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ABSTRACT
Both in vivo data in preclinical cancer models and in vitro data with T cells from patients with advanced
cancer support a role for Tim-3 blockade in promoting effective anti-tumor immunity. Consequently, there
is considerable interest in the clinical development of antibody-based therapeutics that target Tim-3 for
cancer immunotherapy. A challenge to this clinical development is the fact that several ligands for Tim-3
have been identified: galectin-9, phosphatidylserine, HMGB1, and most recently, CEACAM1. These
observations raise the important question of which of these multiple receptor:ligand relationships must be
blocked by an anti-Tim-3 antibody in order to achieve therapeutic efficacy. Here, we have examined the
properties of anti-murine and anti-human Tim-3 antibodies that have shown functional efficacy and find
that all antibodies bind to Tim-3 in a manner that interferes with Tim-3 binding to both
phosphatidylserine and CEACAM1. Our data have implications for the understanding of Tim-3 biology and
for the screening of anti-Tim-3 antibody candidates that will have functional properties in vivo.
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Introduction

Tim-3, a member of the T cell immunoglobulin and mucin
domain (TIM) family of molecules, has garnered much atten-
tion as a co-inhibitory/checkpoint receptor target for cancer
immunotherapy. Studies in multiple pre-clinical cancer models
have demonstrated that Tim-3 antibody treatment can promote
anti-tumor immunity. These studies have employed three dif-
ferent anti-murine Tim-3 antibody clones. Anti-Tim-3 RMT3-
23 has been shown to have monotherapeutic efficacy in WT3
sarcoma and MC38 colon carcinoma,1 and anti-Tim-3 5D12
has been shown to have monotherapeutic efficacy in EL4 lym-
phoma.2 These clones, along with anti-Tim-3 B8.2C12, have
been shown to have remarkable efficacy when combined with
anti-PD-1/L1 in multiple tumor types.1,3 Similarly, an anti-
human Tim-3 antibody has shown single agent efficacy in
improving the functional responses of NY-ESO-1-reactive
CD8C T cells from patients with advanced melanoma with
more potent efficacy observed when anti-Tim-3 was combined
with anti-PD-1.4 Moreover, two recent studies implicate Tim-3
expression as a mechanism of resistance to anti-PD-1 ther-
apy.5,6 Collectively, these data support the use of anti-Tim-3
antibodies for cancer immunotherapy. However, these antibod-
ies are diverse in both species and Ig subclass, and their binding

epitopes on Tim-3 have not been defined, thus raising the issue
of what shared features might underlie the functional activity
of these antibodies. Such information is critical for the develop-
ment of anti-human Tim-3 antibodies for clinical translation.

Tim-3 has been reported to have multiple ligands. The soluble
C-type lectin, galectin-9, was the first reported ligand for Tim-3.7

Subsequently, elucidation of the crystal structure of Tim-3 led to
the discovery of a unique binding cleft that is shared among
members of the TIM family and is responsible for the binding of
TIM family molecules to phosphatidylserine (PtdSer).8-10 In this
regard, the binding affinity of Tim-3 for PtdSer is at least five
times lower than that of either Tim-1 or Tim-4 for PtdSer.11

More recently, high mobility group box 1 (HMGB1)12 and carci-
noembryonic antigen cell adhesion molecule 1 (CEACAM1)13

have also been identified as Tim-3 ligands.
The unique binding cleft that mediates PtdSer binding to

TIM family members is framed by the CC’ and FG loops.8

PtdSer binding to Tim-3 depends on hydrophobic residues in
the FG loop.11 Interestingly, CEACAM1 binding is predicted to
involve residues in both the CC’ and FG loops, based upon
analyses of the mouse and human orthologues, respectively.11,13

Lastly, HMGB1 binding to Tim-3 has also been reported to
involve the FG loop.12 In contrast, the galectin-9 binding site is
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distinct and predicted to involve N-linked sugars on the oppo-
site side of the FGCC’ face of Tim-3.7 Thus, the CEACAM1/
PtdSer/HMGB1 binding sites and the galectin-9 binding sites
comprise distinct and opposed ligand-binding surfaces.

The existence of multiple ligands for Tim-3 raises the
important issue of which ligand-binding interaction is respon-
sible for driving the functional effects of Tim-3. Another out-
standing question is whether antibodies that have shown
functional efficacy do so because they block a specific ligand
interaction or because they deplete Tim-3-expessing cells.
Here, we have addressed the functional and ligand blocking
properties of both anti-mouse and anti-human Tim-3 antibod-
ies that have demonstrated immunomodulatory properties.

Results

Anti-murine Tim-3 antibodies bind non-overlapping
epitopes

Three different anti-murine Tim-3 antibodies have been
reported to have immunomodulatory properties in vivo in mul-
tiple pre-clinical models of cancer.1–3 These antibody clones –
B8.2C12, RMT3-23, and 5D12 – are of different species origin
and isotype. B8.2C12 is a rat IgG1, RMT3-23 is a rat IgG2a,
and 5D12 is a mouse IgG1 monoclonal antibody (mAb). To
understand the epitope recognition of these antibodies, we per-
formed antibody cross-blocking experiments to address
whether these antibodies bind to similar or distinct epitopes on
Tim-3. We found that the three antibody clones do not inter-
fere with each other’s binding, indicating that they recognize
non-overlapping epitopes on Tim-3 (Fig. 1). The fact that these
antibodies do not compete for binding as assessed on murine
Tim-3 provides a means by which the fate of Tim-3-expressing
cells can be reliably tracked in the context of treatment in vivo
with each of these antibody clones.

Functional Tim-3 antibodies do not deplete Tim-3C cells

We next addressed whether any of these antibody clones can
deplete Tim-3C T cells in vivo. For this we took advantage of
Tim-3 transgenic (Tg) mice that constitutively express high lev-
els of Tim-3 on approximately 40% of peripheral CD4C and
CD8C T cells.2 We administered B8.2C12, RMT3-23, 5D12 or
isotype control antibodies to Tim-3 Tg mice and assessed both
Tim-3 expression and the number of CD4C and CD8C T cells.
We found that administration of B8.2C12, RMT3-23, or 5D12
had no effect on the total number of CD4C or CD8C T cells
compared to mice administered isotype control antibodies
(Fig. 2A). We further investigated the ability of the three anti-
body clones to deplete cells in the tumor microenvironment
(TME). Our previous studies showed that Tim-3 is highly
expressed on intra-tumoral CD4§FoxP3§ regulatory T (Treg)
cells.14 We therefore examined the frequency of Treg in tumor-
bearing mice after treatment with B8.2C12, RMT3-23, or 5D12
and found no difference in Treg frequencies compared to mice
treated with isotype control antibodies (Figure S1). Interest-
ingly, we noted that the Tim-3 Tg mice that received RMT3-23
showed significant down-regulation of Tim-3 as determined by
staining with a non-competing anti-Tim-3 antibody clone

(Fig. 2B). This was not true of clones B8.2C12 and 5D12, which
showed a non-statistically significant trend towards receptor
down modulation. Further investigation of RMT3-23-mediated
Tim-3 down modulation showed that it requires antibody
cross-linking (Figure S2). Collectively, these data show that the
anti-murine Tim-3 antibodies that have demonstrated efficacy
in vivo may function in part by down-modulating
Tim-3 surface expression but not by depleting Tim-3C cells.

Ligand-blocking properties of murine anti-Tim-3
antibodies

Given that anti-murine Tim-3 antibodies do not deplete
Tim-3C T cells, we next addressed the ligand-blocking proper-
ties of the different antibody clones. We first examined the abil-
ity of anti-Tim-3 antibodies to interfere with Tim-3 binding to
galectin-9. For this, we established an ELISA-based assay
wherein we could detect binding of murine Tim-3-Ig to

Figure 1. Anti-murine Tim-3 antibodies bind non-overlapping epitopes. Jurkat T
cells expressing the Balb/c form of Tim-3 were incubated in the presence of unla-
beled B8.2C12, 5D12, and RMT3-23 at the concentrations indicated prior to stain-
ing with PE-labeled 5D12 (A), B8.2C12 (B), or RMT3-23 (C).
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galectin-9 over a dose titration (Fig. 3A). Galectins bind their
ligands via recognition of oligosaccharide side chains by their
carbohydrate recognition domain (CRD). We confirmed that
the binding of Tim-3-Ig to galectin-9 in our ELISA assay was
indeed dependent on this mechanism by performing our bind-
ing assay in the presence of increasing concentrations of lactose
(Fig. 3B). Having confirmed the specificity of Tim-3:galectin-9
binding in our assay, we tested the ability of the different anti-
murine Tim-3 antibody clones to block this binding. None of
the three mAbs tested – B8.2C12, 5D12, or RMT3-23 – were
able to block the Tim-3:galectin-9 interaction (Fig. 3C-E).

Next, we examined the ability of anti-murine Tim-3 anti-
bodies to interfere with Tim-3 binding to phosphatidylserine
(PtdSer) and CEACAM1. The binding sites for these two
ligands are located on the opposite side of the Tim-3 IgV
domain from the galectin-9 binding site and are in close spatial
proximity to each other. Tim-3 binds to PtdSer via the unique
binding cleft formed by the presence of four non-canonical cys-
teine residues that are characteristic of all members of the TIM
family.8–10 CEACAM1 is predicted to bind within the vicinity
of the CC’ and FG loops that frame the PtdSer binding cleft.13

Because of the proximity of these binding sites, it is possible
that a given anti-Tim-3 antibody could interfere with binding
to either of these ligands. To test whether the anti-murine Tim-
3 antibodies affect Tim-3 binding to PtdSer, we determined the
ability of each antibody to block the binding of Tim-3-Ig to
dexamethasone-treated apoptotic thymocytes, which express
PtdSer as determined by staining with Annexin V (Fig. 4). We
found that each antibody clone interfered with Tim-3 Ig bind-
ing, with RMT3-23 being the most potent blocker, followed by
B8.2C12, and then 5D12. Collectively, our data indicate that
although these antibodies bind to non-overlapping epitopes on
Tim-3, they each bind in such a way that disrupts the Tim-3:
PtdSer interaction.

Figure 2. Anti-murine Tim-3 do not deplete Tim-3C cells in vivo. B8.2C12 (n D 3),
5D12 (n D 3), RMT3-23 (nD 3) or matched isotype control antibodies were admin-
istered i.p. to Tim-3 Tg mice. After 48 h, the frequency of CD4C and CD8C T cells
was determined by flow cytometry. A, Total number of CD4C and CD8C cells in
treated mice. Error bars represent s.e.m. B, Down-modulation of Tim-3 expression
was examined by staining with a non-competing Tim-3 antibody clone. Error bars
represent s.e.m. �p D 0.03, t-test.

Figure 3. Anti-murine Tim-3 antibodies do not block galectin-9 binding. A, mTim-3-Ig was added at the indicated concentrations to ELISA plates coated with galectin-9.
Similar results were obtained in an independent experiment. B, mTim-3-Ig (0.1 mg/ml) was added to ELISA plates coated with galectin-9 in the presence of lactose at the
indicated concentrations. mTim-3-Ig was incubated with RMT3-23 (C), B8.2C12 (D), 5D12 (E) or matched isotype control antibody prior to addition to ELISA plates coated
with galectin-9. Similar results were obtained in an independent experiment.
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To examine whether the antibody clones affect Tim-3 bind-
ing to CEACAM1, we transiently expressed full-length murine
CEACAM1 in Jurkat T cells and determined the ability of each
antibody clone to block Tim-3-Ig binding to CEACAM1-over-
expressing cells relative to untransfected parent Jurkat T cells.

We found that Tim-3-Ig specifically bound to CEACAM1
transduced, but not un-transduced parent, Jurkat T cells
(Fig. 5A and B). We further found that RMT3-23 was the most
potent blocker of Tim-3 Ig binding to Jurkat-mCEACAM1
cells, followed closely by B8.2C12, and to a lesser extent, 5D12

Figure 4. Effect of anti-murine Tim-3 antibodies on binding to phosphatidylserine. A, Dexamethasone-treated thymocytes were labeled with CellTracker Green and
stained with Annexin V to detect phosphatidylserine expression. Representative flow cytometry data are shown. B, mTim-3-Ig was incubated with RMT3-23, B8.2C12,
5D12 or matched isotype control antibody prior to addition to dexamethasone treated thymocytes. Data are representative of 4 independent experiments.

Figure 5. Effect of anti-murine Tim-3 antibodies on binding to CEACAM1. A, Expression of murine CEACAM1 on transduced Jurkat T cells. B, Untransduced or murine CEA-
CAM1-transduced Jurkat T cells were stained with mTim-3-Ig that was pre-incubated with no antibody, RMT3-23, 2C12, 5D12 or matched isotype control antibody. Data
are representative of 3 independent experiments.
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(Fig. 5). Lastly, we sought to examine whether anti-murine
Tim-3 antibodies could interfere with the binding of HMGB1
to Tim-3; however, we were unable to confirm the previously
reported binding interaction between these two proteins.12

Together our data indicate that the anti-murine Tim-3 anti-
body clones that show efficacy in vivo bind to Tim-3 in such a
way that they interfere with both PtdSer and CEACAM1 bind-
ing. Moreover, these antibodies can similarly be ranked in a
hierarchy for PtdSer and CEACAM1 blockade with RMT3-23
being best, followed by B8.2C12, and lastly by 5D12.

Ligand-blocking properties of a functional anti-human
Tim-3 antibody

Given our data showing that functional anti-murine Tim-3 anti-
bodies interfere with PtdSer and CEACAM1 binding but not
galectin-9 binding, we addressed whether an anti-human TIM-3
antibody clone (clone F38.2E2) that has shown functional prop-
erties in vitro4 has similar ligand blocking properties. In line with
our murine anti-Tim-3 antibody data, we found that anti-human
TIM-3 F38.2E2 does not interfere with galectin-9 binding to
human TIM-3 (Fig 6A). However, F38.2E2 results in near com-
plete blockade of Tim-3-Ig binding to both PtdSer and CEA-
CAM1 (Fig. 6B and C). These data indicate that the ligand-
blocking properties of functional anti-human and anti-murine
Tim-3 antibodies phenocopy each other.

Epitope mapping by hydrogen deuterium exchange mass
spectrometry (HDxMS)

We next undertook epitope mapping by HDxMS in order to
elucidate the physical basis for these ligand-blocking properties.

For this purpose, we used the human and mouse TIM-3 IgV
domains and anti-human TIM-3 antibody (F38.2E2) and anti-
murine TIM-3 antibodies (B8.2C12, RMT3-23, 5D12), respec-
tively, and performed Hydrogen-deuterium exchange (HDx) in
combination with mass spectrometry (MS).15 In HDxMS, back-
bone amide hydrogens of proteins are replaced by deuterium.
This process is sensitive to protein structure/dynamics and sol-
vent accessibility and, therefore, able to report on locations that
are directly affected by ligand binding as well as locations that
undergo structural modulations such as allosteric effects upon
ligand binding.

Figure 7A shows the change in hydrogen exchange
observed between free hTIM-3 and the hTIM-3/F38.2E2
complex. The horizontal bars represent individual peptide
observations with the sequence aligned along the hTIM-3
sequence (horizontal axis). This provides an impression of
the obtained sequence coverage and sequence resolution of
the experiments. The shading of the bars represents the
average deuteration difference or protection observed for a
fragment and provides information about the consistency of
observations between fragments. To compensate for differen-
ces resulting from size differences of the observed peptides,
observed deuteration differences have been normalized by
the number of observable amides in each fragment under
experimental conditions. The data clearly show that the
dominant protection occurs on a limited number of residues
in the N-terminal region and a second region protected to a
lesser extent can be identified in the C-terminal part of the
protein. Detailed inspection of the relative protection
observed for overlapping peptides in those regions further
allows narrowing of the dominantly protected amides to the
sequences of the CC’ and FG loops.

Figure 6. Ligand-blocking properties of an anti-human TIM-3 antibody. A, hTIM-3-Ig was incubated with F38.2E2 or matched isotype control antibody prior to addition to
ELISA plates coated with galectin-9. B, hTim-3-Ig was incubated with F38.2E2 or matched isotype control antibody prior to addition to dexamethasone treated thymo-
cytes. C, Untransduced or human CEACAM1-transduced Jurkat T cells were stained with hTim-3-Ig that was pre-incubated with no antibody, F38.2E2 or matched isotype
control antibody. Data are representative of 6 independent experiments.
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Figure 7B shows the protected sequences color-coded onto a
hTIM-3 structure (PDB 5F71) with calcium and phosphatidyl-
serine modeled in, based on the mouse Tim-3 co-structure
PDB 3 KAA, for reference. The observed dominantly protected
region (blue) and secondary protected region (red) clearly sug-
gest that at least some of the residues of the CC’ loop partici-
pate in the epitope that is potentially discontinuous and also
includes residues in the FG loop. Thus, the observed protec-
tions provide strong corroborative evidence for F38.2E2 bind-
ing to the FGCC’ face of the protein, which is consistent with
our data showing loss of PtdSer binding and loss of CEACAM1
binding in the presence of F38.2E2.

Examination of the protection profiles of the three anti-
murine clones shows different areas of dominant protection for
each clone (Fig. 7C-F), which is in agreement with their non-
competitive nature (Fig. 1). However, all three clones addition-
ally showed protection of residues 99–107 (Fig. 7C-F, residues
marked blue). This region of allosteric protection is in close
proximity to the PtdSer binding site, thus providing a basis for
how 5D12 and B8.2C12 are able to block CEACAM1/PtdSer
interactions despite having epitopes remote of these ligand-
binding sites. Further, it is noteworthy that the epitope of
B8.2C12 covers the residues of the BC-loop that are polymor-
phic across the C57BL/6 and Balb/c mouse strains,11 which is
consistent with the differential binding of B8.2C12 to the
BALB/c and C57BL/6 mTim-3 alleles (data not shown).

Discussion

The existence of multiple ligands and ligand-binding surfaces
for Tim-3 has posed a challenge for understanding Tim-3 biol-
ogy. Given the established role of Tim-3 as a checkpoint recep-
tor target for cancer immunotherapy, it is important to
understand which structural features of Tim-3 are important in
mediating its inhibitory function. This is critically important
for the development of agents that target Tim-3 for clinical
translation. We have addressed this issue by examining the
properties of both anti-murine Tim-3 and anti-human TIM-3
antibodies that have shown functional efficacy in vivo and in
vitro, respectively. Our data indicate that anti-murine and anti-
human Tim-3 antibodies closely phenocopy each other in that
they do not interfere with binding to galectin-9 but do interfere
with binding to both PtdSer and CEACAM1.

That binding of a given anti-Tim-3 antibody can interfere
with binding of PtdSer and CEACAM1 is not surprising given
that CEACAM1 is predicted to bind in the vicinity of the CC’
and FG loops that frame the PtdSer binding cleft. Some of the
critical residues involved include Glu62 in the CC’ loop and
Asp120 in the FG loop of human TIM-3 which when mutated
both abrogate biochemical interactions with human CEA-
CAM113 and are part of the 2E2 epitope which inhibits CEA-
CAM1-TIM-3 interactions as shown here. Thus, an antibody
that binds anywhere on the FGCC’ face could interfere directly
with CEACAM1 binding while also inducing allosteric changes
that either alter the PtdSer binding cleft such that PtdSer can
no longer bind or bind in such a way that sterically hinders
access of PtdSer to the binding cleft. It is important to note that
while our ligand-blocking data implicate interactions with
PtdSer and/or CEACAM1 as important for Tim-3 inhibitory
function, we cannot discern whether PtdSer and/or CEACAM1
is the physiologically relevant ligand for binding Tim-3 and
triggering inhibitory function. Further, our data do not inform
as to whether Tim-3 can simultaneously bind to both CEA-
CAM1 and PtdSer.

While our data show that none of the functional anti-Tim-3
antibodies interfere with galectin-9 binding, we cannot dis-
count a role for galectin-9 in Tim-3 function. Galectin-9 has
been shown to trigger phosphorylation of the Tim-3 tail and
release of the intracellular adaptor Bat-3.16 Loss of Bat-3 allows
for binding of the src kinase Fyn, which binds to the same
region on the Tim-3 tail as Bat-316,17 and has been associated
with inhibition of T cell responses.18 Moreover, galectin-9 has
been shown to promote recruitment of Tim-3 to the immuno-
logical synapse, where Tim-3 can co-localize with phosphatases
(CD45 and CD148) that antagonize proximal TCR signaling.19

Galectin-9 is a tandem galectin, containing two identical CRD
domains linked by a hinge region. Thus, galectin-9 could act as
a bridging molecule that promotes the aggregation of adjacent
Tim-3:ligand complexes at the cell surface via its tandem
CRDs. In such a model, galectin-9 would play an important,
although accessory, role in Tim-3 signaling.

Our data examining murine surrogate anti-Tim-3 antibodies
has some additional implications for anti-human TIM-3 anti-
body development. Our data show that murine surrogate anti-
Tim-3 antibodies do not deplete Tim-3C cells. This observation
would support the generation of anti-human TIM-3 antibodies

Figure 7. Hydrogen-deuterium exchange mass spectrometry mapping. A, Cover-
age map for hTim-3 as determined by HDxMS analysis. Green shading shows
observable amide normalized protection (white 0.02Da per amide of deprotection,
darkest green corresponds to ¡0.19Da per amide of protection). White vertical
lines mark the position of proline, which has no exchangeable amide. B, Mapping
of the dominantly protected sequence by F38.2E2 (blue) and lesser protected
sequence (red) onto the crystal structure of hTIM-3 (PDB 5F71). Orange residues
denote N-linked glycosylation sites and pink residues denote polymorphic residues
in mTim-3. C-E, coverage map of mTim-3 as determined by HDxMS analysis as
shown in A for hTim-3. Dominantly protected sequences by RMT3-23, 5D12, and
B8.2C12 are shown in red, purple, and yellow, respectively. Shared protected
sequence is shown in blue. F, Mapping of the protected sequences onto the crystal
structure of mTim-3 (PDB3 KAA).
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that do not mediate ADCC. Further, we found that among
murine surrogate anti-Tim-3 antibodies, clone RMT3-23
seemed to be the most potent at blocking both PtdSer and
CEACAM1 binding to Tim-3. Interestingly, this antibody also
induced significant down-modulation of surface Tim-3 expres-
sion. Whether Tim-3 was internalized or shed from the cell sur-
face was not determined. In this regard, some recent studies
have demonstrated that ADAM 10/17 metalloproteases can
drive Tim-3 shedding from the surface of both monocytes and
T cells upon activation.20,21 While the biological impact of shed
Tim-3 has not been elucidated, it is interesting to speculate that
shed Tim-3 could block Tim-3:ligand interactions and interfere
with Tim-3 inhibitory function as has been shown previously
for soluble Tim-3-Ig.22,23 Whether the ability of Tim-3 antibod-
ies to promote Tim-3 shedding correlates with functional effi-
cacy will require further investigation.

Our study addresses an outstanding question in Tim-3 biol-
ogy by showing that blockade of PtdSer and CEACAM1 is a
shared property of anti-Tim-3 antibodies with demonstrated
functional efficacy. Our findings have important implications
not only for understanding how Tim-3 achieves its inhibitory
effects but also for the clinical development of antibodies that
target Tim-3 for clinical translation.

Material and methods

Animals

Wild type Balb/c mice and C57 BL/6 mice were obtained from
the Jackson Laboratory (Bar Harbor, ME). Tim-3 transgenic
(Tim-3 Tg) mice were previously described.2 In some experi-
ments, Balb/c mice bred with FoxP3-GFP knock-in mice were
used. All experiments were performed in accordance to the
guidelines outlined by the Harvard Medical Area Standing
Committee on Animals (Boston, MA).

Flow cytometry

Single cell suspensions were stained with antibodies against CD4
(RM4-5), CD8 (53–6.7), and Tim-3 (B8.2C12, RMT3-23, 5D12).
All antibodies were purchased from BioLegend or eBioscience
except for anti-murine Tim-3 5D12 which was generated in-
house. All flow cytometry data was collected on a FACSCalibur
(BD Biosciences) and analyzed using FlowJo software (Tree Star).

Antibody-mediated depletion studies

Tim-3 Tg mice were injected i.p. with 200 mg of anti-murine
Tim-3 antibody or isotype control. After 48 hours, spleens were
harvested and stained with antibodies against CD4, CD8, and
non-competing antibodies against Tim-3 prior to analysis by
flow cytometry. In some experiments, C57Bl/6 mice were
implanted with MC38 colon carcinoma (1 £ 106/mouse) and
Balb/c FoxP3-GFP KI mice were implanted with CT26 (1 £
106/mouse). Mice bearing established tumors (40–60 mm2)
were treated with 200 mg of B8.2C12 (for CT26) or RMT3-23
or 5D12 (for MC38) or isotype control i.p. every third day for a
total of 2 shots. Tumors were harvested and analyzed 48–
72 hrs after the last injection.

Antibody cross-blocking assay

Jurkat T-cells (ATCC) expressing the Balb/c isoform of murine
Tim-3 were incubated with unlabeled B8.2C12, 5D12, or
RMT3-23 and then stained individually with either PE-labeled
B8.2C12, 5D12, or RMT3-23 and analyzed by flow cytometry.

Antibody-mediated TIM-3 down-modulation

Raw 264.7 cells were treated with rat IgG2a or RMT3-23 at
10 ug/mL, in the presence or absence of anti-rat IgG Fc second-
ary antibody (ThermoFisher) at 30 ug/mL for the indicated
time, and then individually stained with labeled 5D12 or
RMT3-23 and analyzed by flow cytometry.

CEACAM1 blocking assay

Jurkat T-cells (ATCC) were transduced with lentiviruses engi-
neered to express either mouse or human full-length CEA-
CAM1. To detect interaction between mouse CEACAM1 and
Tim-3, 10 mg/ml recombinant mouse Tim-3-Ig fusion protein
harboring a human IgG1 tail (Chimerigen) was incubated with
10 mg/ml of either anti-murine Tim-3 antibody or isotype con-
trol antibody for 30 minutes at room temperature prior to addi-
tion to the transfected cells. For detection of the interaction
between human CEACAM1 and human Tim-3, 10 mg/ml
recombinant human Tim-3-Ig harboring a human IgG1 tail
(Sino Biological) was incubated with 10 mg/ml of either anti-
human Tim-3 (F38.2E2) or isotype control. Tim-3-Ig binding
was detected with goat anti-human IgG secondary antibody
(Jackson ImmunoResearch) for 15 minutes at 4�C. Cells were
analyzed by flow cytometry.

ELISA

To detect the interaction between galectin-9 and Tim-3, Immu-
lon 4HBX Microtiter plates (Thermo Scientific) were coated
with 5 mg/mL galectin-9 protein (US Biological) at 4�C over-
night. 0.1 mg/mL murine Tim-3-Ig (Chimerigen) or human
Tim-3-Ig (Sino Biological) was incubated with either anti-
Tim-3 antibody or isotype control for 30 minutes at room tem-
perature prior to addition to the galectin-9 coated plate.
Tim-3-Ig binding was detected with 0.5 mg/mL goat anti-
human IgG1-biotin (Jackson ImmunoResearch) and 1 mg/mL
avidin-peroxidase (Sigma) and quantified using an ELISA
Microplate reader (Promega). In some assays, lactose was used
to competitively block the binding of Tim-3-Ig to galectin-9.

Phosphatidylserine binding assay

Thymocytes were harvested from Balb/c mice and labeled using
0.1 mM CellTracker Green (ThermoFisher) according to the
manufacturer’s instructions. Cells were then treated with 1 mM
dexamethasone (Sigma) in DMEM with 10% FCS at 37�C for
6 hours. Apoptosis was confirmed by staining with Annexin V
(BD Pharmingen). To detect interaction between phosphatidyl-
serine and Tim-3, 10 mg/ml recombinant mouse Tim-3-Ig
(Chimerigen) or human Tim-3-Ig (Sino Biological) was incu-
bated with either 10 mg/ml anti-Tim-3 antibody or isotype
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control for 30 minutes at room temperature prior to addition to
the apoptotic cells. Tim-3 binding was detected with goat anti-
human-IgG secondary antibody (Jackson ImmunoResearch).
Cells were analyzed by flow cytometry.

Fragmentation hydrogen deuterium-exchange mass
spectroscopy

HDx-MS experiments were performed as described.15,24 In-
house produced hTIM-3 protein expressed in E. coli as a C-ter-
minal cmyc-His6 fusion (Uniprot ID Q8TDQ0[Ser22-Thr135]-
EQKLISEEDLNGAAHHHHHH) was used for F38.2E2 map-
ping. Similarly, Balb/c mTIM-3 (GenBank AAL65156.1
[Asp24-Lys131]-HHHHHHGLNDIFEAQKIEWHE, deglyco-
sylated using PNGase F) produced by mammalian expression
was used for mapping of B8.2C12, RMT3-23, and 5D12 anti-
bodies. The method describing the mapping of the human anti-
body that follows was also applied to murine antibody
mapping.

Room temperature on-exchange experiments were per-
formed by manual addition of 50 ml of in-exchange buffer
(50 mM phosphate, 150 mM NaCl, pHread 7.6, in D20) to
10ml of 0.25 mg/ml hTIM-3 protein (50 mM phosphate, pH7.6
in H20) or a similar amount of target combined with an equi-
molar amount of anti-human Tim-3 (F38.2E2, nominally 2
fold excess of Fab-domains). Samples were quenched after 60 s
of in-exchange by addition of 250mL quench buffer (4 M guani-
dinium hydrochloride, 0.5 M TCEP-HCl, 0.2 M phosphate, pH
2.5) and rapidly further diluted with 300ml of storage buffer
(20% glycerol, 0.25% formic acid in water) before flash freezing
with liquid nitrogen and storage at ¡80�C until use or transfer
into a ¡70�C drawer attached to the rail of a liquid handler
(PAL HTS, LEAP Technologies, Carrboro, NC) located inside
0�C enclosure. Samples were thawed for 120 s by flowing N2

gas over the vial (facilitated by the liquid handler in conjunc-
tion with a thaw fixture) and loaded into the sample loop of the
injection valve (Valco, Houston, TX). Loading of samples (load
buffer 0.05% TFA, 500 ml/min) onto the pre-column of the
chromatographic system and online pepsin digestion (immobi-
lized pepsin on Poros AL20, 2.1 £ 150 mm) was performed
with a dual pump system (2x, Accela 1250, Thermo Scientific,
Waltham MA) that allowed admixing of another flow of
550mL/min (0.05% TFA, 500 ml/min) of load buffer post diges-
tion through a mixing tee. The combined flow was directed
into the chromatographic system maintained at 0�C for desalt-
ing and gradient LC separation at a flow rate of 15 mL/min
(Dionex UltiMate 3000, Thermo Scientific, Waltham, MA),
which was followed by MS analysis (QExactive, Thermo Scien-
tific, Waltham, MA). The chromatographic system consisted of
a valve (15 kPSI Valco, Houston, TX), a 4 mL EXP Halo C18
reversed-phase trap cartridge (Optimize Technologies Inc.,
Oregon City, OR), and an analytical column (2.1 £ 10 mm ID,
Prozap 1.5 mm C18, Grace). Gradient separation was from 0%
to 40% B over 20 min followed by 40% to 75% B over 5 min
using buffer compositions A: 99.75:0.25%v/v (H20: formic
acid) and B: 99.75:0.25%v/v (acetonitrile:formic acid). MS scans
were acquired at a resolution of 70,000 over the m/z range of
350–2000 for MS, and 35,000 for MS/MS. The instrument
parameters used for all experiments including spray voltage of

2.5 kV, a maximum injection time of 120 ms, AGC target for
MS of 500,000 ions were maintained the same for all runs. Sam-
ples were analyzed in triplicate. Peptide identification was per-
formed by converting raw data to .mgf format using Proteome
Discoverer 1.4, searched against the construct sequence using
MASCOT 2.4 (Matrix Science, London, UK), and filtered using
Scaffold 1.4. Filtered results were imported into HDExaminer
(v1.3, Sierra Analytics, Modesto, CA) together with raw data
files for quantitation of deuteration. Deuteration values were
exported into Microsoft Excel for back exchange correction,
calculation of deuteration differences, and normalization of
deuterium incorporation by the number of observable amides
(number of residues less 2, less the number of prolines in the
sequence excluding the N-terminus and penultimate residues)
in a peptide. Water, deuterium oxide, guanidine hyrdochloride,
sodium chloride, glycerol, formic acid, trifluoroacetic acid
(TFA), trifluoroethanol (TFE), acetonitrile (ACN) were from
Sigma Chemical Company (St. Louis, MO). Tris (2-carbox-
yethyl)phosphine) TCEP was from Gold Biotechnology Inc
(St. Louis, MO).
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