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Abstract
Immune homeostasis depends upon effective clearance of pathogens while simultaneously preventing autoimmunity
and immunopathology in the host. Restimulation-induced cell death (RICD) is one such mechanism where by
activated T cells receive subsequent antigenic stimulation, reach a critical signal threshold through the T cell receptor
(TCR), and commit to apoptosis. Many details of this process remain unclear, including the role of co-stimulatory and
co-inhibitory proteins that influence the TCR signaling cascade. Here we characterize the role of T cell immunoglobulin
and mucin domain containing 3 (TIM-3) in RICD regulation. TIM-3 protected newly activated CD8+ effector T cells from
premature RICD during clonal expansion. Surprisingly, however, we found that TIM-3 potentiated RICD in late-stage
effector T cells. The presence of TIM-3 increased proximal TCR signaling and proapoptotic protein expression in late-
stage effector T cells, with no consistent signaling effects noted in newly activated cells with or without TIM-3. To
better explain these differences in TIM-3 function as T cells aged, we characterized the temporal pattern of TIM-3
expression in effector T cells. We found that TIM-3 was expressed on the surface of newly activated effector T cells, but
remained largely intracellular in late-stage effector cells. Consistent with this, TIM-3 required a ligand to prevent early
RICD, whereas ligand manipulation had no effects at later stages. Of the known TIM-3 ligands, carcinoembryonic
antigen‐related cell adhesion molecule (CEACAM1) showed the greatest difference in surface expression over time
and also protected newly activated cells from premature RICD, with no measurable effects in late-stage effectors.
Indeed, CEACAM1 enabled TIM-3 surface expression on T cells, implying a co-dependency for these proteins in
protecting expanding T cells from premature RICD. Our findings suggest that co-signaling proteins like TIM-3 and
CEACAM1 can alter RICD sensitivity at different stages of the effector T cell response, with important implications for
checkpoint blockade therapy.

Introduction
Restimulation-induced cell death (RICD) is a homeo-

static process through which a proportion of T cells res-
timulated through their T cell receptor (TCR) succumb to
apoptosis, enforcing peripheral tolerance and establishing

an upper limit boundary of T cell expansion1,2. This
process is imperative in the maintenance of healthy
immune responses, as patients with X-linked lympho-
proliferative disease due to SLAM-associated protein
(SAP) deficiency (XLP-1) can perish from Epstein–Barr
virus-induced fulminant infectious mononucleosis. Death
is not due to viral pathogenesis, but rather attributed to
unbridled CD8+ effector T cell expansion caused by a
profound RICD defect, resulting in severe immuno-
pathology3. RICD is thus critical in maintaining balance to
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ensure a healthy immune response against pathogens and
prevent autoimmunity.
A number of mechanisms have been described which

sensitize T cells to RICD. We and other groups have
shown that the cell cycle phase4, IL-2 signaling5, meta-
bolic state6,7, SAP and natural killer (NK), T, B cell anti-
gen (NTB-A) expression8, diacylglycerol kinase alpha
(DGKα) activity9, and transient expression of transcrip-
tion factors such as forkhead box protein 3 (FOXP3)10 can
all influence when and how conventional T cells are
susceptible to RICD. One key driver of differential RICD
sensitivity in late-stage effector T cells is relative TCR
signal strength11; only T cells that reach a critical TCR
signal threshold via strong, repeated restimulation will
succumb to RICD. This insight suggests that proteins
which directly regulate TCR signal strength should have a
measure of influence over RICD sensitivity in effector
T cells, though this has not been thoroughly investigated.
Furthermore, the dependence on TCR signal strength is
unclear in newly activated cells, in which the mechanisms
driving RICD resistance remain largely unknown.
Coinhibitory proteins modulate T cell signaling in sev-

eral normal and disease contexts, including the promotion
of “exhaustion” in response to chronic infection or can-
cer12,13. Though they have a multitude of associated
mechanisms, most coinhibitory receptors are thought to
blunt T cell activation and function by directly or indir-
ectly influencing TCR proximal signaling14,15. T cell
immunoglobulin and mucin-domain containing-3 (TIM-
3) is one such coinhibitory protein originally discovered as
a marker of T helper 1 (Th1) CD4+ T cells, and now
commonly associated with severely exhausted effector
CD8+ T cells16–22. TIM-3 has been implicated in driving
T cell apoptosis within the tumor microenvironment
through the binding of its ligand, Galectin-9 (Gal-9)23–25.
In some instances, antibody-mediated blockade of TIM-3
has been shown to reverse the exhausted state of these
terminally differentiated cells as well as NK cells,
demonstrating its potential as a target of checkpoint
inhibition for cancer immunotherapy26–28. However,
other reports demonstrate that only the co-blockade of
TIM-3 with other similar checkpoint inhibitors brings
about the full reversal of exhaustion in a clinical set-
ting28,29. Though the full function of TIM-3 seems to vary
depending on the context in which this protein is
expressed, its role in fostering severe T cell exhaustion
suggests potential mechanisms by which TIM-3 influ-
ences other natural immune homeostatic processes.
The purpose of this study was to ascertain whether

TIM-3 could protect effector CD8+ T cells from RICD,
which we hypothesized would be driven through a
mechanism of TCR signal suppression. Strikingly, we
found that TIM-3 influences RICD sensitivity differently
at distinct phases of the T cell response: during early

clonal expansion, TIM-3 works with the coinhibitory
protein carcinoembryonic antigen‐related cell adhesion
molecule (CEACAM1) to protect cells from premature
RICD. In contrast, TIM-3 works independently of CEA-
CAM1 to promote RICD in late-stage, terminally differ-
entiated effectors entering the contraction phase, boosting
TCR signaling to increase pro-apoptotic protein expres-
sion. This work demonstrates that “coinhibitory” proteins
like TIM-3 and CEACAM1 participate in the temporal
“tuning” of RICD sensitivity to influence T cell population
dynamics.

Results
TIM-3 protects newly activated T cells from RICD, but
exacerbates RICD in late-stage effectors
TIM-3 has long been considered a marker of terminally

differentiated, exhausted effector T cells12,13,30. However,
some reports have shown that TIM-3 is expressed
immediately post-activation of resting T cells, and can
even enhance activation during both acute and chronic
viral infections31. To first investigate at which time pri-
mary human CD8+ T cells express TIM-3, we assessed
TIM-3 surface expression over a time course of 20 days
post-activation. TIM-3 was expressed immediately post-
activation of primary CD8+ T cells; variable expression
across multiple donors waned over time in culture (Fig.
1A). Because TIM-3 was expressed at both early (red: days
0–6 post-activation) and late (blue: days 10–14 post-
activation) time points in primary CD8+ effector T cells,
we investigated the effect of TIM-3 siRNA-mediated
silencing on RICD at both stages when cells are clonally
expanding (day 4) or nearing contraction (day 14).
Remarkably, for each donor tested, RICD increased fol-
lowing TIM-3 knockdown in newly activated effectors,
and decreased following TIM-3 knockdown in late-stage
effectors (Fig. 1B, C, respectively). This trend was appar-
ent across individual donors at both early and late stages
using various doses of restimulating antibody OKT3 (Fig.
1D), with a reliable TIM-3 knockdown efficiency of >50%
(Fig. 1E, F). These data suggest that TIM-3 protects newly
activated cells from premature RICD during clonal
expansion, but helps facilitate RICD-mediated contraction
of effector T cells after 14 days in culture.

TIM-3 increases TCR signaling and expression of
downstream apoptotic proteins in late-stage effectors
To investigate whether TIM-3 was influencing differ-

ential RICD sensitivity by changing proximal TCR sig-
naling, we first assessed larger signaling changes following
TCR restimulation. In late-stage effector T cells, TIM-3
knockdown decreased the magnitude of proximal TCR
signaling as assessed by total phospho-tyrosine signal
(Fig. 2A). Downstream, TIM-3 knockdown also decreased
TCR restimulation-induced expression of pro-apoptotic
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proteins connected with RICD execution, BIM and FAS
ligand (FAS-L)32,33 (Fig. 2B–F). Specifically, we noted a
reduction in the cytoplasmic N-terminal fragment of
FASL produced upon cell surface exposure and cleavage
by matrix metalloproteinases, indicative of enhanced

FASL surface expression. This was corroborated by
reduced induction of FASL on the surface of TIM-3 KD
cells by flow cytometry following restimulation (Supple-
mentary Fig. 1C). Collectively, these results suggest that
TIM-3 boosts proximal TCR signaling following

Fig. 1 TIM-3 protects newly activated cells from RICD, but exacerbates RICD in late-stage effectors. A Isolated human CD8+ effector T cells
were activated and cultured with exogenous IL-2 for up to 20 days post-activation. Representative image of 3 donors’ TIM-3 surface expression as
assessed by flow cytometry; mean fluorescence intensity (MFI) is represented by the black line, outer edges represent standard deviation. B Purified
CD8+ T cells were electroporated on day 0 with either TIM-3-specific siRNA (TIM-3 KD) or nonspecific siRNA (NS) and tested on day 4 for RICD
sensitivity by restimulating with 100 ng/mL OKT3 antibody overnight. Cell loss was assessed by propidium iodide staining and flow cytometry.
Connecting lines represent individual donors. C Cells were assessed as in (B) for death sensitivity at day 14 post-activation. D Differences in % cell loss,
calculated per donor by subtracting NS % cell loss from TIM-3 KD % cell loss, were plotted for each donor at various concentrations of restimulating
antibody OKT3. E Surface TIM-3 knockdown was assessed by flow cytometry; TIM-3 MFI of six representative donors are shown. F Cell lysates were
collected following restimulation with OKT3 for 4 h and assessed for TIM-3 KD efficiency by immunoblotting; β-actin served as a loading control. Data
shown are representative of several donors. Asterisks denote statistical significance using the following tests: B paired t test, p= 0.0156; C paired
t test, p= 0.031; E paired t test, p < 0.0001.
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Fig. 2 TIM-3 drives increased proximal TCR signaling and pro-apoptotic protein expression in late-stage effector CD8+ T cells. A
Representative phosphotyrosine western blot of late-stage lysates following TIM-3 knockdown and restimulation with 100 ng/mL of OKT3. The blot
represents 1 of 3 that were run from individual donors. B Western blots for BIM isoforms (EL= extra-long isoform, L= long isoform, S= short
isoform) and Fas Ligand (FASL, FL= full-length, NTF= N-terminal fragment). Beta-actin serves as a loading control. C–F Differences in protein
expression were assessed for statistical significance using spot densitometry, normalized to actin. Each connecting line represents a single donor.
Asterisks denote statistical significance using the following paired t tests: C p= 0.0480, D p= 0.0265, E p= 0.0537, F p= 0.0157.
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restimulation in late-stage effectors, which facilitates the
increased expression of proapoptotic proteins required for
RICD, similar to the role played by SAP and NTB-A
signaling8. In contrast, we observed no consistent differ-
ences in proximal signaling or pro-apoptotic protein
expression following TIM-3 knockdown in newly acti-
vated cells (data not shown), suggesting that TIM-3
influences RICD protection during T cell expansion via
other mechanisms.

TIM-3 is expressed on the plasma membrane in early-stage
effector T cells, but remains predominantly intracellular at
later stages
Based on the recent study of patients harboring germ-

line mutations in HAVCR2 (encoding TIM-3), differential
localization of TIM-3 within the cell can influence func-
tion and pathology in patients with subcutaneous
panniculitis-like T cell lymphoma (SPTCL)34. Therefore,
we examined TIM-3 localization in newly activated versus
late-stage effector T cells to potentially shed light on the
mechanism underlying differential RICD sensitivity. We
found that while TIM-3 surface expression is higher on
day 4 than day 14 for each donor tested (Fig. 3A), TIM-3
total protein and mRNA expression was markedly higher
in late-stage effectors (Fig. 3B–D). These data suggested
that TIM-3 is primarily expressed on the plasma mem-
brane immediately following activation, but remains pre-
dominantly intracellular in late-stage effector T cells. This
finding was corroborated by microscopy analysis, which
revealed more cell surface localization of TIM-3 in early-
stage T cells, often in clusters (Fig. 3E, F). Collectively,
these results suggest that differential RICD sensitivity
could be driven by changes in localization of TIM-3.

TIM-3 requires a ligand to protect newly activated cells
from RICD
Because TIM-3 is preferentially localized to the cell

surface immediately following activation, we next asked
whether a ligand was required for TIM-3-dependent
protection from premature RICD at this stage. To inves-
tigate this, we added either soluble TIM-3 (Fig. 4A, C) or a
TIM-3 blocking antibody (Fig. 4B, D) to newly activated
(Fig. 4A, B) and late-stage (Fig. 4C, D) effector cells prior
to restimulation and apoptosis assessment. Newly acti-
vated CD8+ T cells showed increased RICD sensitivity
following the addition of soluble TIM-3 or TIM-3 block-
ing antibody, mirroring the effects of knocking down TIM-
3 via siRNA at this stage. In contrast, these reagents had
no effect on RICD sensitivity in late-stage effectors, a
result consistent with TIM-3 intracellular localization.
Collectively, these data imply that TIM-3 is dependent on
a ligand to drive differential RICD sensitivity during clonal
effector expansion. TIM-3 has a number of reported
ligands25,35–38. Of the four identified ligands of TIM-3,

three exhibit plasma membrane expression: phosphati-
dylserine (PS), Gal-9, and carcinoembryonic antigen-
related cell adhesion molecule 1 (CEACAM1). Of these
ligands, CEACAM1 showed the highest difference in
surface expression by flow cytometry over time, mirroring
the pattern of TIM-3 expression in effector T cells (Sup-
plementary Fig. 1D). CEACAM1-4L has been documented
to be the major isoform expressed; we independently
verified this in our system using previously established
isoform recognition primers39 (Supplementary Table 1).
Intriguingly, the blocking antibody used in Fig. 4B, D has
been shown to block the interaction of TIM-3 with
CEACAM1, suggesting that CEACAM1 may be respon-
sible for driving differential changes in RICD in conjunc-
tion with TIM-3 during clonal expansion40.

Co-expression of TIM-3 and CEACAM1 increase TIM-3
surface expression in Jurkat T Cells
It has been shown that CEACAM1 can effectively “cha-

perone” TIM-3 to the surface of transfected human
embryonic kidney (HEK) 293T cells38; we therefore hypo-
thesized that CEACAM1 also enables TIM-3 surface
expression in human T cells. To further investigate the
interaction of TIM-3 and CEACAM1, we employed tran-
sient ectopic expression in Jurkat T cells, which lack
endogenous expression of both proteins. We found that
TIM-3 was markedly increased on the cell surface when
CEACAM1 was co-expressed, despite similar total protein
expression across all conditions (Fig. 5A, B). Not only was
the median fluorescence intensity of TIM-3 and CEA-
CAM1 higher with co-expression, but the total proportion
of TIM-3+ cells was also markedly higher, indicating that
CEACAM1 supports TIM-3 surface expression in T cells
(Fig. 5C–E). Although transformed Jurkat T cells are gen-
erally unsuitable for RICD analyses, these data confirm that
CEACAM1 can escort TIM-3 to the surface of activated
T cells, suggesting CEACAM1 may be implicated in
changing RICD sensitivity of primary CD8+ T cells over
time due to its influence over TIM-3 cellular localization.
Although Gal-9 has also been tested as an apoptotic factor
in Jurkat cells41,42, we did not test whether it or PS influ-
enced TIM-3 expression or RICD function in our cultures.

TIM-3 surface localization is dependent on CEACAM1 in
primary T cells
To verify the ability of CEACAM1 to change TIM-3

localization in primary T cells, we investigated CEACAM1
expression first independently and then in conjunction
with TIM-3. We found that while CEACAM1 surface
expression mirrored that of TIM-3 over time in culture
(Fig. 6A), CEACAM1 total mRNA expression remained
steady (Fig. 6B). TIM-3 surface expression was also closely
correlated with CEACAM1 surface expression for multiple
donors (Fig. 6C). Intriguingly, CEACAM1 knockdown
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Fig. 3 TIM-3 localization in effector CD8+ T cells changes over time in culture. A Surface TIM-3 expression (MFI) was measured by flow
cytometry for early stage (day 4) and late-stage (day 14) effector T cells. B Total TIM-3 protein expression was quantified by spot densitometry of
western blots, normalized against β-actin, plotted for each donor from early vs. late-stage T cells. C Representative western blot of three donors
tested for total TIM-3 expression, as quantified in (B). M=marker. D TIM-3 mRNA expression was assessed by qPCR on day 4 and day 14 post-
activation, with normalization against 18S rRNA. E Protein localization was quantified by confocal microscopy using ImageJ (see “Methods” section for
code), in which 2–4 single cells from 6 individual donors (each point represents a representative cell from a different donor) on day 4 and day 14
were assessed for % TIM-3 distribution around the cell. F Representative images of single cells from days 4 and 14 post activation, as quantified in (E).
Asterisks denote statistical significance using the following tests: A t test, p= 0.0229; B Mann–Whitney test, p= 0.0002; D Mann–Whitney test,
p= 0.0022; E paired t test, p= 0.0125.
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decreased TIM-3 surface expression without affecting
total TIM-3 protein levels in early-stage effector T cells
(Fig. 6D, E). These results collectively suggest that CEA-
CAM1 drives TIM-3 localization not only in immortalized
cell lines, but also in primary T cells as well.

TIM-3 and CEACAM1 work together to protect newly
activated cells from premature RICD
To investigate whether CEACAM1 was driving differ-

ential RICD sensitivity in conjunction with TIM-3, we first
asked whether CEACAM1 influences RICD sensitivity in
effector T cells on its own. We found that CEACAM1
siRNA-mediated knockdown increased RICD in newly

activated cells, but had no effect on RICD sensitivity in late-
stage effectors (Fig. 7A, B). This pattern of CEACAM1-
dependent protection from premature RICD mirrors the
effect of TIM-3 in newly activated cells (Fig. 1B), supporting
the hypothesis that they work together to protect new
effector T cells from premature RICD during clonal
expansion. Administering increasing doses of recombinant
CEACAM1 during clonal expansion resulted in modest but
significant increases in RICD sensitivity, implying the
dependence of RICD sensitivity on endogenous TIM3-
CEACAM1 co-expression at this critical stage (Fig. 7D).
Addition of CEACAM8 (which binds to CEACAM1 and 6)
also increased RICD in newly activated cells, whereas

Fig. 4 TIM-3 ligand binding is required for mitigating RICD sensitivity in early stage effector T cells. Effector T cells at day 4 (A) or day 14
(C) were treated with soluble TIM-3 (+sTIM-3) or isotype control (-sTIM-3) for 1 h prior to restimulation with 100 ng/mL of OKT3 and death
assessment 24 h later. Cells were treated day 4 (B) or day 14 (D) with TIM-3 blocking antibody or an isotype antibody control for 1 h prior to
restimulation with 100 ng/mL of OKT3 and death assessment 24 h later. Asterisks denote statistical significance using paired t tests: A p= 0.0399;
B p= 0.0003; C p= 0.9957; D p= 0.0563.
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soluble CEACAM3 (which does not bind to CEA-
CAM143,44) had no significant effect (Fig. 7E). Intriguingly,
neither CEACAM1 nor CEACAM3 changed RICD sensi-
tivity in late-stage effectors, further implying that the
interaction of TIM-3 and CEACAM1 on the plasma

membrane is crucial to providing RICD protection only
during clonal expansion (Fig. 7F). Interestingly, CEACAM8
administration did increase RICD slightly (Fig. 7F), sug-
gesting the broader family of CEACAMmolecules is worthy
of further investigation in this process. From these data, we

Fig. 5 Co-expression of CEACAM1 promotes TIM-3 surface expression on T cells. A Jurkat T cells were transfected with empty vector (EV), TIM-3,
CEACAM1, or TIM-3 and CEACAM1 FLAG-tagged expression plasmids and assessed for TIM-3 surface expression. Each point represents separate
experiments in which the median fluorescence intensity (MFI) was assessed for each condition. Statistical tests: A one-way ANOVA with multiple
comparisons; p < 0.0001 for EV against TIM-3/CEACAM1. B Cell lysates were assessed for total CEACAM1 and TIM-3 protein expression by western blot
(anti-FLAG); β-actin served as a loading control. C Single experiment from (A) plotted as a histogram to highlight the increased % TIM-3+ cells with
TIM-3 and CEACAM1 co-transfection. D Dot plot histogram overlay of Jurkats transfected with only TIM-3 (blue) versus both TIM-3 and CEACAM1
(teal). D Representative flow plots of Jurkats transfected as in (A).
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Fig. 6 TIM-3 cellular localization is dependent on CEACAM1 in primary CD8+ effector T cells. A CEACAM1 was assessed by flow cytometry
(MFI) on days 4 and 14 post-activation; data normalized to day 4. B CEACAM1 mRNA was collected on days 4 and 14 post-activation and assessed by
qPCR, normalized to 18S rRNA, and plotted as ΔCt values. C CEACAM1 and TIM-3 MFI were plotted for individual donors on day 4 post-activation.
Dotted lines represent 95% confidence intervals. D Cells from five donors transfected with CEACAM1 siRNA on day 0 were assessed for both
CEACAM1 and TIM-3 expression on day 4. Dotted lines represent 95% confidence intervals. E Representative western blot (of three donor replicates)
probing for TIM-3 following either TIM-3 or CEACAM1 knockdown in newly activated cells (day 4). Statistical tests: A Mann–Whitney test, p= 0.0022;
B paired t test, p= 0.6575; C simple linear regression and Pearson correlation, p= 0.0392; D simple linear regression and Pearson correlation,
p= 0.0172.
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Fig. 7 (See legend on next page.)
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surmise that CEACAM1 promotes TIM-3 surface locali-
zation, and that they work as a pair to facilitate protection
from premature RICD in early-stage effector CD8+ T cells.

Discussion
In this study, we reveal a novel role for TIM-3 as a key

regulator of RICD in CD8+ effector T cells. Surprisingly,
our findings indicate that TIM-3 affects RICD differently at
distinct timepoints following T cell activation. In newly
activated CD8+ effector T cells, TIM-3 partners with
CEACAM1 to shield them from premature RICD, helping
to ensure proper clonal expansion. For late-stage, terminally
differentiated effector T cells, however, TIM-3 potentiates
RICD by enhancing TCR signal strength. Our findings
suggest that RICD resistance is driven in part by CEA-
CAM1 “escorting” TIM-3 to the plasma membrane early
after initial TCR stimulation; an effect lost in late-stage
effectors wherein TIM-3 remains largely intracellular.
Ultimately, our results demonstrate that TIM-3 helps to

regulate RICD sensitivity of effector CD8+ T cells. To this
point, TIM-3 has most thoroughly been characterized as
an exhaustion marker on tumor-infiltrating T lympho-
cytes. Indeed, severely exhausted cells are marked by
elevated TIM-3 expression12,30,45,46. However, collective
studies of TIM-3 have highlighted considerable functional
variability in different contexts. Kane and colleagues first
described the ability of TIM-3 to enhance TCR signaling
in Jurkat T cells47. These findings appear contradictory to
the body of literature suggesting that TIM-3 inhibits T
cell responses16,20,28,48, coincident with the hypothesis
that TIM-3 contributes to exhaustion. However, recent
work from Dr. Rafi Ahmed and others has demonstrated
that TIM-3+ CD8+ cells in chronic viral infections are
severely exhausted and beyond the rescue of anti-PD-1/
PD-L1 checkpoint blockade, considering TIM-3 blockade
alone is insufficient to rescue these cells from senescence
and apoptosis commitment29,81. We posit that these late-
stage “terminally exhausted” cells, in which TIM-3 may be
primarily intracellularly localized, could be accelerated
towards their death through TIM-3-enhanced RICD,

though this requires further investigation. Our data
therefore helps to clarify some of these conflicting points
in the literature, and highlights a novel role for TIM-3 as a
key regulator of normal CD8+ T cell homeostasis.
Our work further emphasizes the nuances of TIM-3

function and the role that interaction with specific ligands
plays in defining its functions. We show that TIM-3 can
augment TCR signaling following restimulation in late-
stage effector T cells, leading to increases in downstream
pro-apoptotic protein expression; this is congruent with the
aforementioned study by Lee et al.47. It is important to note
that in that study, TIM-3 ligands were not necessary for
driving differences in signaling output, a finding which is
corroborated by our data47. Downstream of these events,
TIM-3 has been documented to promote PI-3K and AKT
signaling49,50. We found that while treating newly activated
cells with PI-3K and AKT inhibitors had no appreciable
effect on RICD, late-stage effectors showed decreased RICD
following inhibitor treatment (Supplementary Fig. 2A, B).
Further work will be needed to determine whether intra-
cellular TIM-3 is facilitating increased proximal PI-3K and
AKT signaling as part of its role in potentiating RICD.
Moreover, downstream effects on the expression of other
pro- (e.g., NUR77 and NOR19) and anti-apoptotic proteins
(e.g., BCL-xL51) beyond FASL and BIM should also be
assessed. Remarkably, previous microarray analyses indicate
that TIM-3 expression is also dependent on SAP in this late
stage3, implying that reduced TIM-3 levels (~1.8-fold) may
contribute to reduced pro-apoptotic protein induction and
RICD resistance in SAP-deficient CD8+ effector T cells
from XLP-1 patients.
In newly activated T cells, the mechanism by which TIM-

3 and CEACAM1 protect cells from premature RICD also
remains unresolved. CEACAM1 harbors a cytoplasmic
immunotyrosine inhibitory motif (ITIM) for phosphastase
recruitment, working to dampen the strength of the TCR
signal52. On the other hand, TIM-3 ligand engagement is
known to displace Bat3, leaving LCK more vulnerable to
dephosphorylation and diminished proximal TCR signal-
ing53. We found that silencing TIM-3 during initial T cell

(see figure on previous page)
Fig. 7 TIM-3 and CEACAM1 cooperate to protect newly activated cells from RICD. A T cells transfected with either CEACAM1-specific siRNA
(CEACAM1 KD) or nonspecific siRNA (NS) were assessed for RICD sensitivity on day 4 post-activation as previously mentioned. B Cells transfected with
siRNA as in (A) on day 10 were assessed for RICD on Day 14 post-activation. C CEACAM1 KD efficiency was evaluated using flow cytometry, plotted as
fold decrease for individual experiments. D Newly activated cells were treated with increasing doses of CEACAM1-Fc chimera for 1 h prior to
restimulation and assessed for apoptosis 24 h later using propidium iodide staining and flow cytometry. E Newly activated cells were treated with
CEACAM1-Fc, CEACAM3- Fc, or CEACAM8-Fc chimera protein, or solvent control on Day 4 post-transfection and assessed for RICD sensitivity
following OKT3 restimulation. F Late-stage effector cells (Day 14) were treated as in (E), dose ranging from 10 to 100 µg/mL. Asterisks denote
statistical significance using the following tests: A paired t test, p= 0.0007; B paired t test, p= 0.1843; C Mann–Whitney test, p= 0.0286; D repeated
measures one-way ANOVA, control vs. 1 µg/mL, p= 0.1312; control vs. 10 µg/mL, p= 0.0156, control vs. 100 µg/mL, p= 0.0127; E ordinary one-way
ANOVA with multiple comparisons (corrected), control vs. CEACAM1 p= 0.0016; control vs. CEACAM3 p= 0.5216; control vs. CEACAM8 p= 0.0006
F ordinary one-way ANOVA with multiple comparisons (corrected), control vs. CEACAM1 p= 0.44; control vs. CEACAM3 p= 0.9991; control vs.
CEACAM8 p= 0.05.
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activation did not have a measurable impact on proximal
TCR signaling (data not shown), although more detailed
studies are warranted. One could hypothesize that TIM-3 is
needed on the surface merely as a ligand for CEACAM1,
which is dampening proximal signaling via its ITIM alone.
However, addition of recombinant CEACAM1 enhanced
RICD, ostensibly by outcompeting TIM-3-CEACAM1
interactions. These data imply that CEACAM1 engage-
ment via homotypic interaction does not confer RICD
protection, suggesting that surface TIM-3 and CEACAM1
must cooperate to enforce RICD resistance. Although other
studies have suggested that TIM-3 and CEACAM1 do not
interact54, our study bolsters the argument that CEACAM1
plays a central role in TIM-3 regulation in CD8+ effector
T cells, consistent with the original interaction characterized
by Huang et al.38. Indeed, CEACAM1 knockdown changed
TIM-3 surface localization but not total expression in early
stage effectors (Fig. 6), making it plausible that increased
TIM-3 intracellular localization in newly activated cells
forced them to behave more like late-stage effectors with
elevated RICD sensitivity. Additional experimentation will
be required to ascertain the proportional inputs of TIM-3
and CEACAM1, both individually and together, in fine-
tuning RICD sensitivity over time. Our results also indicate
that TIM-3 works with CEACAM1 to facilitate resistance to
RICD in newly activated cells. Although our data suggest
this effect is mediated via coupled TIM-3-CEACAM1 sur-
face expression, further work will be needed to distinguish
whether this phenomenon requires any other extracellular
autocrine ligands. Despite these unknowns, our data indi-
cate that TIM-3 function in human CD8+ T cells is inti-
mately tied to its temporal expression, cellular localization,
and ligand availability.
CEACAM1 is a member of the carcinoembryonic-

antigen-related cell adhesion molecule family, known to
be involved in influencing a wide number of normal cel-
lular processes through both hetero- and homophilic
interactions55. The isoform predominantly expressed in
T cells—CEACAM1-4L—has a long cytoplasmic tail
containing ITIM motifs which dampen proximal TCR
signaling by targeting ZAP7052. Because of its status as a
coinhibitory protein, CEACAM1 has been tested as a
potential therapeutic target alongside other checkpoint
blockade regimens, with some success56–59. However, its
function with regard to programmed cell death is unclear.
One study found that CEACAM1 expression in Jurkat
T cells prevented FAS-mediated apoptosis by directly
redistributing beta-catenin in the actin cytoskeleton60,
whereas another study by Nittka et al.61 described that
CEACAM1 can promote apoptosis in Jurkat cells through
direct activation of caspases. Much like TIM-3, the cel-
lular context within which CEACAM1 is studied is likely
important for understanding its full functional capacities
within the immune system. Our study demonstrates a

novel function for CEACAM1 in protecting expanding
cells from premature RICD, working in concert with
TIM-3. This finding also sheds new light on patients with
specific germline TIM-3 mutations, a significant propor-
tion of whom suffer from SPTCL34,62,63. In these patients,
TIM-3 cannot localize to the plasma membrane, which
the authors noted led to “persistent immune activation
and increased production of inflammatory cytokines…
promoting SPTCL”34. Indeed, TIM-3 mutations noted in
SPTCL are predicted to disrupt CEACAM1 association
(data not shown). These results are consistent with our
findings in late-stage effectors, in which TIM-3+ lym-
phocytes have increased proximal T cell signaling output.
We predict that although more effector CD8+ T cells may
undergo RICD at early stages, a pool of over-activated
clones lacking TIM-3/CEACAM1-dependent signal
modulation can drive damaging immunopathology in the
form of SPTCL. In all, these results suggest that TIM-3
and CEACAM1 must work cooperatively to maintain
immune system homeostasis via RICD regulation.
Finally, this study has revealed that coinhibitory pro-

teins like TIM-3 can fine-tune RICD sensitivity in effector
CD8+ T cells. Early studies offered conflicting results on
how CD28 co-stimulation and CTLA-4 expression may
influence activation-induced cell death/RICD, particularly
in CD4+ T cells64–67. RICD has long been recognized as a
key homeostatic process for constraining effector T cell
expansion2. Several factors govern RICD sensitivity in
late-stage effector T cells, but little is known about
mechanisms of RICD resistance in early expanding
T cells. A recent study from our group showed that early
expanding conventional human effector T cells are less
susceptible to RICD in part due to the influence of the
transcription factor FOXP3 and autophagy10. It is also
plausible that newly activated T cells avoid RICD via
downregulation of TCR/CD3 expression68. Indeed, we
have found that effector CD8+ T cells do express less CD3
at early versus late timepoints after activation (Supp. Fig.
2C). However, early effector T cells also express higher
levels of CD25 after stimulation (Supplementary Fig. 2D),
which presumably enhances RICD sensitivity via
increased IL-2 responsiveness and cell proliferation5.
Intriguingly, CEACAM1 has also been documented to
decrease IL-2 production in expanding T lymphocytes,
which may act to keep clonal expansion and RICD sen-
sitivity in check despite high CD25 expression69. Because
TIM-3 and CEACAM1 work together to protect newly
activated cells from RICD, our results underscore a
mechanism by which expanding CD8+ T cells modulate
responses (including apoptosis) by fine-tuning TCR signal
strength via co-inhibitory proteins. Indeed, our results
corroborate the “Tide Model” of T cell immunity, in
which dynamic, tightly regulated expression of costimu-
latory and coinhibitory proteins dictate T cell fate and
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ensure optimal control of population expansion and
contraction70,71. Our results suggest this process also
governs RICD sensitivity in CD8+ T cells, whereby signal
calibration via coinhibitory and costimulatory proteins
helps to determine their temporal susceptibility to cell
death in response to TCR re-engagement. Future studies
should expound upon this hypothesis to better under-
stand how other co-inhibitory proteins can shape the
overall T cell response by promoting RICD resistance,
particularly during clonal expansion. Moreover, it may
also be important to delineate how co-signaling proteins
like TIM-3 influence RICD in effectors derived from naïve
and various memory CD8+ T cell subsets.
In conclusion, this study describes a novel function for

the coinhibitory proteins TIM-3 and CEACAM1 in miti-
gating RICD in expanding effector CD8+ T lymphocytes
during clonal expansion. In contrast, TIM-3 works inde-
pendently of CEACAM1 to potentiate RICD in late-stage
effector T cells. This study implies that the utilization of
checkpoint blockade antibodies may have broader effects
on the immune response than previously appreciated,
including dysregulation of cell death sensitivity. In fact, a
recent report showed loss of CEACAM1 leaves mice more
susceptible to enteropathogenic bacterial infection, speci-
fically through a dysregulated, hyperactive CD8+ T cell
response in the colon72. These concepts may warrant
further consideration for those studying adverse outcomes
and variable efficacy associated with checkpoint blockade
regimens73–77, with the goal of specifically reinvigorating
exhausted cells without inducing overt immunopathology
or compromising nascent T cell responses.

Materials and methods
Blood collection and effector T cell selection
Peripheral blood mononuclear cells (PBMC) were

acquired from healthy human volunteers at the National
Institutes of Health Blood Bank (access kindly provided by
Dr. Michael Lenardo). PBMC were separated using a Ficoll
separation gradient. Following centrifugation, the PBMC
layer was extracted and washed twice using phosphate-
buffered saline (PBS). CD8+ T cells were isolated via
negative selection using Stem Cell Magnetic Bead Separa-
tion Kit (17953, Stem Cell Technologies, Vancouver,
Canada) according to the manufacturer’s instructions.

Cell culture and activation
Cells were activated using Immunocult Human CD3/

CD28/CD2 T Cell Activator (Stem Cell Technologies,
#10970) and cultured in RPMI 1640 media (RPMI 1640
ThermoFisher Scientific, Waltham, MA) supplemented with
2mM L-glutamine, 10% fetal bovine serum (FBS) (Millipore
Sigma, Burlington, MA) and an antibiotic cocktail of 1%
penicillin and streptomycin (Lonza, Basel, Switzerland). On
day three post activation, cells were washed in PBS and

cultured in complete RPMI media supplemented with
200U/mL recombinant human IL-2 (#100-02, Peprotech,
Rocky Hill, NJ). Primary cells were cultured for up to 20 days
post activation, checked daily for cell count, and kept at a
concentration between 1 and 2 × 106 cells/mL. Jurkat T cells
(ATCC clone E6.1) were maintained in the above media
conditions as well without supplemental IL-2.

siRNA transfection
Cells were transfected with 250–500 pmol TIM-3 siRNA

(ThermoFisher Scientific, 4392420), CEACAM1 siRNA
(Integrated DNA Technologies (IDT), Coralville, IA) or
nonspecific siRNA scramble control (Thermo Fisher,
12935300) (see Supplemental Table 1 for siRNA sequences)
using a P3 kit for the Amaxa 4D Nucleofector (Lonza). All
cells were assessed for knockdown efficiency by quantitative
reverse transcription polymerase chain reaction (qRT-PCR),
flow cytometry or western blotting on days 3–4 post-
transfection. Freshly isolated T cells were transfected
immediately post negative selection, allowed to rest for
30min, and activated with Immunocult (Stem Cell Tech-
nologies) according to the manufacturer’s instructions.
Late-stage T cells (days 10–14 post-activation) were trans-
fected on day 10 and assessed for knockdown efficiency on
day 13 post-activation.

Pharmacological Inhibitors
Cells were treated with 1 µM AKT inhibitor AZK5363

(S8019) or 1 µM PI3K inhibitor BKM120 (S2247), Selleck
Chemicals, Houston, TX), or DMSO solvent control for
1 h prior to restimulation with 100 ng/mL OKT3. Cells
were assessed for death 24 h later via propidium iodide
staining and flow cytometry as detailed below.

Cloning and cell transfections
TIM-3 and CEACAM1 DNA constructs were pur-

chased from Addgene (49212, Watertown, MA) and
Origene (RC221096, Rockville, MD), respectively. Open
reading frames were cloned into the pUNO expression
vector using NEBuilder HiFi DNA Assembly kit (New
England Biolabs, Ipswich, MA), including a C-terminal
FLAG tag. Purified plasmids (10 µg per cuvette) were
transfected into Jurkat T cells using a ECM630 electro-
porator (Harvard Apparatus BTX, Holliston, MA) at
260 V, 950 mF as previously described78. Expression of
proteins was assessed by flow cytometry or western blot.

RICD assays
Primary effector T cells in RPMI were aliquoted into 96

well plates at 1 × 106 cells/mL and restimulated with anti-
CD3 antibody OKT3 (#05121-05, Bio-gems, Westlake
Village, CA). Unless otherwise stated, all experiments
performed per independent blood sample were completed
with three technical replicates. All restimulation
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experiments were performed using 100 ng/mL of OKT3
unless otherwise stated. For death assessment, cells were
cultured for 24 h in OKT3 and assessed for apoptosis 24 h
later using propidium iodide staining and flow cytometry
(see below). For newly activated cells, cells were resti-
mulated on day 4 post-activation; late-stage cells were
restimulated on day 13 post-activation.

Flow cytometry
General flow cytometry protocol
T cells were spun in polypropylene round-bottom tubes

and placed in 100 µL of fluorescence-activated cell sorting
(FACS) buffer (PBS supplemented with 0.1% sodium azide,
1% FBS). Tubes were stained with antibodies, vortexed
briefly and placed on ice in the dark for 30min. Following
antibody binding, tubes were washed twice with 2mL
FACS buffer and spun down. Prior to flow cytometric
analysis, cells were resuspended in 300 µL FACS buffer and
immediately analyzed on an Accuri C6 flow cytometer
(Becton Dickinson, Franklin Lakes, NJ). TIM-3 surface
staining was performed using PE-conjugated anti-TIM-3
antibody (clone F38-2E2, Biolegend, San Diego, CA) at
5 µL/test; CEACAM1 surface staining was performed using
unconjugated anti-CEACAM1 monoclonal antibody (clone
283340, ThermoFisher Scientific) with secondary antibody
(Biolegend, 406715), both at 2 µL/test. APC-conjugated
anti-CD3 (100236), PE-conjugated anti-CD25 (356104),
and PE-conjugated anti-FASL (306407) antibodies were
used at 5 µL/test (Biolegend). TIM-3 ligands were assessed
as follows: anti-Gal-9 antibody (clone 9M1-3, Biolegend,
San Diego, CA) at 5 µL/test; anti-PS antibody (Apotracker
Green, Biolegend, San Diego, CA).

Time course assessment
Cells were assessed on days 0, 2, 4, 7, 10, 13, 16, and 19

following activation for TIM-3 (clone F38-2E2, 345006) at
5 µL/test.

Propidium iodide staining
Following overnight restimulation, cells were collected

from the 96-well plate and placed into 0.3ml polypropylene
tubes. Ten microlitre of propidium iodide (PI) (Millipore
Sigma, P4864) at 1 µg/mL stock solution was added to each
tube. Cells were immediately assessed for apoptosis by flow
cytometric analysis on the BD Accuri C6.

Flow cytometric software
All flow cytometric analyses were performed using

Accuri C6 Flow Cytometer built-in software and FlowJo
(Becton Dickinson).

Addition of blocking antibodies and recombinant proteins
To disrupt TIM-3 ligand association, primary effector

T cells were cultured with 10 µg/mL TIM-3 blocking

monoclonal antibody (clone F38-2E2, Biolegend, 345004),
Recombinant Human TIM-3-FC Chimera (R&D Systems,
2365-TM-050), or 10 µg/mL Mouse IgG1 Isotype Control
SAFIRE (Bio-gems, 44212-25) for 1 h prior to restimulation
with OKT3. CEACAM1, CEACAM3 and CEACAM-8 Fc-
chimera proteins were generated from plasmids kindly
provided by Dr. Esther Klaile (University of Jena, Germany)
as previously described79, and were used at a concentrations
between 1 and 100 µg/mL in primary cell solution for 1 h
prior to restimulation with OKT3, as noted in the text.
CEACAMx-Fc plasmids were originally synthesized in the
labs of Esther Klaile and Bernard Singer.

Calculation of RICD
RICD sensitivity was calculated as previously descri-

bed80. Propidium iodide-negative cells (viable) were
counted for each sample under a fixed rate of fluidics and
time of collection on the AccurI C6 Flow Cytometer. The
following formula was used to calculate percentage cell
loss: [% Cell Loss= ((Control− Restim)/Control)*100],
for which the Control equaled the total number of
untreated viable cells, and Restim equaled the total
number of viable cells following restimulation with OKT3.
Triplicate wells were averaged prior to assessment.

Immunoblotting and densitometry analysis
Immunoblotting
Cells in each condition were lysed in 1% Nonidet P-40

(NP-40) lysis buffer (50mM Tris [pH 7.4], 150mM NaCl,
0.5mM EDTA, 1% NP-40, 0.5% sodium deoxycholate,
1mM Na3VO4, and 1mM NaF), supplemented with pro-
tease inhibitors (Sigma, 11836153001) and PhosStop Phos-
phatase Inhibitors (Sigma, 4906837001). Cell lysates were
mixed with in a 1:1 ratio of Laemmli buffer supplemented
with 50 µM βME and heated at 95 °C for five minutes for
denaturation. Proteins were separated on a 4–20% gradient
acrylamide gel (456–1095, Bio-Rad, Hercules, CA) at 110 V
for 90min for optimal band separation. Gels were trans-
ferred to a nitrocellulose membrane via semi-wet transfer
(TurboBlot tranfer system, Bio-Rad). The following primary
antibodies were used at dilutions in Odyssey blocking buffer
TBS (927-50000, LiCOR, Lincoln, NE) according to manu-
facturer’s protocol: TIM-3 XP monoclonal antibody (clone
D5D5R, Cell Signaling Technology, 45208S), 4G10 Platinum
Anti-Phosphotyrosine Antibody (Millipore Sigma, 2859168),
BIM/BOD polyclonal antibody (ADI-AAP-330E, Enzo,
Farmingdale, NY), FasL monoclonal antibody (clone: Ab3,
EMD Biosciences, Millipore Sigma), anti-FLAG monoclonal
antibody (Sigma, F1804-200UG), β-actin monoclonal anti-
body (Sigma, A1978). Licor IRDye secondary antibodies
used at 1:10,000 dilution. All immunoblot images were
visualized using an Odyssey CLx instrument (LiCOR) and
assessed for densitometry using Image Studio Lite Software.
To calculate densitometry, total band signal density was
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assessed in comparison to total β-actin signal density for
normalization.

Quantitative real-time PCR
Cells in each condition were prepared for RNA isolation

according to manufacturer’s instructions (kit #11-331, Zymo
Research, Irvine, CA). RNA was resuspended in nuclease
free water at a concentration of approximately 50–100 ng/
µL per sample. RNA samples were reverse transcribed into
cDNA using 50–100 ng RNA total, using the iScript
Advanced cDNA Synthesis Kit (Bio-Rad, 1725038). qRT-
PCR was performed using the SSO Advanced SYBR Green
qPCR Master Mix and manufacturer’s protocol (Bio-Rad,
1725271); qRT-PCR was performed on Bio-Rad CFX96.
Primer sequences are listed in Supplemental Table 1. All
samples’ Ct values were normalized to 18S Ribosomal RNA.

Confocal microscopy
Slide preparation
Approximately, 30–100 × 103 cells were placed onto poly-

L-lysine-coated slides (Electron Microscopy Sciences (EMS),
Hatfield, PA) at a concentration of 1 × 106 cells/mL in PBS.
All cells were fixed in 2% paraformaldehyde (EMS). Cells
were washed with PBS and permeabilized using 0.1% Triton
in PBS for 5min at room temperature and subsequently
washed with PBS. Cells were blocked using a 1% FBS/PBS
mix for 30min, followed by another PBS wash. Primary
TIM-3 antibody (clone F38.2E2, Biolegend, 345004) was
prepared in 1% PBS/FBS at a final concentration of 1 µg/mL
and allowed to bind to cells for 30min. Cells were washed
three times with PBS/FBS solution. AlexaFluor-647 anti-
IgG2b secondary antibody (Biolegend, 406715) was pre-
pared in 1% PBS/FBS at a final concentration of 1 µg/mL
and allowed to bind for 30min. Cells were washed again
with PBS/FBS three times. Ten microlitre DAPI
Fluoromount-G mounting medium (0100-20, Southern
Biotech, Birmingham, AL) was applied to the slides for
DAPI staining and coverslip adhesion. All images were
obtained on a Zeiss 700 confocal scanning microscope.

Image processing/code availability
Microscopy analyses were conducted using ImageJ (Fiji)

software version 1.53c. Image processing code can be
found on Github using the following link: mad-scientist-
in-training/Microscopy-code: A repository for the code
used in ImageJ to process the images present in the
publication “TIM-3 drives temporal differences in RICD
Sensitivity in conjunction with CEACAM1 in effector T
lymphocytes” (github.com).

Statistical analysis
All statistical analyses were performed and visualized using

Prism software version 8.4.3 (GraphPad, San Diego, CA). Bar

graph heights represent sample means, and all error bars
indicate the standard deviation within the samples. For spe-
cific statistical tests, please reference the figure legends. All
tests in which data was transformed significantly (including
qPCR results and fold change values) were analyzed using the
non-parametric equivalent of the appropriate statistical test
to minimize type I error. All statistical tests were run two-
sided. All p values < 0.05 were considered significant.

Acknowledgements
We thank Dr. Michael Lenardo for access to anonymous NIH Blood Bank
donors, Dr. Esther Klaile for providing CEACAM expression plasmids, and Dr.
Robert Kortum for supplying AZD5363 and BKM120. We also thank Dr. Maria
Traver for her help with microscopic image analysis, and Dr. Dennis McDaniel
for his help in image processing. Finally, we thank Gina Dabbah, Chris Luthers,
Dr. Batsukh Dorjbal, Dr. Swadhinya Arjunaraja, Dr. Brian Schaefer, Dr. Pamela
Schwartzberg, and Dr. Edward Mitre for their ideas and support throughout
this project. The opinions and assertions expressed herein are those of the
authors and are not to be construed as reflecting the views of Uniformed
Services University of the Health Sciences or the United States Department of
Defense.

Author details
1Department of Pharmacology & Molecular Therapeutics, Uniformed Services
University of the Health Sciences, Bethesda, MD 20817, USA. 2Henry M. Jackson
Foundation, 6720A Rockledge Drive, Bethesda, MD 20817, USA. 3Department
of Pathology, Uniformed Services University of the Health Sciences, Bethesda,
MD 20817, USA

Author contributions
C.M.L. performed study concept and design, carried out the majority of
experiments, performed statistical analysis, and wrote the paper. K.V., B.B., and
T.J. assisted with study concept and select experiments. G.D. supplied novel
reagents and study methodology, and revised the paper. A.L.S. supervised the
creation and execution of the project as its principal investigator, and revised
the paper.

Funding
This work was supported by grants from the National Institutes of Health
(R01GM105821, R35GM139619 to A.L.S.), Uniformed Services University of the
Health Sciences, and the Henry M. Jackson Foundation (HJF Fellowship to C.M.L.).

Data availability
Datasets not included in this article are available from the corresponding
author on request.

Ethical approval/consent to participate
All human blood samples were obtained with consent from voluntary donors
at the National Institutes of Health Blood Bank. All samples were completely
deidentified prior to collection and use on the part of the research team.

Conflict of interest
The authors declare no competing interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41419-021-03689-6.

Received: 28 December 2020 Revised: 24 March 2021 Accepted: 25 March
2021

Lake et al. Cell Death and Disease          (2021) 12:400 Page 15 of 17

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-021-03689-6


References
1. Strasser, A. & Pellegrini, M. T-lymphocyte death during shutdown of an

immune response. Trends Immunol. 25, 610–615 (2004).
2. Snow, A. L., Pandiyan, P., Zheng, L., Krummey, S. M. & Lenardo, M. J. The power

and the promise of restimulation-induced cell death in human immune
diseases. Immunol. Rev. 236, 68–82 (2010).

3. Snow, A. L. et al. Restimulation-induced apoptosis of T cells is impaired in
patients with X-linked lymphoproliferative disease caused by SAP deficiency. J.
Clin. Investig. 119, 2976–2989 (2009).

4. Boehme, S. A. & Lenardo, M. J. Propriocidal apoptosis of mature T lymphocytes
occurs at S phase of the cell cycle. Eur. J. Immunol. 23, 1552–1560 (1993).

5. Lenardo, M. J. lnterleukin-2 programs mouse αβ T lymphocytes for apoptosis.
Nature 353, 858–861 (1991).

6. Larsen S. E. et al. Sensitivity to restimulation-induced cell death is linked to
glycolytic metabolism in human T cells. J. Immunol. https://www.jimmunol.
org/content/early/2016/11/15/jimmunol.1601218 (2016).

7. Voss K., Luthers C. R., Pohida K. & Snow A. L. Fatty acid synthase contributes to
restimulation-induced cell death of human CD4 T cells. Front. Mol. Biosci.
https://www.frontiersin.org/articles/10.3389/fmolb.2019.00106/full (2019).

8. Katz, G., Krummey, S. M., Larsen, S. E., Stinson, J. R. & Snow, A. L. SAP facilitates
recruitment and activation of LCK at NTB-A receptors during restimulation-
induced cell death. J. Immunol. 192, 4202–4209 (2014).

9. Ruffo, E. et al. Inhibition of diacylglycerol kinase α restores restimulation-
induced cell death and reduces immunopathology in XLP-1. Sci. Transl. Med.
8, 321ra7–321ra7 (2016).

10. Voss K., et al. FOXP3 protects conventional human T cells from pre-
mature restimulation-induced cell death. Cell Mol. Immunol. 18, 194–205
(2021).

11. Combadière, B. et al. Qualitative and quantitative contributions of the T cell
receptor zeta chain to mature T cell apoptosis. J. Exp. Med. 183, 2109–2117
(1996).

12. Wherry, E. J. T cell exhaustion. Nat. Immunol. 12, 492–499 (2011).
13. Wherry, E. J. & Kurachi, M. Molecular and cellular insights into T cell exhaustion.

Nat. Rev. Immunol. 15, 486–499 (2015).
14. Ogawa S. & Abe R. Signal transduction via co-stimulatory and co-inhibitory

receptors. in (eds Azuma M., Yagita H.). Co-Signal Molecules in T Cell Activation:
Immune Regulation in Health and Disease. Advances in Experimental Medicine
and Biology 85–133 (Springer, Singapore, 2019). https://doi.org/10.1007/978-
981-32-9g717-3_4.

15. Mohammadzadeh A. Co-inhibitory receptors and tolerance. (Authorea, Inc.).
Available from: https://www.authorea.com/users/304729/articles/435285-co-
inhibitory-receptors-and-tolerance?commit=f92a17034717f71142f64fc939aaa
ff04c038a03 (2020).

16. Monney, L. et al. Th1-specific cell surface protein Tim-3 regulates macro-
phage activation and severity of an autoimmune disease. Nature 415,
536–541 (2002).

17. Fourcade, J. et al. Upregulation of Tim-3 and PD-1 expression is associated
with tumor antigen–specific CD8+ T cell dysfunction in melanoma patients. J.
Exp. Med. 207, 2175–2186 (2010).

18. Golden-Mason, L. et al. Negative immune regulator Tim-3 is overexpressed on
T cells in hepatitis C virus infection and its blockade rescues dysfunctional
CD4+ and CD8+ T cells. J. Virol. 83, 9122–9130 (2009).

19. Jayaraman P. et al. TIM3 mediates T cell exhaustion during Mycobacterium
tuberculosis infection. PLoS Pathog. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4788425/ (2016).

20. Jones, R. B. et al. Tim-3 expression defines a novel population of dysfunctional
T cells with highly elevated frequencies in progressive HIV-1 infection. J. Exp.
Med. 205, 2763–2779 (2008).

21. Sabatos, C. A. et al. Interaction of Tim-3 and Tim-3 ligand regulates T helper
type 1 responses and induction of peripheral tolerance. Nat. Immunol. 4,
1102–1110 (2003).

22. Sánchez-Fueyo, A. et al. Tim-3 inhibits T helper type 1-mediated auto- and
alloimmune responses and promotes immunological tolerance. Nat. Immunol.
4, 1093–1101 (2003).

23. Akashi, K. TIM-3 and its ligand, galectin-9 constitute an autocrine loop to
maintain stem cells in most human myeloid malignancies. Exp. Hematol. 43,
S29 (2015).

24. Dolina, J. S., Braciale, T. J. & Hahn, Y. S. Liver-primed CD8+ T cells suppress
antiviral adaptive immunity through galectin-9-independent T-Cell immu-
noglobulin and mucin 3 engagement of high-mobility group box 1 in mice.
Hepatol. Balt. Md. 59, 1351–1365 (2014).

25. Zhu, C. et al. The Tim-3 ligand galectin-9 negatively regulates T helper type 1
immunity. Nat. Immunol. 6, 1245–1252 (2006).

26. da Silva, I. P. et al. Reversal of NK cell exhaustion in advanced melanoma by
Tim-3 blockade. Cancer. Immunol. Res. 2, 410–422 (2014).

27. Guo, Z. et al. Combined TIM-3 blockade and CD137 activation affords the
long-term protection in a murine model of ovarian cancer. J. Transl. Med. 11,
215 (2013).

28. Sakuishi, K. et al. Targeting Tim-3 and PD-1 pathways to reverse T cell
exhaustion and restore anti-tumor immunity. J. Exp. Med. 207, 2187–2194
(2010).

29. Jin, H.-T. et al. Cooperation of Tim-3 and PD-1 in CD8 T-cell exhaustion during
chronic viral infection. Proc. Natl Acad. Sci. USA 107, 14733–14738 (2010).

30. Blackburn, S. D. et al. Coregulation of CD8+ T cell exhaustion by multiple
inhibitory receptors during chronic viral infection. Nat. Immunol. 10, 29–37
(2009).

31. Avery, L., Filderman, J., Szymczak-Workman, A. L. & Kane, L. P. Tim-3 co-
stimulation promotes short-lived effector T cells, restricts memory precursors,
and is dispensable for T cell exhaustion. Proc. Natl Acad. Sci. USA 115,
2455–2460 (2018).

32. Cencioni, M. T. et al. Erratum: FAS-ligand regulates differential activation-
induced cell death of human T-helper 1 and 17 cells in healthy donors and
multiple sclerosis patients. Cell Death Dis. 6, e1785–e1785 (2015).

33. Snow, A. L. et al. Critical role for BIM in T cell receptor restimulation-induced
death. Biol. Direct 3, 34 (2008).

34. Gayden, T. et al. Germline HAVCR2 mutations altering TIM-3 characterize
subcutaneous panniculitis-like T cell lymphomas with hemophagocytic lym-
phohistiocytic syndrome. Nat. Genet. 50, 1650–1657 (2018).

35. Chiba, S. et al. Tumor-infiltrating DCs suppress nucleic acid-mediated innate
immune responses through interactions between the receptor TIM-3 and the
alarmin HMGB1. Nat. Immunol. 13, 832–842 (2012).

36. Santiago, C. et al. Structures of T cell immunoglobulin mucin protein 4 show a
metal-ion-dependent ligand binding site where phosphatidylserine binds.
Immunity 27, 941–951 (2007).

37. DeKruyff, R. H. et al. T cell/transmembrane, Ig, and mucin-3 allelic variants
differentially recognize phosphatidylserine and mediate phagocytosis of
apoptotic cells. J. Immunol. Balt. Md. 1950 184, 1918–1930 (2010).

38. Huang, Y.-H. et al. CEACAM1 regulates TIM-3-mediated tolerance and
exhaustion. Nature 517, 386–390 (2015).

39. Singer, B. B. et al. Carcinoembryonic antigen-related cell adhesion molecule 1
expression and signaling in human, mouse, and rat leukocytes: evidence for
replacement of the short cytoplasmic domain isoform by
glycosylphosphatidylinositol-linked proteins in human leukocytes. J. Immunol.
168, 5139–5146 (2002).

40. Sabatos-Peyton, C. A. et al. Blockade of Tim-3 binding to phosphatidylserine
and CEACAM1 is a shared feature of anti-Tim-3 antibodies that have func-
tional efficacy. OncoImmunology 7, e1385690 (2018).

41. Lu, L.-H. et al. Characterization of Galectin-9-induced death of Jurkat T cells. J.
Biochem. 141, 157–172 (2007).

42. Hirashima, M. et al. Galectin-9 in physiological and pathological conditions.
Glycoconj. J. 19, 593–600 (2002).

43. Pils, S., Gerrard, D. T., Meyer, A. & Hauck, C. R. CEACAM3: an innate immune
receptor directed against human-restricted bacterial pathogens. Int. J. Med.
Microbiol. 298, 553–560 (2008).

44. Schmitter, T., Agerer, F., Peterson, L., Münzner, P. & Hauck, C. R. Granulocyte
CEACAM3 is a phagocytic receptor of the innate immune system that
mediates recognition and elimination of human-specific pathogens. J. Exp.
Med. 199, 35–46 (2004).

45. Lee, K. et al. Characterization of age‐associated exhausted CD8+ T cells
defined by increased expression of Tim‐3 and PD‐1. Aging Cell 15, 291–300
(2016).

46. Pauken, K. E. & Wherry, E. J. SnapShot: T cell exhaustion. Cell 163, 1038–1038.e1
(2015).

47. Lee, J. et al. Phosphotyrosine-dependent coupling of Tim-3 to T-cell receptor
signaling pathways. Mol. Cell Biol. 31, 3963–3974 (2011).

48. Yang, L., Anderson, D., Kuchroo, J. & Hafler, D. Lack of TIM-3 immunoregulation
in multiple sclerosis. J. Immunol. Balt. Md. 1950 180, 4409–4414 (2008).

49. Ferris, R. L., Lu, B. & Kane, L. P. Too much of a good thing? Tim-3 and TCR
signaling in T cell exhaustion. J. Immunol. 193, 1525–1530 (2014).

50. Shayan, G. et al. Adaptive resistance to anti-PD1 therapy by Tim-3 upregula-
tion is mediated by the PI3K-Akt pathway in head and neck cancer.
OncoImmunology 6, e1261779 (2017).

Lake et al. Cell Death and Disease          (2021) 12:400 Page 16 of 17

Official journal of the Cell Death Differentiation Association

https://www.jimmunol.org/content/early/2016/11/15/jimmunol.1601218
https://www.jimmunol.org/content/early/2016/11/15/jimmunol.1601218
https://www.frontiersin.org/articles/10.3389/fmolb.2019.00106/full
https://doi.org/10.1007/978-981-32-9g717-3_4
https://doi.org/10.1007/978-981-32-9g717-3_4
https://www.authorea.com/users/304729/articles/435285-co-inhibitory-receptors-and-tolerance?commit=f92a17034717f71142f64fc939aaaff04c038a03
https://www.authorea.com/users/304729/articles/435285-co-inhibitory-receptors-and-tolerance?commit=f92a17034717f71142f64fc939aaaff04c038a03
https://www.authorea.com/users/304729/articles/435285-co-inhibitory-receptors-and-tolerance?commit=f92a17034717f71142f64fc939aaaff04c038a03
https://www.authorea.com/users/304729/articles/435285-co-inhibitory-receptors-and-tolerance?commit=f92a17034717f71142f64fc939aaaff04c038a03
https://www.authorea.com/users/304729/articles/435285-co-inhibitory-receptors-and-tolerance?commit=f92a17034717f71142f64fc939aaaff04c038a03
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4788425/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4788425/


51. Guerrero, A. D., Welschhans, R. L., Chen, M. & Wang, J. Cleavage of anti-
apoptotic Bcl-2 family members after TCR stimulation contributes to the
decision between T cell activation and apoptosis. J. Immunol. 190, 168–173
(2013).

52. Chen, Z., Chen, L., Qiao, S.-W., Nagaishi, T. & Blumberg, R. S. Carcinoembryonic
antigen-related cell adhesion molecule 1 inhibits proximal TCR signaling by
targeting ZAP-70. J. Immunol. 180, 6085–6093 (2008).

53. Rangachari, M. et al. Bat3 promotes T cell responses and autoimmunity by
repressing Tim-3–mediated cell death and exhaustion. Nat. Med. 18,
1394–1400 (2012).

54. De Sousa Linhares, A. et al. TIM-3 and CEACAM1 do not interact in cis and in
trans. Eur. J. Immunol. 50, 1126–1141 (2020).

55. Gray-Owen, S. D. & Blumberg, R. S. CEACAM1: contact-dependent control of
immunity. Nat. Rev. Immunol. 6, 433–446 (2006).

56. Ortenberg, R. et al. Novel immunotherapy for malignant melanoma with a
monoclonal antibody that blocks CEACAM1 homophilic interactions. Mol.
Cancer Ther. 11, 1300–1310 (2012).

57. Fantini, M. et al. The monoclonal antibody NEO-201 enhances natural killer cell
cytotoxicity against tumor cells through blockade of the inhibitory CEACAM5/
CEACAM1 immune checkpoint pathway. Cancer Biother. Radiopharm. 35,
190–198 (2020).

58. Li, J. et al. Combined blockade of T cell immunoglobulin and mucin domain 3
and carcinoembryonic antigen-related cell adhesion molecule 1 results in
durable therapeutic efficacy in mice with intracranial gliomas. Med. Sci. Monit.
Int. Med. J. Exp. Clin. Res. 23, 3593–3602 (2017).

59. Dankner, M., Gray-Owen, S. D., Huang, Y.-H., Blumberg, R. S. & Beauchemin, N.
CEACAM1 as a multi-purpose target for cancer immunotherapy. OncoImmu-
nology 6, e1328336 (2017).

60. Li, Y. & Shively, J. E. CEACAM1 regulates Fas-mediated apoptosis in Jurkat T-
cells via its interaction with β-catenin. Exp. Cell Res. 319, 1061–1072 (2013).

61. Nittka, S., Böhm, C., Zentgraf, H. & Neumaier, M. The CEACAM1-mediated
apoptosis pathway is activated by CEA and triggers dual cleavage of CEA-
CAM1. Oncogene 27, 3721–3728 (2008).

62. Sonigo, G. et al. HAVCR2 mutations are associated with severe hemophago-
cytic syndrome in subcutaneous panniculitis-like T-cell lymphoma. Blood 135,
1058–1061 (2020).

63. Polprasert, C. et al. Frequent germline mutations of HAVCR2 in sporadic
subcutaneous panniculitis-like T-cell lymphoma. Blood Adv. 3, 588–595
(2019).

64. Boussiotis, V. A., Lee, B. J., Freeman, G. J., Gribben, J. G. & Nadler, L. M. Induction
of T cell clonal anergy results in resistance, whereas CD28-mediated costi-
mulation primes for susceptibility to Fas- and Bax-mediated programmed cell
death. J. Immunol. Balt. Md. 1950 159, 3156–3167 (1997).

65. Van Parijs, L., Ibraghimov, A. & Abbas, A. K. The roles of costimulation and
Fas in T cell apoptosis and peripheral tolerance. Immunity 4, 321–328
(1996).

66. Pandiyan, P. et al. CD152 (CTLA-4) determines the unequal resistance of Th1
and Th2 cells against activation-induced cell death by a mechanism requiring
PI3 kinase function. J. Exp. Med. 199, 831–842 (2004).

67. Schneider, H., Valk, E., Leung, R. & Rudd, C. E. CTLA-4 activation of phospha-
tidylinositol 3-kinase (PI 3-K) and protein kinase B (PKB/AKT) sustains T-cell
anergy without cell death. PloS ONE 3, e3842 (2008).

68. Gallegos, A. M. et al. Control of T cell antigen reactivity via programmed TCR
downregulation. Nat. Immunol. 17, 379–386 (2016).

69. Chen, C.-J. & Shively, J. E. The cell-cell adhesion molecule carcinoembryonic
antigen-related cellular adhesion molecule 1 inhibits IL-2 production and
proliferation in human T cells by association with src homology protein-1 and
down-regulates IL-2 receptor. J. Immunol. 172, 3544–3552 (2004).

70. Chen, L. & Flies, D. B. Molecular mechanisms of T cell co-stimulation and co-
inhibition. Nat. Rev. Immunol. 13, 227–242 (2013).

71. Zhu, Y., Yao, S. & Chen, L. Cell surface signaling molecules in the control of
immune responses: a tide model. Immunity 34, 466–478 (2011).

72. Zöller, J. et al. CEACAM1 regulates CD8+ T cell immunity and protects from
severe pathology during Citrobacter rodentium induced colitis. Gut Microbes
11, 1790–1805 (2020).

73. Michot, J. M. et al. Immune-related adverse events with immune checkpoint
blockade: a comprehensive review. Eur. J. Cancer 54, 139–148 (2016).

74. Abdel-Wahab, N., Shah, M. & Suarez-Almazor, M. E. Adverse events associated
with immune checkpoint blockade in patients with cancer: a systematic
review of case reports. PLoS ONE 11, e0160221 (2016).

75. Pianko M. J., Liu Y., Bagchi S. & Lesokhin A. M. Immune checkpoint blockade
for hematologic malignancies: a review. Stem Cell Investig. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC5420526/ (2017).

76. Harding, J. J. Immune checkpoint blockade in advanced hepatocellular car-
cinoma: an update and critical review of ongoing clinical trials. Future Oncol.
14, 2293–2302 (2018).

77. Postow, M. A., Sidlow, R. & Hellmann, M. D. Immune-related adverse events
associated with immune checkpoint blockade. N. Engl. J. Med. 378, 158–168
(2018).

78. Stinson, J. R. et al. Gain-of-function mutations in CARD11 promote enhanced
aggregation and idiosyncratic signalosome assembly. Cell Immunol. 353,
104129 (2020).

79. Kammerer, R. et al. Equine pregnancy-specific glycoprotein
CEACAM49 secreted by endometrial cup cells activates TGFB. Reproduction
160, 685–694 (2020).

80. Katz G., Snow A. L. Fluorescence-activated cell sorting-based quantitation of T
cell receptor restimulation-induced cell death in activated, primary human
T cells. in (eds Snow, A. L., Lenardo, M. J.). Immune Homeostasis: Methods and
Protocols. Methods in Molecular Biology. 15–23 (Humana Press, Totowa, NJ,
2013). https://doi.org/10.1007/978-1-62703-290-2_2.

81. Im, S. J. et al. Defining CD8+ T cells that provide the proliferative burst after
PD-1 therapy. Nature 537, 417–421.

Lake et al. Cell Death and Disease          (2021) 12:400 Page 17 of 17

Official journal of the Cell Death Differentiation Association

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5420526/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5420526/
https://doi.org/10.1007/978-1-62703-290-2_2

	TIM-3 drives temporal differences in restimulation-induced cell death sensitivity in effector CD8&#x0002B; T�cells in conjunction with CEACAM1
	Introduction
	Results
	TIM-3 protects newly activated T�cells from RICD, but exacerbates RICD in late-stage effectors
	TIM-3 increases TCR signaling and expression of downstream apoptotic proteins in late-stage effectors
	TIM-3 is expressed on the plasma membrane in early-stage effector T�cells, but remains predominantly intracellular at later stages
	TIM-3 requires a ligand to protect newly activated cells from RICD
	Co-expression of TIM-3 and CEACAM1 increase TIM-3 surface expression in Jurkat T Cells
	TIM-3 surface localization is dependent on CEACAM1 in primary T�cells
	TIM-3 and CEACAM1 work together to protect newly activated cells from premature RICD

	Discussion
	Materials and methods
	Blood collection and effector T cell selection
	Cell culture and activation
	siRNA transfection
	Pharmacological Inhibitors
	Cloning and cell transfections
	RICD assays
	Flow cytometry
	General flow cytometry protocol
	Time course assessment
	Propidium iodide staining
	Flow cytometric software

	Addition of blocking antibodies and recombinant proteins
	Calculation of RICD
	Immunoblotting and densitometry analysis
	Immunoblotting

	Quantitative real-time PCR
	Confocal microscopy
	Slide preparation
	Image processing/code availability

	Statistical analysis

	Acknowledgements




