritic cells in con-
ferring protection from autoimmune disease in vivo.

We have explored several mechanisms whereby iNKT cells
might regulate autoreactive B cells. First, we found a significant
reduction in IL-10—producing B cells in presence of iNKT cells
(Fig. 7). This finding is important, because autoreactive B cells
from patients with SLE produce increased amounts of IL-10
(18), and autoreactive B cells in anti-DNA'® mice spontaneously
produce more IL-10 than nonautoreactive B cells (Fig. 8A).
These anti-DNA B cells are selectively reduced in the presence of
iNKT cells (Fig. 8B). In vivo neutralization of IL-10 has been
shown to reduce autoantibody production in reconstituted hu-
SCID mice (18) and to suppress lupus nephritis in BWF; mice
(34). A pilot trial of an anti—-IL-10 mAb also showed reduced
disease activity in SLE patients (35). Thus, ability of iNKT cells to
inhibit IL-10-producing B cells may underlie their capacity to
suppress autoantibody production.

iNKT cells recognize CD1d-bound lipid Ags (2, 4). Increased
expression of CD1d on autoreactive B cells compared with non-
autoreactive B cells (Fig. 84) suggests a mechanism whereby
iNKT cells might discriminate between autoreactive versus non-
autoreactive B cells. In fact, iNKT cell-mediated inhibition of
autoantibody production requires CD1d expression on B cells
(Fig. 10). Suppression of autoantibodies by iNKT cells also re-
quires contact between iNKT and B cells (Fig. 6). These data
suggest that iNKT cells directly interact with autoreactive B cells
via high levels of CD1d on their surface. In previous studies,
CDI1d on B cells has been suggested to promote iNKT cell-
dependent tolerance (36) and protection from inflammation (37)
by facilitating iNKT-B cell interactions. Ongoing studies will
determine whether such interaction might further activate and
cause activation-induced cell death of autoreactive B cells that are
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already activated in vivo (Fig. 84). In contrast, iNKT cells induce
a marked activation of naive nonautoreactive B cells (Fig. 8C) and
elicit a prompt polyclonal response (10, 31, 38).

In summary, we report that iNKT cells inhibit IL-10-secreting,
CD1d" autoreactive B cells in a contact- and CD1d-dependent
manner, whereas they activate nonautoreactive B cells via cyto-
kines. Further elucidation of mechanisms underlying discriminate
regulation of autoreactive versus normal B cells by iNKT cells
will help pave the way for iNKT cell-based therapies for human
autoantibody-associated diseases, such as SLE, where reduced num-
bers of iNKT cells is considered to be a primary defect (39). The
iNKT cell-based therapy is particularly appealing, given the
limited polymorphism in CDI genes (2), which obviates one of
the major hurdles of therapies aimed at MHC class I and II system.
Enhancing this appeal is our finding that iNKT cells suppress harm-
ful autoreactivity without causing global suppression of B cells.
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Supplemental Figure S1. Reconstitution of BALB/c Jo18~% mice with iNK T cells

J18" mice were injected i.v. with CFSE-labeled 5 x 108 purified T cells from oGalCer-injected
J18" mice (left panel), vehicle-injected Vo 14T€ mice (middle panel) or aGalCer-injected V1472
(right panel) mice, all BALB/c strain. Seven days later, their peripheral blood leukocytes were
assessed for the presence of CFSE* cells. While animals in all groups had reduced CFSE expression,
there was more than two-fold increase in CEFSE* cells in animals transferred with T cells from
aGalCer-injected Vald4Tg mice, suggesting an expansion of activated (INKT cells in these mice.
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Supplemental Figure S2. Reconstitution of SCID mice with (NKT cells

BALB/c SCID mice were injected 1.p. with LPS and aGalCer, followed by 1.v. transfer of B cells
isolated from Ja18* mice (WT mouse B cells were not used to avoid any contamination with or prior
exposure to iNK T cells). Animals were then adoptively transferred i v. with Jo 18 T cells (spleen cells
depleted of B220* cells), purified T cells from V1478 mice or purified CD1d-aGalCer dimer* TCRS*
cells from Vo 14T8 mice. Four days later, SCID mice were euthanized and their spleen cells stained for
TCR-§ and CD1d-aGalCer dimer. SCID mice reconstituted with purified dimer* T cells had a more
efficient reconstitution with (NKT cells than mice reconstituted with whole T cells from V14 mice.
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