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Abstract

Apart from their role in humoral immunity, B cells can exhibit 1L-10-dependent regulatory
activity (Bregs). These regulatory subpopulations have been shown to inhibit inflammation and
allograft rejection. However, our understanding of Bregs has been hampered by their rarity, lack
of a specific marker, and poor insight into their induction and maintenance. We previously
demonstrated that TIM-1 identifies over 70% of IL-10-producing B cells, irrespective of other
markers. We now show that TIM-1 is the primary receptor responsible for Breg induction by
apoptotic cells (AC). However, B cells that express a mutant form of TIM-1 lacking the mucin
domain (TIM1Amuciny exhibit decreased phosphatidylserine binding and are unable to produce
IL-10 in response to ACs or by specific ligation with anti-TIM-1. TIM12Mucin mice also exhibit
accelerated allograft rejection, which appears to be due in part to their defect in both baseline and
induced IL-10+ Bregs, since a single transfer of wt TIM-1+ B cells can restore long-term graft
survival. These data suggest that TIM-1 signaling plays a direct role in Breg maintenance and
induction both under physiological conditions (in response to apoptotic cells) and in response to
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TIM-1 ligation. Moreover, they directly demonstrate that the mucin domain regulates TIM-1
signaling.

Introduction

In addition to humoral immunity, B cells play an important role regulating immune
responses(1,2). B cell deficiency or depletion can worsen autoimmunity and prevent
allograft tolerance, while transfer of certain B cell subpopulations can inhibit inflammation
and allograft rejection in an IL-10 dependent fashion(1-5). However, our understanding of
such regulatory B cells (Bregs) is hampered because Bregs are rare and lack a specific
marker. VVarious B cell subsets can exhibit regulatory activity (including Marginal Zone,
Transitional, CD1dHiICD5+ B cells, and possibly plasma cells(1-3,6-8)). However, these
appear to contain the highest proportion of IL-10+ B cells, rather than representing a true
“Breg phenotype”. In contrast, TIM-1+ B cells are 8-20 fold enriched for IL-10 across all
other B cell subsets, and comprise over 70% of all IL-10+ B cells(5). Thus, TIM-1 is an
inclusive marker for IL-10+ Bregs, and TIM-1+ but not TIM-1- B cells can transfer allograft
tolerance(5). However, the physiological triggers that lead to Breg generation and IL-10
production are largely unknown(1).

Apoptotic cells can induce IL-10+ B cells that can inhibit EAE and collagen-induced
arthritis(6,7). Increased B cell IL-10 expression induced by ACs involves both BCR and
TLR9 ligation. However, the expression of TIM-1, a known phosphatidylserine (PS)
receptor(9-11), by Bregs raises the question as to whether TIM-1 is involved in AC binding
and IL-10 production by B cells.

TIM-1 (T cell immunoglobulin mucin domain-1) is a type I cell-surface glycoprotein, with
an immunoglobulin V-like domain, a mucin domain, a single transmembrane region, and a
cytoplasmic tail containing a tyrosine phosphorylation motif(12,13). TIM-1 plays a
costimulatory role on activated CD4 cells. Ligation with a high affinity anti-TIM-1 mAb,
3B3, promotes Th1 and Th17 responses, blocks allograft tolerance and exacerbates
EAE(14,15). In contrast, a lower affinity anti-TIM-1 mAb (RMT1-10) induces IL-10+ Bregs
which promote Th2 and Treg responses, and inhibit EAE and allograft rejection(5,15,16).

While the TIM-1 IgV domain contains binding sites for its ligands, TIM-4 and PS,
polymorphisms in the mucin domain are linked to susceptibility to asthma and
allergy(12,13). Moreover, differences in the TIM-1 mucin domain in B6 and BALB/c mice
are thought to contribute to differences in Th2 responsiveness(17). Based on this putative
immunoregulatory role, we generated TIM-14MUcin knock-in mice bearing TIM-1 lacking
the mucin domain(18). While young mice were healthy, they developed age-related T cell
hyper-responsiveness, with a large increase in Teffector/memory Thl cells and
autoantibodies. When crossed onto a Fas-deficient background, TIM-1Amucin mice exhibit
markedly accelerated lupus(18). Interestingly, a mild impairment in B cell 1L-10 expression
seen at 4-6 months became more pronounced by 10 months of age. This suggests that
TIM-1, and the TIM-1 mucin domain in particular, could play a role in Breg maintenance
required for immune homeostasis. However, causality was not established and it remains
uncertain whether the observed age-related deficiency in Bregs reflects impaired cellular
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survival, or stems from a baseline defect in Bregs. Additionally, while polymorphisms in the
mucin domain alter immune function, the role of this region in TIM-1 signaling has never
been directly tested. B cells from TIM1AMUcin mice express normal levels of TIM-1 protein
consisting of an intact IgV domain bound directly to the transmembrane region(18),
allowing us to specifically evaluate the role of the mucin domain in TIM-1 signaling.

We now identify TIM-1 as the receptor primarily responsible for Breg induction by
apoptotic cells (AC). TIM1Amucin B cells exhibit decreased TIM-1-mediated PS binding, and
are unable to produce IL-10 in response to ACs. Moreover, TIM-1 signaling mediated by
ligation with tolerogenic anti-TIM-1 (RMT1-10) is also defective in TIM1AMucin B cells
which are unable to induce TIM-1 or IL-10 expression, or prolong allograft survival in a
Breg dependent setting. Importantly, accelerated allograft rejection by T1M14mucin
recipients can be ameliorated by a single transfer of wt TIM-1+ B cells at the time of
transplantation. Together, these data demonstrate that the mucin domain regulates TIM-1
signaling, and that TIM-1 plays a direct role in Breg induction and maintenance, possibly
through apoptotic cell binding to TIM-1.

Materials and Methods

Mice
6-10 week old B6 (H-2b), BALB/c (H-2d), uMT, B6.C-H2bm12/KhEg mice (JAX) and
B6.TIM-1Amucin(18) were used.

Flow cytometry

Fluorochrome-conjugated mAbs were from BD Biosciences, eBioscience or Biolegend. a-
TIM-1-PE (RMT1-4; Biolegend) whose binding does not overlap with RMT1-10, was used
to determine TIM-1 expression(5). All staining was performed in the presence of Fc block.
Data was acquired on LSRII analyzers (BD), and analyzed using FlowJo software
(TreeStar). Background staining was determined with isotype-matched controls. For
detection of intracellular cytokines, B cells were cultured for 5 hours with LPS, PMA,
ionomycin, and monensin(5). Leukocytes from IL-4-/-, IL-10~~ mice served as negative
control to demonstrate specificity and background-staining.

In vivo treatment protocols

Anti-TIM-1 mAb RMT1-10 (rat 1IgG2a;BioXCell) or control rat IgG2a were administered
i.p. on days -1 (0.5 mg), 0, and 5 (0.3 mg) relative to transplantation.

Cell preparation and adoptive transfer

CD19%, CD19*TIM-1* and CD19*TIM-1~ B cells were isolated by FACS (>95% purity).
For adoptive transfer studies, 5-7x10° purified B cell subsets from syngeneic mice were
injected i.v. into otherwise untreated UMT, wt, or TIM-1Amucin allograft recipients. In some
experiments, B cells/subsets were obtained from B6 mice 14 days after alloantigen exposure
(2x107 mitomycin C-treated BM12 splenocytes i.p.).
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Cardiac transplantation

Vascularized intra-abdominal heterotopic transplantation of cardiac allografts was
performed as described(5,15,16). Allograft survival (shown as MST in days) was assessed
by daily palpation. Rejection was defined as complete cessation of cardiac contractility.

Islet isolation and transplantation

Islets from BALB/c donors were isolated and placed under the renal capsule of B6 or uUMT
recipients with streptozocin-induced diabetes (400 islets/recipient) (5). All recipients had
glycemia <150 mg/dl within 2 days after transplant. Blood glucose >250 mg/dl for two
consecutive days after engraftment was defined as rejection.

Generation of apoptotic cells

AC were induced by culturing thymocytes overnight with 1 uM dexamethasone (>80%
AnnexinV+). 107 AC were adoptively transferred (1.V.).

In vitro culture

108 isolated splenic B cells, flow-sorted TIM1*CD19* or TIM1-CD19* B cells from B6.WT
and B6.TIM1Amucin mice were co-incubated with AC (5x10°) for 48hrs. After which,
intracellular cytokine staining for 1L-10 was performed on CD19*B cells. In some
experiments, B cells were also co-cultured with naive OTII T cells (5x10°/ml) plus OVA
(Img/ml) plus AC(6,7).

Generation of PS-coated liposomes

Phospahtidylserine (PS)/ phosphatidylcholine (PC) coated latex beads were generated by
mixing PS and PC at a 1:1 ratio (Avanti). Lipid mixtures were dessicated until dry and then
resuspended in HBSS. For fluorescent labeling, liposomes were either generated with 1-
oleoyl-2-{12-[7-nitro-2,1,3-benzoxadiazol-4-yl)amino]dodecanoyl-sn-glycero-3-PC
(Avanti), or pHRodo succinimidyl ester (LifeTechnologies), a pH-sensitive red fluorophore,
whose emission increases dramatically at pH<6.0 (i.e. upon entry into phagolysosomes). The
liposome mixture was then diluted 1:10 in serum-free media and incubated with splenic B
cells from wt or TIM-12Mucin Bg mice. In some experiments, apoptotic cells labeled with
CFSE/pHRodo were used.

Microscopy

Co-localization images (5-7 random fields/condition) were captured on a Nikon C1 confocal
microscope. Quantification of co-localization between green fluorescence-labeled liposomes
and DAPI stained B cells was determined using Volocity software (PerkinElmer). Live cell
imaging utilized a Nikon Eclipse Ti inverted microscope in a humidified chamber with 5%
COs.

Statistics

Statistical analyses used unpaired 2-tailed Student's t test and log-rank (Mantel-Cox) test.
Differences were considered to be significant at P values <0.05.
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Study approval

Animal studies were approved by the Institutional Animal Care and Use Committees at the
University of Pittsburgh and Harvard Medical School.

Results

TIM-1-mediated PS-binding requires an intact mucin domain

Exposure to apoptotic cells (ACs) has been shown to promote B cell 1L-10 expression(6,7).
Since TIM-1 identifies >70% of IL-10+ B cells (Bregs) and is a known PS receptor, we
hypothesized that it may be involved in AC binding and IL-10 production by B cells. To
determine this, we examined binding of green fluorescence-labeled PS-coated liposomes to
WT versus TIM-14mucin B cells by confocal microscopy. Using a cut-off of ~350 MFI
(similar to the MFI of phosphatidylcholine (PC)-coated “control” liposomes (Fig1B)), 100%
of wt TIM-1+ B cells bound PS-coated liposomes compared to ~50% of WT TIM-1- B cells
(FiglA). While essentially all B cells exhibited some degree of liposomal binding, TIM-1- B
cells bind significantly less than TIM-1+ B cells, resulting in a 4-5-fold reduction of mean
fluorescence intensity (FiglB). For these reasons, MFI provides a more accurate measure of
liposome binding than percent of positive cells. Not only do wt TIM-1+ B cells bind
substantially more PS-liposomes than wt TIM-1- B cells, but TIM-1 co-localizes with
regions of high PS-liposomal binding on wt B cells (Fig1D, Supplemental Moviel). TIM-1
is also localized in areas where there are no liposomes, suggesting that there may be
different pools of TIM-1. Indeed, some of the areas of most intense TIM-1 staining appear to
be intracellular, consistent with large intracellular pools of TIM-1 seen in CD4+ T cells(19)
and in renal cancer 769p cells(20).

Importantly, binding of PS-liposomes to TIM-1- wt B cells was comparable to binding by
either TIM-1+ or TIM-1- TIM-14Amucin B ce|ls (Fig1B,C). All B cell populations bound more
PS-coated liposomes than control PC-liposomes, indicating that other PS receptors are
present on B cells and contribute to low-level binding. However, TIM-1 is the dominant PS
receptor and importantly, loss of the TIM-1 mucin domain (TIM-1Amucin B cells) precludes
TIM-1-mediated binding of PS.

Induction of IL-10 in Bregs by apoptotic cells is defective in TIM-14mMucin mice

Since TIM-14mucin B cells do not bind PS through TIM-1, these B cells can be used to
evaluate the role of TIM-1 in IL-10 induction by ACs. To address this, wt and TIM-1Amucin
mice received 107 syngeneic apoptotic thymocytes (ACs), as described(6). After 7d, IL-10
expression in total (CD19+) and TIM-1+ B cells was determined. In wt mice, AC
administration led to a 1.8-fold increase in the percent of IL-10+ B cells, and this increase
was much more pronounced in TIM-1+ B cells (Fig2A,B). However, in TIM-12Mucin mice,
AC administration failed to increase IL-10 expression. Even at baseline, 6-week old
TIM-1Amucin mice exhibited a ~40-50% decrease in basal B cell IL-10 expression in
comparison to WT (Fig2A,B).

To more directly examine the effect of ACs on B cell IL-10 expression, we used an
established in vitro assay(6). ACs plus Ovalbumin-stimulated OTII cells induced up to a 4-
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fold increase I1L-10 expression in wt, but not TIM-14mMucin B cells (Fig2C). Moreover,
purified TIM-1+ (but not TIM-1- or TIM-12mucin) B cells upregulate IL-10 expression when
they are directly stimulated with ACs in vitro (Fig2D). These data combined with those in
Figl, indicate that TIM-1 is the major PS receptor on B cells, and TIM-1 is the predominant
receptor underlying AC-induced IL-10 by B cells.

AC ligation by TIM-1 is sufficient to induce Breg IL-10 induction

TIM-1 (KIM-1) expressed by injured kidney proximal tubular epithelial cells is the primary
receptor responsible for PS-mediated binding of ACs followed by phagocytosis(9).
Although ACs induce IL-10 upon interaction with B cells in a TIM-1-dependent fashion, it
is unknown whether ligation alone is sufficient, or whether engulfment is necessary. In this
regard, TIM-4 appears to play an important role in PS-mediated tethering of ACs by
macrophages, but engulfment is actually mediated by other receptors(21,22). To
differentiate between binding and internalization, live-cell imaging was performed on B
cells incubated with PS-liposomes containing pHRodo succinimidyl ester(22). Despite
serum-starvation to promote phagocytosis, no internalization of liposomes by total or
purified TIM-1+ B cells was observed over 16h (Fig3 left panels, Supplemental Movie2).
Similar results were observed when pHRodo-labeled apoptotic cells were used instead of
PS-liposomes (Fig3 right panels, Supplemental Movie3). In comparison, kidney tubular
epithelial cells expressing TIM-1 (KIM-1), the only known PS-receptor expressed on these
cells, readily bound and engulfed pHRodo-labeled ACs within a few hours (Fig3 bottom,
Supplemental Movied). Furthermore, WT retroperitoneal macrophages, which express
multiple PS-receptors, including TIM-1 and TIM-4, demonstrated uptake of both pHRodo
liposomes and ACs.

The TIM-1 mucin domain is also critical for induction of IL-10+ Bregs by anti-TIM-1

The studies above suggest that TIM-14mucin B cells do not bind PS on ACs via TIM-1 and
are defective in B cell IL-10 induction by ACs. Additionally, these mice exhibit a baseline
defect in Bregs suggesting that AC-mediated signals through TIM-1 may contribute to basal
Breg levels. We next asked whether induction of Bregs mediated by anti-TIM-1 (RMT1-10)
was also dependent on the TIM-1 mucin domain. This is important because unlike ACs,
anti-TIM-1 is entirely specific for TIM-1 and anti-TIM-1 binds normally to the intact IgV
domain expressed by TIM-14mMucin B cells, even when titered to non-saturating
concentrations (Fig4A, and data not shown). Previously, we showed that anti-TIM-1
treatment prolongs allograft survival in BALB/c mice, by increasing both number and
percentage of TIM-1+ B cells expressing IL-10(5). Since TIM-1 expressed by TIM-1Amucin
mice has intact IgV and intracellular domains, we postulated that anti-TIM-1 would still
induce Bregs. Treatment of allosensitized wt C57BL/6 mice with anti-TIM-1 led to an ~1.7-
fold increase in both TIM-1 and IL-10 expression by total and TIM-1+ B cells (Fig 4B,C,
Supplementary Fig 1A). IL-10 expression was highly enriched (~16-fold) on TIM-1+ vs.
TIM-1- B cells. IL-4 expression, which is important for induction of 1L-10+ Bregs(5), was
also increased ~two-fold in total and TIM-1+ B cells, following anti-TIM-1 treatment of
allosensitized mice (Fig4C, Supplementary FigurelB). Since neither transplantation nor
anti-TIM-1 affect the total number of splenic B cells, these percentages directly reflect
differences in cell number(5).
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In comparison to wt B cells, naive TIM-14mucin B cells actually express slightly higher
baseline levels of TIM-1 (Fig4A). However, IL-10 expression is reduced on both total and
TIM-1+ B cells from naive TIM-12Muc¢in mice, confirming the basal defect in B cell IL-10
expression even in young mice noted above (Fig4C, SupplementaryFig 1A). Moreover, in
contrast to wt mice, there was no induction in B cell TIM-1 or IL-10 expression in
TIM-14mucin mice in response to alloantigen plus anti-TIM-1, exacerbating the relative
defect in B cell IL-10 expression seen in untreated mice. Expression of IL-4 by TIM-14mucin
B cells parallels that of IL-10 (Fig4C, Supplementary Fig1B). It is decreased at baseline and
not induced by anti-TIM-1. Thus, both basal and anti-TIM-1-induced Bregs are defective in
TIM-14mucin mice  consistent with the TIM-1 mucin domain regulating responsiveness to
TIM-1 signaling and TIM-1 regulating the induction of Breg.

TIM-1Amucin B cells fail to promote allograft survival

We previously showed that in the absence of B cells, anti-TIM-1 actually accelerated
rejection compared to untreated recipients(5). In contrast, after transfer of wt B cells, anti-
TIM-1 treatment significantly prolonged islet allograft survival and this was dependent on
induction of IL-10 expression by B cells. Thus, this model is dependent on both IL-10+
Bregs and TIM-1 signaling. Here, we specifically examined the effects of B cell TIM-1
signaling on allograft survival, by transferring B cells from wt versus TIM-1AMUCin mice into
B cell deficient pMT recipients of BALB/c islets. After transfer of wt B cells, anti-TIM-1
treatment doubles islet allograft survival, by promoting the induction of IL-10 on B cells
(Fig4C, (5)), compared to untreated mice (Fig4D). In contrast, in mice reconstituted with
TIM-14mucin B ce|ls, where IL-10 induction is impaired, anti-TIM-1 had no effect on
allograft survival (Fig4D). Thus, an intact TIM-1 mucin domain on B cells is required for
induction of IL-10+ Bregs in vivo and for prolonged graft survival induced by anti-TIM-1.

TIM-1Amucin recipients exhibit accelerated allograft rejection that is ameliorated by transfer
of wt TIM-1+ B cells

We previously showed that TIM-12Mucin mice (B6) develop age-related autoimmunity
associated with T cell hyper-responsiveness and decreased B cell IL-10 first observable at
4-6 months of age. However, the degree to which T cell defects were due to an underlying
defect in Bregs was unclear. In wt B6 recipients, bm12 cardiac allografts (single MHCII
mismatch) exhibit long-term survival, but develop chronic allograft vasculopathy(23). In
contrast, 6-8 week-old TIM-1AMUcin recipients exhibit an exaggerated immune response,
with allograft rejection by 31d (FigbA). This is associated with severe mononuclear cell
infiltration and vasculopathy at a time when allografts in wt recipients appear minimally
inflamed (Fig5A,B). Thus, TIM-14mucin mice exhibit immune hyper-responsiveness even at
a relatively young age. In general agreement, CD4 cells from young allosensitized
TIM-1Amucin mice exhibit heightened IFNY, IL-6, and IL-17, and impaired Th2 (IL-4, IL-5,
and IL-13), responses (Fig5C), a pattern generally associated with increased allograft
injury(24). While IL-10 expression by CD4 cells in TIM-12Mucin recipients was preserved
(Fig6C), B cell 1L-10 expression is impaired in these mice (Fig2,4).

We previously showed that transfer of TIM-1+ Bregs prolongs allograft survival by
reducing Thl and augmenting Th2 responses in a B cell-IL-10 dependent fashion(5, 16). To
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determine whether the defect in TIM-1+ Bregs contributes to the observed hyper-
responsiveness of TIM-12mucin mice we transferred TIM-1+ versus TIM-1- B cells from
allosensitized syngeneic wt mice into TIM-1Amucin recipients of bm12 cardiac allografts.
TIM-1+ B cell transfer significantly prolonged graft survival, with 50% of TIM-1Amucin
recipients achieving long-term engraftment, whereas TIM-1- B cells had no effect (FigsD).
Thus, young TIM-12Mucin mice exhibit a baseline deficit in Bregs and their immunological
hyper-responsiveness can be ameliorated by a single transfer of wt Bregs at the time of
transplantation.

Discussion

We previously showed that TIM-1 is an inclusive marker for 1L-10-producing B cells with
regulatory activity (5). Moreover, TIM-1 ligation induces IL-10+ Bregs. Using mice
expressing a mutant version of TIM-1 has now allowed us to directly examine the role of the
mucin domain in TIM-1-mediated signals and to delineate the role of TIM-1 in Breg
homeostasis. Indeed, we find that TIM-1 is more than a phenotypic marker and is intimately
involved in maintaining both basal and inducible Breg levels.

Tolerance is maintained despite continuous exposure to self-antigens through apoptotic cells
(ACs). It is estimated that over the course of a single day, >10° cells turnover/die in our
body(25). These include cells that are constantly generated in the course of tissue
regeneration, used/aged cells, and damaged cells. In the context of transplantation,
additional dying cells likely arise from the allograft itself, as well as from the constant
immune response that it generates. Rapid removal of ACs inhibits DC and macrophage
maturation, and promotes their expression of anti-inflammatory cytokines(25-27).
Conversely, if AC clearance is defective, secondary necrosis causes release of auto-antigens
and DAMPs that promote autoimmunity(26).

AC engulfment is mediated by “eat-me” signals including PS, which is expressed on cell
membranes early in apoptosis(25). PS is recognized directly by PS-receptors that include
TIM-family members, or indirectly, by bridging proteins that link PS to Mer tyrosine kinase
or p3/5 integrins on phagocytes(25-27). TIM-4 expressed by macrophages and TIM-1
expressed by kidney epithelial cells are directly involved in AC engulfment(10).
Additionally, natural IgM binds PS, and possibly self-antigens, enhancing AC uptake in
concert with FcR and complement proteins(28). While deficiency in IgM, C1g, and Mer, are
associated with defective AC clearance and lupus, deficiency in other engulfment receptors,
leads to AC accumulation without autoimmunity(25,26,28). This suggests that ACs may
also promote tolerance through other pathways(25).

Another mechanism by which ACs promote tolerance is by inducing IL-10 expression by B
cells (MZ and B1 B cells in particular)(6,7). MZ and B1 B cells highly express natural IgM,
which may bind ACs through PS and self-antigens (as noted above). BCR and TLR9
engagement are also involved in Breg induction by ACs(7). Our data now indicate that
TIM-1 ligation on B cells is essential for AC-mediated induction of IL-10. In this regard,
TIM-1 is expressed at two-fold higher frequency on MZ and B1 B cells than on other B cell
subsets(5).
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Unlike macrophages or kidney epithelial cells, we showed that B cells do not engulf ACs,
and engulfment is not required for IL-10 expression. Our data also suggest that TIM-1 is not
merely required for tethering, but also for signaling upon AC binding. While significantly
reduced, ACs do still bind to TIM-1- and to TIM-12mMucin B cells, presumably through
interactions with other PS receptors. However, this does not induce IL-10. Thus, TIM-1
mediates the majority of PS binding to B cells, and is essential for IL-10 expression. While
the TIM-1 crystal structure shows that PS binds to the IgV domain and does not directly
interact with the mucin domain(11), the mucin domain may contribute sterically to PS-
mediated binding of ACs. Alternatively, loss of the mucin domain could alter IgVV domain
conformation in a manner that decreases AC binding (although both anti-TIM-1 and TIM-4-
Ig binding to the TIM-1 IgV domain remain intact(18) and (Fig4A)). Regardless, the
decrease in Bregs observed in TIM-12Mucin mice, and the loss of age-related increase in
Bregs (discussed below), suggests that AC interactions with TIM-1 may promote peripheral
tolerance by maintaining baseline levels of Bregs.

In the absence of the TIM-1 mucin domain, anti-TIM-1 binding to the IgV domain is intact,
but is incapable of inducing IL-10 expression by B cells. Thus, anti-TIM-1 prolongs graft
survival in B-deficient mice after the transfer of WT, but not TIM-12mucin B cells. This
supports our previous findings that TIM-1 ligation in B cells induces IL-10+ Bregs which
are required to prolong graft survival. Moreover, our study provides the most concrete
evidence, to date, that the mucin domain actually regulates TIM-1 signaling. Previous
studies have only inferred such a role. For example, differences in mucin domain length in
different mouse strains correlate with differences in TIM-1 responsiveness; BALB/c mice
exhibit increased Th2 responses compared to C57BL/6 mice which have a shorter TIM-1
mucin domain(17). Whereas we previously showed that in BALB/c mice, alloantigen plus
anti-TIM-1 increased B cell TIM-1, IL-10 and IL-4 expression, four-fold(5), we now show
that in C57BL/6 mice, antigen plus anti-TIM-1 leads to only a two-fold induction (Fig4).
Thus, B cells from wt BALB/c mice (longer mucin domain) are more responsive to
antibody-mediated TIM-1 ligation than those from wt C57BL/6 mice (short mucin domain),
while B cells from TIM-14mucin mice |acking the TIM-1 mucin domain altogether, fail to
induce B cell IL-4 or IL-10. Additionally, deletional polymorphisms of the human TIM-1
mucin domain correlate with susceptibility to asthma and allergy(12,13). Combined with our
current findings, these data strongly suggest that regions within the mucin domain affect
TIM-1 signaling and immunological reactivity.

While Breg activity has generally been associated with IL-10, IL-35 was recently shown to
be intimately associated with Breg function(8,29). Importantly, 1L-35 signaling was required
for generation of IL-10+ Bregs, and B cell IL-10 expression was necessary for the
prevention of uveitis mediated by I1L-35(29). Since IL-35 can upregulate B cell IL-10(8,29),
TIM-1 could work at the level of IL-35. Alternatively, IL-35 could bypass the requirement
for TIM-1 in terms of B cell IL-10 induction. While addition of IL-35 to LPS for 72h
induced IL-10 in WT B cells, it had no effect on IL-10 expression by TIM-14mucin B ce|ls
(Supplementary Fig2). Thus, TIM-1 signaling has a dominant effect on B cell IL-10
expression, and the defect in IL-10 seen in TIM-14mucin B ce|ls cannot be rescued by
provision of I1L-35.
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In addition to an age-related defect in Bregs previously reported(18), we now show that
deletion of the TIM-1 mucin domain results in defective Bregs that contribute to disordered
immune homeostasis even in young mice. The deficiency of Bregs in TIM-12Mucin mjce
appears to be due to both a baseline decrease and a defect in their induction, rather than a
survival defect of Bregs over time. Thus, the Bregs start at a lower baseline number in
TIM-14mucin mice and do not progressively increase with age, as observed in wt mice(18).
This may help explain why TIM-1AMuCin mice develop spontaneous autoimmunity with age,
and why young mice exhibit accelerated rejection of single MHC mismatched cardiac
allografts associated with an exaggerated CD4 cell pro-inflammatory response compared to
wt recipients. In this regard, transfer of WT TIM-1+ but not TIM-1- B cells from
alloimmunized hosts ameliorated rejection of bm12 cardiac allografts by TIM-12Mucin mice,
with ~50% surviving long-term.

In summary, our data demonstrate that the TIM-1 mucin domain regulates responsiveness to
TIM-1 signaling, and TIM-1 signaling regulates the induction of Breg. Binding of ACs to
TIM-1 appears to be an important physiological trigger in Breg maintenance and induction.
Moreover, an anti-TIM-1 antibody can mimic the same effects on Bregs and promote
allograft tolerance, thus demonstrating the therapeutic potential for targeting TIM-1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AC apoptotic cell

BCR B cell receptor

Breg regulatory B cell

DC dendritic cell

EAE experimental autoimmune encephalitis
IL-4 interleukin-4

IL-10 interleukin-10

IL-35 interleukin-35

KIM-1 kidney injury molecule-1

Mz marginal zone

PC phosphatidylcholine

PS phosphatidylserine

TIM-1 T-cell immunoglobulin mucin domain-1
TLR Toll-like receptor

WT wild-type
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Figure 1. TIM-1-mediated PS-binding requires an intact mucin domain
A) Flow-sorted CD19+TIM1+ or CD19+TIM1- B cells from WT mice were incubated with

green fluorescence-labeled phosphatidylserine-coated liposomes (PS-liposomes). After 12h,
cells were fixed and stained with DAPI. Random fields (n=7-10) were imaged by confocal
microscopy (20x), and co-localization between liposomes and B cells determined using
Volocity software. The frequency of FITC+ B cells in each field is shown. Cells were
considered positive using a cut-off of >350 MFI (similar to the MFI of phosphatidylcholine
(PC)-coated “control” liposomes). Data shown is from a single experiment, representative of
3 experiments, in duplicate wells.

B) Flow-sorted CD19+TIM-1+ or CD19+TIM-1- B cells from wt and TIM-14Mucin mice
were co-incubated with green fluorescence-labeled (PS-liposomes), or control
phosphatidylcholine (PC)-liposomes, as above. Co-localization between liposomes and B
cells, as defined by the mean fluorescence intensity (MFI) of FITC+ liposomes on each
interacting CD19+ B cell, was determined using Volocity software. Data expressed as mean
+SEM (*p<0.05; **p<0.01; ***p<0.001) from images of 12-20 random fields.
Representative of 3 independent experiments, in triplicate wells.

C) Representative images (100x magnification). Green=PS-liposomes, Blue=DAPI.
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C) 3D reconstruction of confocal z-stack images of wt CD19+TIM1+ B cells incubated with
PS-liposomes as in A. Green=PS-liposomes, Red=TIM-1, Blue=DAPI.
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Figure 2. Induction of IL-10 in B cells by apoptotic cells (ACs) is defective in TIM-1AMUcin mice
A) Representative flow plots showing IL-10 expression on CD19* and TIM-1*CD19* B

cells from wt vs. TIM-12MuCin mice 7d after administering 107 ACs (iv).

B) Cumulative data showing % of 1L-10+ B cells derived from flow plots in A.
C) Isolated splenic 108 B cells from wt and TIM-1AmUcin mice were co-incubated with naive
OTII T cells (5%10%/ml), Ovalbumin, and increasing numbers of AC for 48h, followed by

intracellular staining for 1L-10 on CD19*B cells.

D) Flow-sorted CD19*TIM-1* or CD19+TIM-1- B cells from wt and TIM-1Amucin mice
were incubated with ACs for 48h followed by intracellular staining for 1L-10 on CD19*B

cells.

Graphed data expressed as mean£SEM (*p<0.05; **p<0.01). Representative of =2
independent experiments, in triplicate wells or 3 mice/group.
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Figure 3. Neither PS-coated liposomes nor apoptotic cells (AC) are internalized by isolated
CD19+TIM-1+ splenic B cells

PS-coated liposomes or ACs were generated as described in methods, and labeled with
pHRodo succinimidyl ester, a pH-sensitive red fluorophore whose emission increases
dramatically at pH<6.0 (i.e. upon entry into phagolysosomes). Liposomes or ACs were then
diluted in serum-free media and incubated with total or sorted TIM-1+ B cells from WT
mice. Still images taken at t=16h from time-lapse video of images captured in 15 minute
intervals is shown. Time-lapse videos are available in supplemental materials. Left panels:
splenic B cells incubated with labeled PS-liposomes; right panels: splenic B cells incubated
with ACs. Top row: WT CD19+ B cells; second row: WT CD19+TIM-1+ B cells; third row:
WT retroperitoneal macrophages (positive control); bottom row: TIM-1+ (KIM-1+) WT
kidney tubular epithelial cells. Red=pHRodo. Images show merged brightfield and TRITC
channels.
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Figure 4. The TIM-1 mucin domain is also critical for induction of I1L-10+ Bregs by anti-TIM-1
A) Representative flow cytometry plots showing anti-TIM-1 mAb RMT1-10 binding to

TIM-14mucin ys \WT B cells, as assessed by indirect staining with RMT1-10 followed by
PE-conjugated anti-rat g secondary mAb.

B) Frequency of TIM-1 expression on CD19* B cells in wt or TIM-1AMUcin mice that were
naive, allosensitized, or allosensitized and treated with anti-TIM-1 (RMT1-10) (*p<0.05,
**p<0.01; n=4/group). Error bars indicate SEM. Representative of 3 independent
experiments, with 3 mice per condition.

C) Frequency of 1L-10 and IL-4 expression on CD19%, CD19*TIM-1* and CD19*TIM-1" B
cells in mice as in B.

D) TIM-1Amucin B cells fail to promote allograft survival. Naive B cells from wt or
TIM-1Amucin C57BL/6 mice were transferred into B cell deficient uMT (C57BL/6)
recipients of BALB/c islets, and treated with or without anti-TIM-1 (**p<0.01vs. other
groups). n=5-6 mice per group.
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Figure 5. TIM-18MUcin mice exhibit accelerated allograft rejection
A) bm12 hearts were transplanted into wt or TIM-14mucin C57B1 /6 mice. Left: Kaplan-Meir

plots of graft survival (MST>100d vs. 29d; **p<0.01). Right: Representative H&E staining
of allografts 30d post-transplant (100x magnification). n=5-6 mice per group.

B) Grafts, from A, were scored for rejection using ISHLT guidelines: Grade 1, mild
(interstitial or perivascular infiltrate with < 1 focus of myocyte damage; Grade 2, moderate
(>2 foci of myocyte damage); Grade 3 severe (diffuse infiltrate with multiple foci of
myocyte damage, vasculitis, edema) in a blinded fashion. *p<0.05; n=5 in each group. Error
bars indicate SEM.

C) Splenic CD4 cells from recipients 21d post-transplantation were restimulated in vitro
with irradiated bm12 splenocytes for 48h. Cytokine concentration in culture supernatants
was determined by Luminex (*p<0.05, **p<0.01). Error bars indicate SEM. Representative
of 2 independent experiments, each with 3 mice per group.

D) Kaplan-Meier plots of graft survival of TIM-1AMUCin recipients of bm12 cardiac
allografts after receiving no treatment vs. 5x108 TIM-1*CD19* or TIM-1"CD19" B cells
from (d14) alloimmunized wt C57BL/6 mice (*p=0.01, **p=0.0025 vs. all other groups). n=
4-8 mice per group.
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