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Abstract

T cell exhaustion is thought to be a natural mechanism for limiting immune pathology, although it
may be desirable to circumvent this mechanism, to help eliminate viral reservoirs or tumors.
Although there are no definitive markers, a fingerprint for exhausted T cells has been described,
which includes the transmembrane proteins PD-1, LAG3 and Tim-3. However, apart from the
recruitment of tyrosine phosphatases to PD-1, little is known about the biochemical mechanisms
by which these proteins contribute to development or maintenance of exhaustion. Tim-3 contains
no known motifs for the recruitment of inhibitory phosphatases, but may actually increase
signaling downstream of TCR/CD3, at least under acute conditions. Other studies have shown that
T cell exhaustion results from chronic stimulation that extends the effector phase of T cell
activation, at the expense of T cell memory. We suggest that Tim-3 may contribute to T cell
exhaustion in part by enhancing TCR-signaling pathways.

Introduction to T cell exhaustion

T cell activation, including development of a robust memory response, is critical for the
development of an efficient immune response to viral infection, and can also be instrumental
in mounting an immune response to solid tumors. However, overly vigorous or sustained
immune responses can cause immune mediated pathology, which is detrimental to the host.
Such a problem is particularly evident with viruses that cause chronic infections (1). In these
cases, the sustained presence of viral antigens appears to drive the formation of a state of
antigen-specific T cell “exhaustion.” While this has the beneficial effect of limiting immune
pathology, it can result in the establishment of a viral reservoir, which may become re-
activated under conditions of physiological stress. T cell exhaustion can also be detrimental
when it impairs the ability of an adaptive immune response to eliminate a tumor.

Functionally, the development of T cell exhaustion is characterized by the gradual loss of
expression of various cytokines and effector molecules, with IL-2, cytotoxicity and
proliferation among the earliest, and IFN-y among the latest (1, 2). Exhausted T cells may
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also become “addicted” to antigen receptor signals, and lose responsiveness to the
homeostatic cytokine IL-7, the latter due at least in part to loss of CD127 (IL-7r alpha chain)
expression (2). Importantly for possible therapeutic reversal, exhausted T cells also gain
high-level and persistent, as opposed to transient, expression of several proteins, including
the transcription factor BLIMP-1 and the transmembrane proteins PD-1, Tim-3, LAG-3 (1,
2). The latter proteins, so-called “check point” receptors, have attracted attention as possible
dominant mediators of T cell exhaustion, since antibodies to these proteins or their ligands
can, under some circumstances, “rescue” the function of exhausted T cells (2—4). Since this
topic has been covered extensively in other relatively recent reviews (1, 2), we will focus
here mainly on recent studies of Tim-3, which has attracted substantial pre-clinical attention
of late as a novel therapeutic target for reversal of T cell exhaustion. We will also review
what is known regarding signal transduction pathways implicated in Tim-3 function. Finally,
we will discuss the role of TCR signaling in driving the development of exhaustion, and
how this might be influenced by Tim-3.

Lessons from tumors

The tumor microenvironment is known to be immunosuppressive, due to inhibitory signals
from cell surface and soluble mediators (5), although the precise strategies employed by
different tumors can vary by tissue, and even from patient-to-patient. Thus, while T cells
specific to tumor antigens can be readily isolated from solid tumors of patients and in mouse
models, these cells often respond poorly to ex vivo stimulation. This T cell dysfunction is
thought to result at least in part from exhaustion of effector tumor-infiltrating lymphocytes
(TILs), due to chronic antigenic stimulation, inhibitory co-receptor and cytokine expression,
among other factors (6). Based on the recent success of CTLA-4 antibody therapy (7), and
accumulating data from pre-clinical models, there is now considerable excitement
surrounding molecules whose targeting may allow for broad enhancement of T cell
responses against tumors. Solid tumor-infiltrating T cells often express high levels of one or
more inhibitory or exhaustion-associated receptors, including PD-1, LAG3 and/or Tim-3.
Indeed, and consistent with antigen acting as a driver of exhaustion, a recent study on
melanoma patients demonstrated that PD-1 can be used to prospectively distinguish tumor-
specific T cells at the tumor site (8). Tim-3 expression on T cells is also seen in the context
of non-solid tumors. For example, upregulation of Tim-3 (possibly driven by IL-12) on
effector T cells of patients with follicular B cell non-Hodgkin lymphoma was associated
with poor outcomes (9).

PD-1 has been extensively studied as a potential therapeutic target, and recent clinical trial
data suggest that mAb’s to PD-1 or one of its ligands, PD-L1, are clinically effective against
certain solid tumors, including melanoma, as well as non-small cell lung cancer (NSCLC),
generally regarded as a non-immunogenic tumor (10-12). Monoclonal antibodies specific
for Tim-3 have also been shown to promote rejection of solid tumors in murine models (13,
14), and mAb’s to human Tim-3 can rescue the ex vivo function of apparently exhausted T
cells from tumor-bearing patients (15). Interestingly, in the former case, the efficacy of
Tim-3 mAb therapy appeared to result at least in part from effects on regulatory T cells
(Treg), which can also express Tim-3 (16). Strikingly, these Tim-3+ Treg appear to be
among the most potent at inhibiting effector T cell function and express greater levels of
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IL-10. At least in this study, monotherapy with Tim-3 antibody alone was not sufficient to
augment anti-tumor immunity in vivo, but rather could cooperate with primary anti-PDL1
treatment (13). High levels of Tim-3 have also been observed on tumor-infiltrating Treg
from human patients with NSCLC, a finding that correlated with poor clinical outcomes
(17). Thus, at least in the case of tumors, it will clearly be important to parse out the effects
of Tim-3 manipulation on effector/exhausted T cells from the effects on regulatory T cells.
In addition, the precise role played by Tim-3 may vary, depending on tumor type.

Tim-3 in infectious disease: recent studies

T cell exhaustion has been observed not only in mouse models (discussed above), but also in
human disease, mainly in the context of various chronic viral infections (18-25). For
instance, a population of Tim-3+CD8+ T cells is readily identified in HIV patients (26), and
the expression of Tim-3 correlates positively with progression to AIDS, and inversely with
viral control (27). In addition, ex vivo stimulation of these HIV-associated, exhausted, CD8+
T cells in the presence of Tim-3 mAb can at least partially rescue their function (26), while
anti-retroviral therapy may reduce Tim-3 expression (28). Similarly, study of hepatitis C
virus (HCV)-infected patients has revealed the presence of dysfunctional CD4+ and CD8+ T
cells with high level Tim-3 expression (29, 30). In both HIV and HCV, up-regulation of
Tim-3 was associated with the accumulation of central memory (CD45RA-CCR7+) T cells
(26, 29). Thus, a large body of evidence now supports a net in vivo negative impact of
Tim-3 expression on T cell-dependent antiviral immune responses.

The case of Tim-3 in tuberculosis (Tb) has proven to be quite complex, and points out that
effects of Tim-3 expression (or its therapeutic targeting) on infectious disease outcomes may
be disease- and/or context-specific. An elegant study from Behar and colleagues revealed a
novel and unexpected function for Tim-3 in a murine model of Tb (31). Thus, the authors
found that interaction of Tim-3 with one of its ligands — galectin-9 (gal9), expressed on
macrophages — stimulated the production of the cytokine IL-1b, enhancing bacterial killing.
This effect was mimicked by administration of Tim3-1g fusion protein, through its
interaction with gal9. A similar phenomenon has also been observed in human macrophages
(32). At this point, the nature of the signal transmitted by gal9 after Tim-3 binding is
unknown. Still, this finding is of possible relevance for the interpretation of multiple other
studies, since a soluble Tim3-Ig fusion protein is often used as a “blocking” reagent in other
settings. Returning to T cells and human patients, active Th, as opposed to latent infection, is
associated with the up-regulation of Tim-3 on both CD4+ and CD8+ T cells (33).
Surprisingly, however, these Tim-3+ T cells display more potent anti-Tb responses, contrary
to what has been observed in chronic viral infection. While the reasons for these differences
are not clear, the authors speculated that they may be due at least in part to the somewhat
divergent phenotypes of Tim-3+ Th-specific T cells, compared with Tim-3+ T cells found in
HIV and HCV patients. For example, Tim-3+ T cells in Th patients were found to still
express CD127 (IL-7r alpha chain) (33), while this marker is well known to be lost in
exhausted T cells (including those that are Tim-3+) during chronic viral infections of
humans and mice (1, 2).
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A recently published study using a newly generated Tim-3 knockout mouse model provides
further support for a context-dependent positive role for Tim-3 in vivo, in this case in an
acute bacterial infection model (34). Thus, Colgan and colleagues first infected wild type
mice with L. monocytogenes (LM) and followed the expression of Tim-3. They noted that
Tim-3 is robustly expressed on CD8+ T cells during this infection, with particularly high
expression on effector T cells. They then infected mice with a germline deletion of Tim-3
expression and found that both primary and secondary T cell responses to LM were
significantly impaired. This was also true, although the effect of Tim-3 deletion was less
severe, when Tim-3 deficient T cells were transferred to WT hosts, along with WT T cells.
Finally, the authors provided evidence that the decreased T cell responses in the absence of
Tim-3 were due at least in part to compromised survival of the knockout T cells. It should be
noted that the Tim-3 deficient mice used in this study were derived from 129 strain ES cells
and then backcrossed to C57BL/6 for ten generations. As the Tim locus is polymorphic
between 129 and C57BL/6, the carry-over of polymorphisms in Havcr1 (encoding Tim-1)
and in other neighboring genes should be taken into account as potential confounding
variables in this study. Nonetheless, this report provides additional compelling evidence that
the effects of Tim-3 expression during infection are complex, and may lead to enhanced,
rather than diminished, T cell responses.

Tim-3 Signaling and T cell exhaustion

Surprisingly, at this point there is relatively sparse evidence to support the model that Tim-3
directly mediates suppression of T cell activation or cytokine secretion in a manner similar
to PD-1. Rather, despite evidence that Tim-3 manipulation can ameliorate T cell exhaustion,
there are a number of observations that do not fit with a simple narrative of direct inhibition
of T cell activation by Tim-3. First is the fact that Tim-3+ T cells from HIV-infected
patients, while displaying defective stimulation-induced phosphorylation of Stat5, ERK1/2
and p38, actually possess higher basal phosphorylation of all of the same pathways (26).
This is consistent with our own data, obtained with ectopic expression of Tim-3in T cell
lines and primary T cells. Thus, ectopic expression of Tim-3 actually enhanced T cell
activation, leading to increased activation of NFAT/AP-1 and NF-xB transcriptional
reporters, and even enhanced cytokine production, from both T cell lines and primary T cells
(35).

When considering how Tim-3 might signal to regulate the development or activation of
exhausted T cells, it may be instructive to consider the reported functions of Tim-3 in
myeloid lineage cells. Thus, ligation of Tim-3, with specific antibodies or one of the
reported Tim-3 ligands, can (at least under some circumstances) enhance the activation and
function of various myeloid lineage cell types (36). This is consistent with induction of the
transcription factor NF-«xB after Tim-3 mAb treatment of dendritic cells (37). In addition,
antibody ligation of Tim-3 on murine bone marrow-derived mast cells has been shown to
augment IgE/Ag-induced cytokine production (38), a finding that we have reproduced with
multiple antibodies to Tim-3 (B. Phong and L.P. Kane, unpublished). Another recently
described function for Tim-3 in DC’s is to inhibit an innate response to nucleic acids, an
effect that involves interaction of Tim-3 with the endogenous “danger” signal HMGB1 (39).
This unusual pathway seems to prevent the trafficking of exogenously acquired DNA into
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endosomes. The precise mechanism underlying this effect is still unclear (e.g. whether it is
mediated by active Tim-3 signaling or by passive blockade of HMGBL1 function), but may
have relevance for the effects of Tim-3 in T cell responses against viral and/or tumor
antigens. It should be noted here that this is one of the few published studies to directly
demonstrate that a particular Tim-3 antibody could block interaction with the ligand under
study (in this case HMGB1). Several studies have also suggested a negative regulatory role
for Tim-3 in myeloid cells (40-42). Thus, as in the case of T cells, it would appear the
precise effects of Tim-3 on myeloid cells depend upon the context in which Tim-3 ligation
occurs.

Administration of certain Tim-3 antibodies can rescue the function of exhausted T cells, in
both in vivo mouse models (13, 23) and in vitro experiments with cells from patients with
chronic viral infections or tumors (15, 26). However, particularly in the case of the
aforementioned in vivo experiments, it is not clear whether the effects of the Tim-3
antibodies are the direct result of blocking the interaction of Tim-3 on exhausted T cells with
one more of the known ligands for Tim-3 (e.g. galectin-9 and/or HMGBJ1, or other yet-to-be
discovered ligands). Indeed the presence of Tim-3 on other cells, including APC’s and Treg,
might also explain the function of at least some Tim-3 antibodies in certain disease settings.
In such cases, one might imagine that either “agonistic” or “antagonistic” activities of such
antibodies could eventually lead to the observed downstream functional effects. However, at
this point, specific agonistic or antagonistic activity has not been directly ascribed to the
most commonly used Tim-3 antibodies. One approach to this problem would be to compare
the activities of Tim-3 mAb’s in their native forms, vs. the effects of Fab’ fragments of the
same antibodies. This will be an important point to clarify in future studies.

Tim-3 proximal signaling — tyrosine kinases and beyond

When we began studying signaling pathways linked to Tim-3, we were intrigued by the
presence of multiple tyrosine residues in the cytoplasmic tails of both murine and human
Tim-3 (Fig. 1A). However, the sequences around these tyrosines do not conform to any
known inhibitory signaling motifs (e.g. ITIM, ITSM), such as those found in PD-1. Analysis
of the cytoplasmic tail of murine Tim-3 with the Scansite algorithm (http://
scansite3.mit.edu) revealed that several of these tyrosines conformed well to putative sites of
phosphorylation by multiple tyrosine kinases, particularly those of the Src family (Fig. 1B).
Importantly, the analogous tyrosines in human Tim-3 also scored as possible sites of
phosphorylation by the same classes of kinases (not shown). We and others have
demonstrated that the cytoplasmic tail of Tim-3 can indeed be phosphorylated on multiple
tyrosine residues (35, 43, 44). While the identity of the kinases that phosphorylate the Tim-3
cytoplasmic tail have not been definitively shown in vivo, our data are consistent with such
phosphorylation being carried out by the Src family kinases Fyn and/or Lck, at least in T
cells (35). However, it should be pointed out that the Tec family kinase Itk has also been
implicated in the phosphorylation of Tim-3 (43). Tyrosine phosphorylation often functions
to recruit downstream signaling proteins, particularly those containing Src homology 2
(SH2) domains. Thus, we found that the SH2 domain of Fyn and one of the SH2 domains of
the PI3K adaptor protein p85 could bind to a phosphorylated peptide corresponding to the
region around Y256 and Y263 of murine Tim-3 (35). Consistent with these findings, we also
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found that ectopic expression of Tim-3 enhanced the phosphorylation of both PLC-v1
(which is dependent on Src and Syk family kinases) and ribosomal protein S6, which lies
downstream of the PI3K/Akt/mTOR pathway (35). Some of these experiments were
performed with the work-horse Jurkat T cell model (45), which does have some limitations,
including lack of PTEN expression. Importantly, however, key findings of these studies
were also reproduced in the murine T cell clone D10, as well as in primary murine T cells
(35). Thus, at the levels of both signal transduction and function (cytokine production),
acute upregulation of Tim-3 expression can enhance T cell activation. A current challenge is
deciphering how these observations fit into the current paradigm of Tim-3 function in vivo.

A recent report suggested that interaction of Tim-3 with a chaperone protein known
variously as Bat3, Bag6 or Scythe, regulates suppression of T cell responses by Tim-3 (46).
One of the more intriguing findings reported in this paper was that knock-down of Bat3 led
to a dramatic up-regulation of Tim-3 and other (although not all) phenotypic and functional
“markers” of T cell exhaustion. The authors also identified an interaction between Bat3 and
a pool of the Lck tyrosine kinase that was phosphorylated on its activation loop tyrosine
(Y394), but not the inhibitory tyrosine near the C-terminus (Y505), suggesting a preferential
interaction of Bat3 with active Lck. Furthermore, this interaction appeared to be inhibited by
antibody ligation of Tim-3, which itself was also seen to interact with Lck (46). The latter
finding is consistent with our own observation that Tim-3 could interact with Lck, as well as
with the related Src family tyrosine kinase Fyn (35). Importantly, we have confirmed that
the T cell lines used in our signaling experiments do express Bat3 (L.P.K., unpublished
data). These results suggest a possible mechanism for inhibition of proximal TCR signaling
by Tim-3 and Bat3. It should also be noted that this study did not address the effects of TCR
signaling on the Tim-3/Bat3 interaction. Thus, further investigation will be necessary to
determine the precise relationship between these different pools of Tim-3 and Src family
kinases, as well as the consequences on downstream signaling pathways, in exhausted T
cells.

Another recent study examined the interaction of Tim-3 with transmembrane proteins
expressed on T cells, and reported that Tim-3 can associate with the transmembrane
phosphatases CD45 and CD148, which the authors proposed might promote de-
phosphorylation of downstream mediators of T cell activation (44). Furthermore, Tim-3,
CD45 and CD148 were all found to be recruited into the immunological synapse. Such a
mechanism could help explain the observed negative effects of Tim-3 on T cell activation
during exhaustion. It remains to be seen to what extent these various interactions affect
Tim-3 function, including whether the interaction of these phosphatases with Tim-3
modulates its interaction with Bat3 or Lck, as discussed above.

TCR signaling and the development of T cell exhaustion

T cell exhaustion appears to be maintained by transcriptional re-programming (e.g. through
BATF) and/or active negative signaling through receptors like PD-1 (2). Indeed, tyrosine
phosphatases like SHP1/2 have been shown to mediate dominant suppression of TCR
signaling, after ligation of PD-1 (47). However, it is quite clear that development of T cell
exhaustion is driven, at least in part, by high levels - and/or the sustained presence - of
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cognate antigen (48, 49). Evidence (much of it still indirect) has begun to emerge regarding
how this process may be controlled by TCR signaling pathways. Several studies have now
implicated Akt- and/or mTOR-dependent signaling in this checkpoint. Thus, a study from
Kaech and colleagues demonstrated that ectopic expression of Akt led to reduced memory T
cell formation (50). In addition, Cantrell and colleagues showed that while inhibition of Akt
impairs the function of CTL effector cells, it actually promotes development of memory
cells (51). Similar conclusions were also reached in a study by Suresh and colleagues (52).
Among the many downstream effects of Akt signaling is the activation of an mTOR-
containing complex known as mMTOR complex 1 or mTORC1 (53). Consistent with the
above data, several groups have demonstrated that limiting the activation of mTOR
enhances development of T cell memory. This has been shown through the use of the
relatively specific mTORCL inhibitor rapamycin (54, 55) or by reducing expression of the
Raptor gene, which encodes a critical subunit of the mTORC1 complex (54).

These previous studies on Akt and mTOR in T cell memory are also intriguing in light of a
recent report describing a human immunodeficiency associated with activating mutations of
the PI3K catalytic protein p1103, with consequent hyper-activation of downstream Akt and
mTOR signaling (56). Of relevance for the discussion of T cell exhaustion, patients with
these mutations present with an accumulation of terminally differentiated T cells. These T
cells are refractory to stimulation with mitogen, and display a deficient recall response to
tetanus toxoid, consistent with a defect in generation of stable memory T cell responses. It
should be noted that patients with the activating p1108 mutations have a combined
immunodeficiency, since B cells are also affected. Strikingly, treatment of one of the
affected patients with the mTORCL1 inhibitor rapamycin partially restored the T cell
compartment and improved clinical outcomes (56).

The studies discussed above provide compelling evidence that excessive and/or sustained
activation of one or more signaling pathways is critical for driving the development of T cell
exhaustion. However, it is still not known whether such signals are initiated solely from the
TCR itself, or whether other molecules might also contribute. Given what is known about
the multi-factorial regulation of T cell activation by co-stimulatory receptors, the latter
seems more likely. Based on our previous findings demonstrating the ability of Tim-3 to
enhance TCR signaling under acute conditions (35), we propose that Tim-3 might function
at least in part to help drive T cell exhaustion, by enhancing TCR/CD28-dependent signaling
(Fig. 2). In such a scenario, upregulation of Tim-3 during an extended effector phase of T
cell activation would act in a feed-forward loop to further enhance T cell activation signals,
and drive T cells even more towards an exhausted phenotype, at the expense of T cell
memory (Fig. 2A). An additional non-exclusive possibility is that positive signals from
Tim-3 might positively signal to augment the (suppressive) function of Treg, contributing to
the overall inhibitory in vivo effects of Tim-3 antibodies. With respect to the specific
signaling pathways downstream of Tim-3, work described above suggests that at least one
such pathway is the PI3K/Akt/mTOR pathway, with upstream involvement of Src or Tec
kinases, and downstream involvement of transcription factors like NFAT or NF-xB (Fig.
2B). Coming back to the role of signaling in driving T cell exhaustion (discussed above), we
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propose that an accessory receptor like Tim-3 could help drive this process in part through
enhanced PI3K/Akt/mTOR signaling.

As discussed above, it will be critical to more thoroughly define the biophysical and
biochemical properties of the various Tim-3 antibodies being used in both mouse and human
studies. Thus, it is still a distinct possibility that some antibodies might be acting to enhance
signaling in T cells (or other cell types). In this regard, it is interesting to note that the
efficacy of mAb’s targeting CTLA-4 for immunotherapy of melanoma, at least in mouse
models, was just recently attributed to FcR-dependent depletion of Treg (57, 58), despite
two decades of study of CTLA-4 biology. Finally, the unintended consequences of antibody
manipulation of CD28 offer a cautionary tale with regard to the clinical translation of a
target that regulates T cell activation (59-62).

Conclusions

Recent investigation into Tim-3 function has clearly elucidated its importance, in part due to
its frequent up-regulation during antiviral T cell responses or in the tumor
microenvironment. Pre-clinical studies in mouse models are also encouraging. However,
these studies are generally restricted by a lack of suitable reagents to clarify the significance
and function of a putatively stimulatory signal on a population of “exhausted” T cells. These
gaps in the field are slowly being rectified, and must be accelerated as therapeutic
manipulation in patients is being seriously contemplated.
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Amino acid sequence of the Tim-3 cytoplasmic tail and possible sites of phosphorylation.
(Top) Alignment of the murine and human Tim-3 cytoplasmic tail sequences. Predicted sites
of tyrosine phosphorylation are numbered, while other tyrosines are in bold type. Conserved
charged residues (suggesting favorable sites for phosphorylation) upstream of Y256 and

Y263 are underlined. (Bottom) Results of a Scansite search using the murine Tim-3

cytoplasmic domain, and restricting results to cytoplasmic tyrosine kinases. Analogous
tyrosines in human Tim-3 were also predicted to be phosphorylated by the same kinases (not

shown).
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Figure 2.
Speculative model for development of T cell exhaustion. (A — Top) Acute infection results

in elimination of a pathogen (and its antigens) and allows for the formation of a pool of
memory T cells. This response may be accompanied by transient and/or low level
expression of Tim-3. (A — Bottom) Establishment of a chronic infection (or significant
tumor burden) promotes the development of T cell exhaustion, marked in part by
upregulation of Tim-3. This process may be accelerated by Tim3-derived signals that
enhance TCR/CD3 signaling in the short-term. In addition, these positive signals might
contribute to the “reversal” of exhaustion by some Tim-3 mAb’s. (B) Tim3-derived
“positive” signals that may contribute to the induction of T cell exhaustion or activation.
These positive signals could contribute to the reversal of exhaustion by some Tim-3
antibodies, although the latter could be the result of qualitatively different signals or
blocking of an as-yet-undefined inhibitory co-receptor.
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