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ABSTRACT Herpes simplex virus 1 (HSV-1) causes a lifelong infection of neurons
that innervate barrier sites like the skin and mucosal surfaces like the eye. After pri-
mary infection of the cornea, the virus enters latency within the trigeminal ganglion
(TG), from which it can reactivate throughout the life of the host. Viral latency is
maintained, in part, by virus-specific CD8� T cells that nonlethally interact with in-
fected neurons. When CD8� T cell responses are inhibited, HSV-1 can reactivate, and
these recurrent reactivation events can lead to blinding scarring of the cornea. In
the C57BL/6 mouse, CD8� T cells specific for the immunodominant epitope from
glycoprotein B maintain functionality throughout latency, while CD8� T cells specific
for subdominant epitopes undergo functional impairment that is associated with the
expression of the inhibitory checkpoint molecule programmed death 1 (PD-1). Here,
we investigate the checkpoint molecule T cell immunoglobulin and mucin domain-
containing 3 (Tim-3), which has traditionally been associated with CD8� T cell ex-
haustion. Unexpectedly, we found that Tim-3 was preferentially expressed on highly
functional ganglionic CD8� T cells during acute and latent HSV-1 infection. This,
paired with data that show that Tim-3 expression on CD8� T cells in the latently in-
fected TG is influenced by viral gene expression, suggests that Tim-3 is an indicator
of recent T cell stimulation, rather than functional compromise, in this model. We
conclude that Tim-3 expression is not sufficient to define functional compromise
during latency; however, it may be useful in identifying activated cells within the TG
during HSV-1 infection.

IMPORTANCE Without an effective means of eliminating HSV-1 from latently in-
fected neurons, efforts to control the virus have centered on preventing viral re-
activation from latency. Virus-specific CD8� T cells within the infected TG have
been shown to play a crucial role in inhibiting viral reactivation, and with a por-
tion of these cells exhibiting functional impairment, checkpoint molecule immu-
notherapies have presented a potential solution to enhancing the antiviral re-
sponse of these cells. In pursuing this potential treatment strategy, we found
that Tim-3 (often associated with CD8� T cell functional exhaustion) is not up-
regulated on impaired cells but instead is upregulated on highly functional cells
that have recently received antigenic stimulation. These findings support a role
for Tim-3 as a marker of activation rather than exhaustion in this model, and we
provide additional evidence for the hypothesis that there is persistent viral gene
expression in the HSV-1 latently infected TG.
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Herpes simplex virus 1 (HSV-1) is a prevalent human pathogen, with over 50% of
adults in the United States testing positive by late adulthood (1). HSV-1 infection

can result in a number of pathologies that depend on both the mucosal site of primary
infection as well as the neurons that ultimately harbor the latent virus and are the site
of sporadic reactivation events that lead to recurrent peripheral disease. One potential
site of viral infection, the cornea, plays a crucial role in vision by transmitting and
focusing light so that images can be processed by the retina and brain. Without an
optically clear cornea, visual acuity and quality of life are severely reduced.

During acute infection, HSV-1 replicates in the corneal epithelium and gains access
to the axons of sensory neurons before being cleared from the cornea by innate
immune cells like macrophages and NK cells (2–5). Using retrograde axonal transport,
HSV-1 travels to neuronal cell bodies in the trigeminal ganglion (TG), where it estab-
lishes latency. Although the virus is able to be maintained in a latent state indefinitely,
various stressors, such as UV light exposure, hormone fluctuation, or trauma, can cause
viral reactivation, which results in active viral replication within infected neurons and
anterograde transport of infectious virus down axons back to the periphery (6–8). These
reactivation events can, in some individuals, result in the development of recurrent
herpes stromal keratitis (HSK), which is characterized by a progressive development of
corneal opacity, neovascularization, edema, and hypoesthesia, which can ultimately
lead to loss of vision (9). As there is no effective and approved vaccine for HSV-1,
therapeutic efforts have primarily focused on controlling viral replication, restricting
inflammation, and preventing reactivation from viral latency.

Viral latency is maintained by several factors, including host microRNAs (miRNAs),
viral miRNAs derived from the latency-associated transcript (LAT), and immune cells
such as virus-specific CD8� T cells (10–12). Virus-specific CD8� T cells have been shown
to infiltrate the infected TG (13) and interact with infected neurons to prevent viral
reactivation (14). In the C57BL/6 (B6) mouse, 50% of TG-associated CD8� T cells are
specific for an immunodominant epitope found on glycoprotein B (gB) (15). Previous
work from our laboratory identified the remaining epitope specificities of the CD8� T
cell repertoire in this model, which consists of 18 subdominant HSV-1 epitopes from
viral proteins, including ribonucleotide reductase 1 (RR1), glycoprotein C (gC), infected
cell protein 8 (ICP8), and others (16). While the mechanism governing the immu-
nodominance hierarchy remains incompletely understood, 80% of the epitopes recog-
nized by HSV-1-specific CD8� T cells are from proteins expressed before DNA synthesis.
These data, together with our previous studies, support the notion that CD8� T cell
activity is required to prevent viral reactivation from latency (17). When functionality
between the gB-specific (gB-CD8� T cells) and subdominant epitope-specific (Subdom-
CD8� T cells) CD8� T cell groups was assessed at latency, a higher frequency of
gB-CD8� T cells produced granzyme B (GzmB) directly ex vivo and interferon gamma
(IFN-�) and tumor necrosis factor alpha (TNF-�) after in vitro peptide stimulation than
Subdom-CD8� T cells (18). Since CD8� T cell functionality plays an important role in
suppressing viral gene expression and preventing reactivation, improving the function
of TG-resident Subdom-CD8� T cells provides a potentially useful strategy for prevent-
ing reactivation in the TG.

Loss of functionality in T cells after prolonged exposure to their cognate antigen is
a phenomenon that has received considerable attention in recent years in both chronic
viral infection and tumor models. In these models, CD8� T cells progressively lose their
capacity to respond to their antigen after repeated stimulations over an extended
period of time, with the affected cells being considered “exhausted” (19–22). This
development of exhausted cells allows the perpetuation of viral infection or tumor
growth. As such, there has been substantial enthusiasm for the development of
immunotherapies to reverse this loss in functionality. The major targets of these
therapies have centered on checkpoint molecules such as programmed death 1 (PD-1)
and cytotoxic T lymphocyte protein 4 (CTLA-4), although numerous others are in
development (23, 24). The specific contributions of individual checkpoint molecules are
not yet fully understood; however, it is generally accepted that increased expression of
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single and/or coexpression of multiple checkpoint molecules results in functional
compromise (25). Therapies blocking these molecules have successfully reinvigorated
exhausted CD8� T cells in animals and the clinic, resulting in more efficient viral/tumor
clearance and increased patient survival (23, 25–28).

Here, we have defined the expression of several classical checkpoint molecules
during HSV-1 latency. We show that while the expression levels of the majority of
assessed molecules are low in ganglionic CD8� T cell populations during HSV-1 latency,
T cell immunoglobulin and mucin domain-containing 3 (Tim-3) is preferentially up-
regulated on functional gB-CD8� T cells rather than impaired Subdom-CD8� T cells.
Although other laboratories have reported similar expression levels of Tim-3 on these
populations (29, 30), our study is the first to correlate the expression pattern of Tim-3
with functionality in this model. We found that Tim-3-positive (Tim-3�) cells can readily
respond to peptide stimulation and are in fact highly multifunctional. Furthermore,
during latency, we were able to modulate Tim-3 expression on TG-resident CD8� T cells
by using strains of the virus with altered expression patterns of viral CD8� T cell
epitopes, suggesting that Tim-3 may serve as a T cell activation marker in this model.
Our data also suggest that functionally compromised cells may acquire this phenotype
during acute infection rather than gradually throughout latency. Collectively, our
results indicate that despite the traditional classification of Tim-3 as an inhibitory
checkpoint molecule, its expression should not automatically imply functional impair-
ment. Instead, Tim-3 expression in the TG may serve as a marker of recent T cell
activation and may be helpful in determining the levels of expression of viral genes
during latency.

RESULTS
Tim-3 and 2B4 are preferentially expressed on gB-CD8� T cells during latent

HSV-1 infection. The expression of a single checkpoint molecule does not necessarily
indicate functional impairment; however, the simultaneous expression of multiple
checkpoint molecules is a hallmark of CD8� T cell exhaustion (25). Our laboratory has
recently shown that during latent HSV-1 infection within the TG, CD8� T cells recog-
nizing 18 subdominant epitopes from HSV-1 viral proteins (Subdom-CD8� T cells)
collectively express high levels of the inhibitory checkpoint molecule PD-1. In contrast,
CD8� T cells specific for the immunodominant epitope gB498 –505 (gB-CD8� T cells)
found in the same TGs express low levels of PD-1 (31). The expression of other
checkpoint molecules on TG-CD8� T cells remained largely unknown, so we assessed
the expression of six additional checkpoint molecules on gB-CD8� T cells (gB tetramer-
positive cells) and Subdom-CD8� T cells (gB tetramer-negative cells) at latency (33 to
43 days postinfection [dpi]) (Fig. 1A).

Similar to the expression pattern of PD-1, CTLA-4 and B and T lymphocyte attenu-
ator (BTLA) were expressed on a higher percentage of Subdom-CD8� T cells than
gB-CD8� T cells, although overall levels of both checkpoint molecules were relatively
low in both groups (Fig. 1B and C). In addition, gB-CD8� T cells and Subdom-CD8� T
cells had equivalent expression levels of lymphocyte activation gene 3 (LAG3) and T cell
immunoreceptor with Ig and ITIM domains (TIGIT) (Fig. 1D and E). In contrast to PD-1,
CTLA-4, and BTLA expression, a higher percentage of gB-CD8� T cells expressed 2B4
and Tim-3 than Subdom-CD8� T cells (Fig. 1F and G). Therefore, despite the canonical
expression pattern of checkpoint molecules such as PD-1, BTLA, and CTLA-4 on
Subdom-CD8� T cells, which exhibit functional impairment, we show that Tim-3 and
2B4 are enriched on gB-CD8� T cells, which retain functionality throughout latent
infection. These data call into question the association of these molecules with func-
tional exhaustion in this model.

Tim-3 is primarily expressed on PD-1� CD8� T cells in the latently infected TG.
Tim-3 has been shown to mark functionally exhausted CD8� T cells during infection
with lymphocytic choriomeningitis virus (LCMV), HIV, and hepatitis C virus (HCV) as well
as in tumors (26, 32–34). In several of these models, the severity of exhaustion in
Tim-3-expressing cells is dependent on the coexpression of PD-1, with cells expressing
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removed; processed into single-cell suspensions; stained for viability, CD45, CD8, CTLA-4, BTLA, LAG3, TIGIT, 2B4, or Tim-3 and the gB tetramer to
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both checkpoint molecules being notably less functional than cells that express either
PD-1 or Tim-3 alone (26, 34). This is consistent with the idea that functional exhaustion
is a result of accumulating expression of multiple inhibitory checkpoint molecules. It
was previously reported that Tim-3 marks exhausted CD8� T cells in the latent TG
during HSV-1 infection (29, 30); however, we wanted to assess Tim-3 expression on
TG-CD8� T cells that expressed or did not express the canonical exhaustion marker
PD-1. When we assessed the expression of these two checkpoint molecules on CD8�

T cells in the latently infected TG (Fig. 2A), it was apparent that there was little overlap

FIG 1 Legend (Continued)
of the indicated checkpoint molecules on the gB-CD8� T cells and Subdom-CD8� T cells are shown along with the FMO gating control, with a graph from
one representative experiment shown on the right (B to G). In the graphs, bars represent means � standard error of the mean (SEM). Differences between
groups were assessed by unpaired t tests (*, P � 0.05; **, P � 0.01; ****, P � 0.0001). (A) Gating strategy is as follows: lymphocytes were first gated by size,
doublets were excluded, dead cells were excluded, CD45� cells were gated, CD8� cells were gated, and CD8� cells were split into gB-CD8� T cell or
Subdom-CD8� T cell groups by using the gB tetramer before looking at the various checkpoint molecules. FSC, forward scatter; SSC, side scatter. (B)
Expression of CTLA-4 (stained both extracellularly and intracellularly) (n � 5). Data are representative of results from two independent experiments. (C)
Expression of BTLA (n � 6). Data are representative of results from two independent experiments. (D) Expression of LAG3 (n � 14). Data are representative
of results from of two independent experiments. (E) Expression of TIGIT (n � 13). Data are representative of results from two independent experiments.
(F) Expression of 2B4 (n � 6). Data are representative of results from four independent experiments. (G) Expression of Tim-3 (n � 11). Data are
representative of results from 10 independent experiments.
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between the two markers, with fewer than 50 total cells/TG or fewer than 10% of the
CD8� T cells being Tim-3� PD-1� in both the gB-CD8� T cell and Subdom-CD8� T cell
groups (Fig. 2B and C). This lack of strong coexpression between Tim-3 and PD-1, and
the preferential expression of Tim-3 on gB-CD8� T cells and PD-1 on Subdom-CD8� T
cells, indicated that Tim-3 may not be functioning in the typically inhibitory manner
that is seen in most chronic diseases.

As our Tim-3 and PD-1 coexpression data implied that Tim-3 might not be inhibitory
in the latently infected TG, we next wanted to determine if Tim-3 plays a role in CD8�

T cell proliferation, which is often diminished during functional exhaustion (22). After a
2-day in vivo bromodeoxyuridine (BrdU) pulse, we found that levels of proliferation in
Tim-3� cells were not significantly different than those in Tim-3-negative (Tim-3�) cells
in both the gB-CD8� T cells and Subdom-CD8� T cells, implying that these cells are not
exhausted (Fig. 2D). Collectively, these results show that Tim-3 expression is largely
independent of PD-1 expression and further suggest that Tim-3 may not mark cells that
have lost functionality in the latently infected TG.

Tim-3� gB-CD8� T cells are multifunctional after ex vivo stimulation. This study
and previous work (29) showed that Tim-3 was primarily expressed on PD-1-negative
cells (in both gB-CD8� T cells and Subdom-CD8� T cells). Therefore, we were next
interested in determining if Tim-3 was instead preferentially expressed on functional
cells. After stimulation with cognate antigen, the most functionally competent cells can
produce and release multiple factors, including IFN-�, TNF-�, and lytic granules con-
taining GzmB, while functionally exhausted CD8� T cells gradually lose this multifunc-
tionality (35). To determine if the Tim-3� cells in our model were functional, we stained
latently infected TGs with anti-Tim-3 antibody and subsequently stimulated the TGs
with gB peptide-pulsed B6WT3 cells for 6 h along with fluorescently labeled anti-
CD107a and brefeldin A. We then used flow cytometry to identify cells that produced
IFN-� and/or TNF-� and confirmed multifunctionality by assessing lytic granule release
(CD107a�) in responding cells (Fig. 3A). When Tim-3 expression was quantified on the
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responding CD8� T cells (cells that produced IFN-� and/or TNF-� after gB peptide
stimulation), we found that �35% expressed Tim-3 (Fig. 3B). When we calculated the
multifunctionality of Tim-3� cells, we found that �70% of the Tim-3� cells were
multifunctional (IFN-�� TNF-�� CD107a�) (Fig. 3C), which suggested that Tim-3 ex-
pression was not associated with impaired cells but instead appeared to be associated
with functionally competent cells.

Tim-3� cells are functional in vivo. Although our data from Fig. 3 established that

Tim-3-expressing cells were highly functional after peptide stimulation, we were also
interested in further investigating their ability to produce GzmB, which marks activated
CD8� T cells and contributes to the maintenance of viral latency in host neurons by
cleaving the essential HSV-1 protein ICP4 (17). When CD8� T cells from latently infected
TGs were assessed for GzmB expression directly ex vivo, significantly higher percentages
of gB-CD8� T cells expressed GzmB than Subdom-CD8� T cells (Fig. 4A), consistent with
previously reported data (18). When GzmB expression was measured in the Tim-3�

gB-CD8� T cells and Subdom-CD8� T cells, we found that the majority of cells in both
groups were positive for GzmB; however, a higher frequency of Tim-3� gB-CD8� T cells
expressed GzmB� than Tim-3� Subdom-CD8� T cells (Fig. 4B). The percentage of
Tim-3� gB-CD8� T cells that were GzmB� was similar to the percentage of cells that
were multifunctional after stimulation (Fig. 3C), which supported the hypothesis that
Tim-3� cells are functional.

As we had unexpectedly found that the Tim-3� Subdom-CD8� T cells were signif-
icantly less functional in terms of GzmB production than the Tim-3� gB-CD8� T cells,
we assessed whether PD-1 could be modulating this difference, despite the low levels
of coexpression that we observed (Fig. 2). When PD-1� cells were assessed for GzmB
expression, we found that 60% of PD-1� gB-CD8� T cells expressed GzmB, while only
20% of PD-1� Subdom-CD8� T cells expressed GzmB (Fig. 4C). This corroborated our
previous study, which showed a lower overall level of PD-1 expression on gB-CD8� T
cells than on Subdom-CD8� T cells (31). Therefore, the disparity in functionality
between PD-1� gB-CD8� T cells and PD-1� Subdom-CD8� T cells may be due to the
differences in expression levels of PD-1.

With Tim-3� or PD-1� Subdom-CD8� T cells exhibiting a reduced ability to produce
GzmB compared to Tim-3� or PD-1� gB-CD8� T cells, we then proceeded to look more
specifically at (i) Tim-3� PD-1�, (ii) Tim-3� PD-1�, (iii) Tim-3� PD-1�, and (iv) Tim-3�

PD-1� cells with respect to their ability to produce GzmB. In the gB-CD8� T cells, the
subgroup with the highest percentage of cells that produced GzmB was that which
expressed Tim-3 alone (Fig. 4D). Cells coexpressing Tim-3 and PD-1 produced slightly
less GzmB, although the difference was not significant. The Tim-3� PD-1� and Tim-3�

PD-1� subgroups had significantly lower percentages of GzmB� cells than the groups
expressing Tim-3. Like the gB-CD8� T cells, Subdom-CD8� T cells expressing Tim-3 only
had the highest percentage of cells that produced GzmB; however, unlike for gB-CD8�

T cells, we observed a significant decrease in the GzmB expression frequency in both
the Tim-3� PD-1� and Tim-3� PD-1� subgroups compared to the Tim-3� PD-1� group
(Fig. 4E). We conclude from these data that Tim-3 is associated with HSV-1-specific T cell
functionality, while PD-1 is associated with impairment at latency, with cells expressing
both checkpoint molecules exhibiting an intermediate functional phenotype.

Viral gene expression controls Tim-3 expression in the latently infected TG.
Even though lytic viral proteins have not been reliably detected in the latently infected
TG, our laboratory previously showed that only HSV-1-specific CD8� T cells are retained
within the TG during latency and that retention requires antigen expression, leading to
the conclusion that there are consistent low levels of lytic viral gene expression during
latent HSV-1 infection (36, 37). Since we observed that Tim-3 expression was associated
with functionality, we were next interested in determining if changes in antigen
availability during latency could alter Tim-3 expression on virus-specific CD8� T cells. To
investigate this, we manipulated the virus-specific CD8� T cell repertoire and viral gene
expression by using genetically modified strains of HSV-1 expressing different levels of
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FIG 4 Tim-3� cells are functional in vivo. TGs from latently infected mice (33 to 35 dpi) were
removed; processed into single-cell suspensions; stained for viability, CD45, CD8, gB tetramer, Tim-3,
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the gB498 –505 epitope and assessed Tim-3 expression on TG-resident CD8� T cells
during latent infection.

We first used a recently detailed virus (S1L) that contains a single point mutation
within the gB epitope that completely abrogates T cell recognition of gB498 –505 and
therefore prevents the priming and expansion of gB-specific CD8� T cells but does not
affect viral fitness or the expression profile of other viral genes (36). This lack of
gB-specific CD8� T cells allows RR1-specific CD8� T cells (RR1982–989 and RR1822– 829) to
expand and infiltrate the TG in greater numbers than in wild-type (WT) infection (36).
We observed that the increase in cell numbers extended beyond acute infection and
into latency (Fig. 5A). With this, we were able to assess alterations in Tim-3 expression
when there are more CD8� T cells responding to the same level of viral gene
expression, which effectively reduces the chances that any one RR1-specific CD8� T cell
would be antigenically stimulated. Tim-3 expression on RR1-CD8� T cells was reduced
in S1L infection compared to wild-type infection, and there was a concurrent reduction
in GzmB expression in the RR1-CD8� T cells in S1L-infected TGs compared to wild-
type-infected TGs (Fig. 5B and C). Despite this, the percentages of Tim-3� RR1-CD8� T
cells that were GzmB� remained similar between the two infections (Fig. 5D). While it
is unknown how the presentation of viral epitopes on major histocompatibility complex

FIG 4 Legend (Continued)
groups (n � 11). The experiment was repeated an additional five times, with similar results. Differ-
ences were assessed by unpaired t tests (A to C) or one-way ANOVAs with Tukey’s posttests (D and
E) (***, P � 0.001; ****, P � 0.0001). (A) Percentages of cells in gB-CD8� T cell and Subdom-CD8� T
cell groups that are GzmB�. (B) Percentages of Tim-3� cells in gB-CD8� T cell and Subdom-CD8�

T cell groups that are GzmB�. (C) Percentages of PD-1� cells in gB-CD8� T cell and Subdom-CD8�

T cell groups that are GzmB�. (D) Percentages of gB-CD8� T cells in Tim-3/PD-1 quadrants that are
GzmB�. (E) Percentages of Subdom-CD8� T cells in Tim-3/PD-1 quadrants that are GzmB�.
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(MHC) molecules may change when the gB498 –505 epitope is deleted and how this may
influence the total number of cells that are stimulated, overall Tim-3 expression, albeit
reduced in S1L infection, continued to correlate with the expression pattern of GzmB.
Therefore, we can conclude from these data that Tim-3 expression is likely linked with
recent antigenic stimulation of TG-resident CD8� T cells.

We next sought to determine if increasing the expression of viral antigen within the
TG could result in an upregulation of Tim-3. To study this, we made use of two viruses
that express four copies of the gB epitope under the control of the viral promoter ICP0
or gC (B. R. Treat, S. M. Bidula, R. L. Hendricks, and P. R. Kinchington, submitted for
publication). Compared to the wild-type virus, TGs infected with these viruses main-
tained a similar frequency of gB-CD8� T cells during latency; however, significantly
higher percentages of gB-CD8� T cells expressed Tim-3 in the gC- and ICP0-infected
TGs (Fig. 5E and F). The gB-CD8� T cells in the ICP0- and gC-infected TGs also had
significantly higher percentages of GzmB expression while maintaining similar percent-
ages of Tim-3� cells that were GzmB� (Fig. 5G and H). Since these viruses express
higher levels of the gB antigen but the TGs possess similar numbers of gB-CD8� T cells
to WT infection, these results suggest that increasing antigen availability to the
gB-CD8� T cells increases the expression of Tim-3 on the gB population as a whole.
These data, together with the data from the S1L virus, support the notion that Tim-3
expression correlates with the overall level of T cell stimulation during HSV-1 latency.

Tim-3� cells preferentially upregulate genes that are associated with T cell
activation. Before regulating functional impairment in models of chronic viral infection

or persistent tumors, checkpoint molecules are transiently expressed after T cell
activation and may function in tempering the response to their cognate antigens
during acute infection (38). As Tim-3 was preferentially upregulated in functional cells
during latent infection, we next assessed whether Tim-3 expression was associated with
functionality during acute infection. To do this, we used NanoString technology to
compare the transcriptional profiles of fluorescence-activated cell sorter (FACS)-sorted
Tim-3� PD-1� cells and Tim-3� PD-1� cells within the gB-CD8� T cells and Subdom-
CD8� T cells from TGs at 8 days postinfection, when latency has just been established
and the immune infiltrate has peaked. As we observed in latency, granzymes were
upregulated in Tim-3-expressing cells from both groups, indicating effector function-
ality (Fig. 6A and B). This was further supported by the upregulation of genes such as
Notch1, Zap70, and Runx3, all of which are known to contribute to T cell activation
(39–41). When we compared Tim-3� PD-1� gB-CD8� T cells to Tim-3� PD-1� Subdom-
CD8� T cells, we found that there was an overall upregulation of genes associated with
T cell functionality in the gB-CD8� T cell population, which was consistent with a higher
level of functionality during latency (Fig. 6C). This is indicative of very early differences
between the gB-CD8� T cells and Subdom-CD8� T cells rather than an acquired loss of
functionality during latency, as is typical during chronic viral infection.

Tim-3� cells are functional at early times postinfection. Since Tim-3 and PD-1

appeared differentially regulated in the TG during latency, and our transcriptional
analysis indicated that Tim-3 expression at early times postinfection was associated
with the transcription of genes that are generally involved in T cell activation, we next
evaluated the relationship between Tim-3, PD-1, and GzmB at early times postinfection.
Despite PD-1 being primarily expressed on Subdom-CD8� T cells during latency, a
higher frequency of gB-CD8� T cells expressed PD-1 than Subdom-CD8� T cells during
the acute response at 8 days postinfection (Fig. 7A and B). Of note, the expression
patterns of PD-1 and GzmB were different between gB-CD8� T cells and Subdom-CD8�

T cells, with most PD-1� cells in the gB-CD8� T cell group also expressing GzmB,
consistent with transient upregulation after activation. In contrast, there was a distinct
population of PD-1� cells that were GzmB� in the Subdom-CD8� T cell group (Fig. 7A).
Accordingly, a higher percentage of PD-1� gB-CD8� T cells expressed GzmB than
PD-1� Subdom-CD8� T cells (Fig. 7C). Furthermore, the levels of PD-1 expression were

Carroll et al. Journal of Virology

January 2020 Volume 94 Issue 2 e01132-19 jvi.asm.org 10

https://jvi.asm.org


significantly higher in GzmB� Subdom-CD8� T cells than in both GzmB� Subdom-
CD8� T cells and GzmB� gB-CD8� T cells (Fig. 7D).

Like PD-1, the overall percentage of cells expressing Tim-3 was elevated at 8 days
postinfection in both groups, with a significantly higher percentage of cells in the
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gB-CD8� T cell group being Tim-3� than in the Subdom-CD8� T cell group, similar to
what was observed during latency (Fig. 7E and F). Tim-3 and GzmB expression appeared
to be strongly correlated, as over 75% of gB-CD8� T cells expressed both Tim-3 and
GzmB (Fig. 7E). Similarly, when we considered only Tim-3� gB-CD8� T cells, we found
that over 90% of the cells also expressed GzmB (Fig. 7G). Even though a majority of
Tim-3� Subdom-CD8� T cells also coexpressed GzmB, a lower overall frequency of
Tim-3� Subdom-CD8� T cells expressed GzmB than their Tim-3� gB-CD8� T cell
counterparts (Fig. 7G). Despite the differences in GzmB expression between gB-CD8� T
cells and Subdom-CD8� T cells, a consistent observation in latent and acute infection
was that GzmB was preferentially expressed in Tim-3� cells, suggesting that Tim-3 did
not inhibit functionality during HSV-1 infection (Fig. 7H).

During latency, we observed in both the gB-CD8� T cells and Subdom-CD8� T cells
that cells expressing only Tim-3 were the most functional, cells expressing only PD-1
were the least functional, and cells expressing both Tim-3 and PD-1 exhibited an
intermediate functionality, suggesting that Tim-3 was associated with functionality and
that PD-1 was associated with impairment (Fig. 4D and E). At 8 days postinfection, the
Tim-3� PD-1� population made up a much more substantial proportion of the total
CD8� T cells in both groups; however, unlike in latency, the relationship between
Tim-3, PD-1, and GzmB differed between the gB-CD8� T cells and Subdom-CD8� T cells
(Fig. 7I and J). Despite a drop in GzmB expression in Tim-3� PD-1� cells compared to
Tim-3� cells in the gB-CD8� T cells, 80% of Tim-3� PD-1� cells still expressed GzmB
(Fig. 7K). This is consistent with the idea that Tim-3 is associated with functionality and
that PD-1 is transiently upregulated in gB-CD8� T cells upon T cell activation during
acute infection. The Subdom-CD8� T cell group had a somewhat different response in
which both the Tim-3� PD-1� and Tim-3� PD-1� groups had significantly fewer
GzmB� cells than the Tim-3� PD-1� group (Fig. 7L). Together, these data support the
idea that functional impairment in the Subdom-CD8� T cell group may not be a result
of continuous stimulation during latent HSV-1 infection. Instead, our data suggest that
functional impairment may be imprinted on Subdom-CD8� T cells during acute
infection, possibly due to suboptimal priming, resulting in a state of functional impair-
ment that is perpetuated into latency.

DISCUSSION

Checkpoint molecules play an important role in balancing the ability of the adaptive
immune system to rapidly respond to insult while also preventing damaging immu-
nopathology. Not surprisingly, this control is not limited to the action of a single
checkpoint molecule but instead relies on the collective contributions of many such
molecules. Checkpoint molecules can be transiently upregulated after T cell activation
and periodically thereafter when the cell reencounters its cognate antigen. Expression
of these checkpoint molecules can have different effects, ranging from stimulation to
inhibition depending on the expression of ligand(s) (38). In most viral infections, this
control works efficiently, and the infection is quickly cleared. However, in cases of
persistent antigenic exposure, like those found in LCMV or various cancers, the host fails
to clear the infection or tumor, resulting in extended stimulation of T cells and aberrant

FIG 7 Legend (Continued)
with Tukey’s posttests; data in panels K and L were analyzed by one-way ANOVAs with Tukey’s posttests; and data in panels B, C, F, and G
were analyzed by unpaired t tests (*, P � 0.05; ***, P � 0.001; ****, P � 0.0001). (A) Representative dot plots from one mouse showing the
expression of PD-1 and GzmB on gB-CD8� T cells and Subdom-CD8� T cells along with the FMO gating controls. (B) Percentages of cells
in gB-CD8� T cell and Subdom-CD8� T cell groups that are PD-1�. (C) Percentages of PD-1� cells in gB-CD8� T cell and Subdom-CD8� T
cell groups that are GzmB�. (D) Mean fluorescence intensities (MFI) of PD-1 in PD-1� GzmB� and PD-1� GzmB� gB-CD8� T cell and
Subdom-CD8� T cell groups. (E) Representative dot plots from one mouse showing the expression of Tim-3 and GzmB on gB-CD8� T cells
and Subdom-CD8� T cells along with the FMO gating controls. (F) Percentages of cells in gB-CD8� T cell and Subdom-CD8� T cell groups
that are Tim-3�. (G) Percentages of Tim-3� cells in gB-CD8� T cell and Subdom-CD8� T cell groups that are GzmB�. (H) MFI of Tim-3 in
Tim-3� GzmB� and Tim-3� GzmB� gB-CD8� T cell and Subdom-CD8� T cell groups. (I) Representative dot plots from one mouse showing
the expression of Tim-3 and PD-1 on gB-CD8� T cells and Subdom-CD8� T cells along with the FMO gating controls. (J) Total numbers of
CD8� T cells/TG in each of the Tim-3/PD-1 quadrants from panel I. (K) Percentages of gB-CD8� T cells in Tim-3/PD-1 quadrants that are
GzmB�. (L) Percentages of Subdom-CD8� T cells in Tim-3/PD-1 quadrants that are GzmB�.
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upregulation of checkpoint molecules (25, 26, 34, 42, 43). This process then begins to
limit the T cell response, effectively creating a stalemate between the immune response
and the antigenic source.

With both acute and latent life cycles, HSV-1 infection exhibits characteristics of both
a short-term, normally cleared viral infection and a chronic infection. Although actively
replicating virus is cleared quickly from the periphery after primary infection, the virus
infiltrates and establishes latency in host neurons, where it persists for the life of the
host. In its latent state, HSV-1 does not produce infectious virus; however, our labora-
tory and others have shown that low levels of antigenic expression during latency
stimulate ganglion-resident CD8� T cells throughout the life of the host (14, 44–47).
Specifically, we know that CD8� T cells cluster their T cell receptors (TCRs) toward
latently infected TG neurons and that TG-CD8� T cells require periodic antigenic
stimulation to remain within the TG (14, 37, 44). Based on previous studies, one would
expect that these repeated stimulations of virus-specific CD8� T cells would lead to a
loss of function over time (35). Indeed, studies from our laboratory and others have
shown that functional impairment of HSV-1-specific CD8� T cells does occur in the TG
and the brain; however, in the TG, this functional impairment is largely limited to the
50% of CD8� T cells that recognize subdominant epitopes (18, 31, 48). The other 50%
of CD8� T cells that recognize the immunodominant epitope gB498 –505 remain highly
functional and actually become more functional throughout latency (18, 49). Similar to
chronic viral infection models, PD-1 expression demarks impaired CD8� T cells in the
latently infected TG (Subdom-CD8� T cells), and functional CD8� T cells (gB-CD8� T
cells) express little to no PD-1 (31). This disparate phenotype between Subdom-CD8�

T cells and gB-CD8� T cells led us to investigate how functional impairment may
develop in HSV-1 infection. Thus, we sought to identify the expression patterns of other
checkpoint molecules to better understand how they may dictate the level of func-
tionality in HSV-1-specific CD8� T cells.

Using a system in which we can delineate between the largely functional (gB-CD8�

T cell) and functionally impaired (Subdom-CD8� T cell) populations, we found relatively
few differences in the expression of classical checkpoint molecules, with low overall
expression levels of most of these markers in both groups. One exception to this was
Tim-3, which we observed to be expressed in both populations of CD8� T cells.
Conventionally, Tim-3 has been considered to be an inhibitory checkpoint molecule,
with a number of studies showing that Tim-3 expression correlates with functionally
exhausted cells in chronic viral infections, cancer models, and HSV-1 infections (26, 29,
30, 32–34). While the evidence for functional compromise in Tim-3� cells in chronic
viral infections and cancer is compelling, the HSV-1 studies assigning functional com-
promise to Tim-3� HSV-1-specific CD8� T cells lacked substantial functional data to
support the inhibitory nature of the checkpoint molecule (29, 30). In light of recent
evidence that Tim-3 can be stimulatory in some infection models and our previous
observation that half of the CD8� T cells in the latently infected TG remain highly
functional, we were interested in identifying whether Tim-3 expression truly implied
functional compromise during HSV-1 latency (50–53). Our study revealed that cells
expressing Tim-3 or cells negative for both Tim-3 and PD-1 remained highly functional
during latency, while cells expressing only PD-1 appeared functionally compromised.
Together, these data suggest that PD-1 expression denotes functional compromise in
the latently infected TG, while Tim-3 expression may be an effect of recent antigenic
stimulation.

When it became apparent that Tim-3 was not mitigating functionality, we asked if
viral factors were governing Tim-3 expression in the latently infected TG. Using genet-
ically modified viruses, we were able to moderate the levels of antigenic stimulation
during latency. We first showed that the percentage of cells expressing Tim-3 is
reduced when CD8� T cell numbers are increased relative to antigen expression. Next,
by overexpressing antigen, we were able to show that Tim-3 expression increased on
TG-resident CD8� T cells. Collectively, these data led to the conclusion that Tim-3
expression in the TG is governed, in part, by viral gene expression. In this model, Tim-3
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does not appear to regulate T cell functionality; however, our data suggest that Tim-3
expression during latency may be a marker of recent antigenic stimulation. Therefore,
our data support the notion that leaky viral gene expression occurs throughout latency
and that expression of immune activation markers like Tim-3 on CD8� T cells may be
useful for determining which viral genes are expressed in the TG during latency, as the
virus exits latency, and during viral reactivation. It will be intriguing in future studies to
use microscopy to assess the expression levels of Tim-3 and PD-1 on either HSV-1-
specific CD8� T cells that have formed immune synapses with neurons, indicating
active stimulation, or cells that are not associated with neurons and are patrolling
the TG.

While our initial investigations into Tim-3 were focused on latent time points, we
became interested in how Tim-3 may contribute to the T cell response during acute
infection. Transcriptional analysis, as well as functional studies directly ex vivo, showed
that, like in latent infection, Tim-3 expression at early times after activation is associated
with functionality. This was not unexpected, as many checkpoint molecules are tran-
siently upregulated after T cell activation and may serve to hone the functionality of
these responding cells (38). During acute infection, Tim-3� HSV-1-specific CD8� T cells
were highly functional, with about half of these cells concurrently expressing PD-1. In
the Subdom-CD8� T cell group, there was an unexpected, but distinct, population of
PD-1� cells that did not coexpress Tim-3 and had diminished functionality compared
to Tim-3� PD-1� or Tim-3� PD-1� cells. The progression to T cell exhaustion/impair-
ment is usually described as a stepwise reduction in functionality with concurrent
increased expression of inhibitory checkpoint molecules. However, our results suggest
that the T cell impairment observed selectively in Subdom-CD8� T cells at late times
postinfection may be initiated during very early infection and persists into latency. This
implies that T cell impairment can result not only from repeated stimulations but also
from early defects in development, potentially in priming, that are somehow able to
persist despite mechanisms to cull cells with suboptimal performance during activation
and expansion. Previous results from our laboratory have shown that regulatory
cytokines like interleukin-10 (IL-10) may play a role in the disparate functionality
between populations of CD8� T cells, and it will be of interest to determine how
cytokine signaling, in addition to TCR signaling, may affect the expression of checkpoint
molecules and subsequent losses of functionality (18).

Checkpoint molecules are generally ascribed inhibitory or stimulatory roles, and for
molecules such as PD-1 that have clearly defined negative effects on T cell signaling,
their classification as inhibitory is fitting. However, in the case of Tim-3, where down-
stream signaling and even its ligands have yet to be fully elucidated, classification
remains complicated, and claims about inhibition/activation should be supported by T
cell functionality data. Although there has been clear evidence showing that Tim-3 can
indeed function in an inhibitory manner in many viral infections, functional assessment
of Tim-3� CD8� T cells from the latently infected TG, until now, has never been
performed. Our data support an alternative scenario in which Tim-3 is not a dominant
inhibitor or an enhancer of CD8� T cell function but instead marks cells that are
responding to antigenic stimulation and are highly functional.

MATERIALS AND METHODS
Mice. Six-week-old C57BL/6 female mice were purchased from Jackson Laboratories and infected at

7 to 8 weeks of age via administration of 1 � 105 PFU of purified HSV-1 in 3 �l of phosphate-buffered
saline (PBS) onto a cornea that was scarified in a crosshatch pattern using a 30-gauge needle, with the
viral inoculant massaged into the cornea with the eyelids. Prior to infection, mice were anesthetized with
2.5 mg of ketamine and 0.25 mg of xylazine intraperitoneally (i.p.). After infection, 6.25 �g of atipamezole
(Antisedan) was administered i.p. Mice were infected bilaterally, with one eye receiving HSV-1 strain RE
and one eye receiving HSV-1 strain KOS for experiments shown in all figures except for Fig. 5. In Fig. 5,
mice were bilaterally infected with the viruses indicated in the figure legend. For clarity, data in all figures
except Fig. 5 are from RE-infected TGs, as no notable differences were found between the RE- and
KOS-infected TGs. All experimental animal procedures were reviewed and approved by the University of
Pittsburgh Institutional Animal Care and Use Committee, and the animals were handled in accordance
with guidelines established by the Institutional Animal Care and Use Committee.
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Virus. Viruses used were wild-type HSV-1 KOS and RE strains and genetically modified HSV-1 strains
S1L, gC, and ICP0, which were made on the KOS background. The S1L virus lacks the immunodominant
gB498 –505 epitope through the mutation of residue 498 (SSIEFARL to LSIEFARL). Characterization of the
T cell infiltrates to S1L and its construction were recently described (36). The S1L virus was then used to
generate the recombinant gC and ICP0 HSV-1 strains. These viruses contain four copies of the gB epitope
and flanking sequences (residues 494 to 509) linked to enhanced green fluorescent protein (EGFP) that
is expressed from the indicated viral promoters in the gC locus. The construction and characterization of
these viruses have been described in detail elsewhere (Treat et al., submitted). Briefly, the following
pUC19-based recombinant HSV-1 KOS gC locus-targeting plasmids were constructed: (i) p.gCp-pep4-
EGFP, which contains a 4�gB494 –509-EGFP expression cassette immediately downstream of the native gC
promoter, and (ii) p.gC-ICP0p-pep4-EGFP, which has an interrupted gC promoter and an ectopically
placed ICP0 promoter driving 4�gB494 –509-EGFP expression. Clean virus was then generated by classical
homologous DNA recombination with the above-described linearized gC-targeting plasmids and S1L
infectious viral DNA, followed by three rounds of plaque purification based on gain of fluorescence and
confirmation of recombinant promoter viruses by Southern blotting. Virus strains were prepared as
follows. Flasks with Vero cell monolayers were infected at a multiplicity of infection (MOI) of 0.01 and
monitored until cytopathic effect was observed in more than 90% of cells. NaCl (5 M) was added to the
existing culture medium in each flask to a final concentration of 0.45 M, flasks were rocked for 1 h at room
temperature to release cells into the medium, and cells were collected into 50-ml conical tubes and
centrifuged at 6,000 � g for 10 min at 4°C. Supernatants were then filtered through a 0.8-�m filter,
overlaid onto a 50% sucrose cushion (0.22-�m filtered) in 38.5-ml polypropylene tubes (catalog number
326823; Beckman Coulter), and pelleted at 142,000 � g for 1 h. After careful removal of most of the
supernatant, the virus pellet was resuspended in the remaining sucrose cushion and medium, aliquoted,
and stored at �80°C. Before use, the titers of viral stocks were determined on Vero cells. Promoter
kinetics and epitope expression in the gC and ICP0 HSV-1 strains were confirmed by in vitro gB-CD8� T
cell stimulations with infected B6 fibroblasts at 4, 8, and 24 h postinfection. The strong ICP0 promoter-
driven epitope is detected at 4 h, while no significant gC promoter-driven epitope is detectable until
24 h, as measured by gB-CD8� T cell activation.

Reagents. Ketamine, xylazine, and atipamezole were purchased from Henry Schein. BrdU (catalog
number B5002), DNase I (catalog number D5025), and Liberase (catalog number 5401119001) were
purchased from Millipore-Sigma. Brefeldin A (catalog number B7450), anti-CD45-peridinin chlorophyll
protein (PerCP) (clone 30-F11), anti-CD8-allophycocyanin-H7 or -allophycocyanin-Cy7 (clone 53-6.7),
anti-IFN-�–allophycocyanin (clone XMG1.2), anti-TNF-�–phycoerythrin (PE)–Cy7 (clone MP6-XT22), anti-
CD107a-fluorescein isothiocyanate (FITC) (clone 1DB4), anti-granzyme B-Brilliant Violet (BV) 421 (clone
GB11), and FITC anti-BrdU sets containing FITC anti-BrdU (clone 3D4) and the FITC mouse IgG1 � isotype
(clone MOPC-21), were purchased from BD Biosciences. Anti-Tim-3–PE (clone 215008) was purchased
from R&D Systems. Anti-PD-1–PE–Cy7 (clone RMP1-30) was purchased from BioLegend. Anti-PD-1–FITC
(clone RMP1-30), anti-TIGIT-FITC (clone GIGD7), and anti-LAG3-FITC (clone eBioC9B7W) were purchased
from eBioscience. Anti-CLTA-4 –PE–Cy7 (clone UC10-4F10-11) was purchased from Tonbo Biosciences.
Anti-BTLA-PE-Vio770 (clone REA224) and anti-2B4-VioBright FITC or -allophycocyanin-Vio770 (clone
REA388) were purchased from Miltenyi Biotec. Aqua Live Dead (catalog number L34957) and anti-
granzyme B-allophycocyanin (clone GB11) were purchased from Invitrogen. iScript (catalog number
170-8898) was purchased from Bio-Rad. The NIH Tetramer Core Facility provided the H2-Kb tetramers
containing the immunodominant gB498 –505 peptide conjugated to BV421 and the subdominant
RR1982–989 and RR1822–829 peptides conjugated to allophycocyanin. All peptides were purchased from
Invitrogen. The BD Biosciences Cytofix/Cytoperm kit (catalog number 554714) was used for all intracellular
staining, and the Cytofix/Cytoperm Plus reagent (catalog number 561651) was additionally used for BrdU
staining experiments. B6WT3 fibroblasts were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 5% fetal bovine serum (FBS), 1% penicillin and streptomycin, and 1% GlutaMAX (54). Vero cells
were maintained in DMEM containing 10% FBS, 1% penicillin and streptomycin, and 1% GlutaMAX.

Flow staining. TGs were excised and digested in 100 �l of DMEM containing 0.2 U/ml Liberase for
50 min at 37°C before being triturated into a single-cell suspension. TG suspensions were filtered through
35-�m-filter-top flow tubes and stained for surface markers, gB tetramer, and viable cells with Aqua Live
Dead for 1 h at room temperature in the dark in PBS or PBS containing 10% FBS. For experiments that
included intracellular staining, cells were fixed in Cytofix/Cytoperm for 20 min at 4°C, washed with perm
wash, stained with intracellular antibodies in perm wash for 30 min at 4°C, washed with perm wash, and
resuspended in FACS buffer (1% FBS and 0.1% sodium azide in PBS). For BrdU staining, cells were fixed
in Cytofix/Cytoperm as described above, washed in perm wash, incubated in Cytofix/Cytoperm Plus
reagent for 10 min at 4°C, washed in perm wash, and refixed in Cytofix/Cytoperm for 5 min at 4°C before
being incubated with 0.3 mg/ml DNase I in PBS for 1 h at 37°C. After DNase I treatment, cells were
washed in perm wash, incubated with anti-BrdU antibody for 20 min at room temperature, washed with
perm wash, and washed and resuspended in FACS buffer. For experiments that did not involve
intracellular staining, cells were fixed in 1% paraformaldehyde for 20 min at 4°C, washed in FACS buffer,
and resuspended in FACS buffer before being run.

Stimulations. For stimulation experiments, 1 � 106 B6WT3 cells/ml were pulsed with 0.9 �g/ml gB
peptide in stim medium (RPMI containing 10% FBS, 1% penicillin and streptomycin, and 1% GlutaMAX)
for 60 min at 37°C with 5% CO2, with shaking every 10 min. B6WT3 cells were then washed with stim
medium and resuspended in stim medium containing 5 �g/ml brefeldin A, 50 �M 2-mercaptoethanol,
and CD107a-FITC antibody, and 5 � 105 B6WT3 cells were added to each dissociated TG. Stimulation
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mixtures were incubated for 6 h at 37°C with 5% CO2 and then stained for surface markers and
intracellular cytokines as described above.

NanoString technology. TGs excised from 10 to 12 mice at 8 dpi were dissociated and stained as
described above for viable cells, CD45, CD8, gB tetramer, Tim-3, and PD-1. Since essentially all CD8� T
cells in the HSV-1-infected TG are HSV-1 specific (16), gB tetramer staining was used to gate the CD8�

T cell population into gB-CD8� T cells or Subdom-CD8� T cells, and Tim-3� PD-1�, Tim-3� PD-1�, Tim-3�

PD-1�, and Tim-3� PD-1� cells from each population were sorted into PBS. Cells were pelleted and
resuspended in iScript at a concentration of 250 cells/�l, followed by vortexing for 30 s to lyse cells. The
lysate was then pelleted to clear cell debris and stored at �80°C until use. RNA from 1 �l of this cell lysate
was amplified by using the nCounter Low RNA input kit (NanoString) with 10 cycles of amplification. This
amplified sample was then run with the nCounter PanCancer Immune Profiling Panel. After normalization
to housekeeping genes, the indicated populations were assessed for fold change differences, and a
threshold of a 1.5-fold change averaged over the three experimental replicates (each replicate consisted
of cells from the pooled TGs of 10 to 12 mice for a total of 20 to 24 TGs/replicate) was used to identify
genes of interest in the gB-CD8� T cell population. These genes were further used to assess the
Subdom-CD8� T cell population as well as to compare the gB-CD8� T cells and Subdom-CD8� T cells.

Data analysis. All flow samples were run on a BD FACSAria instrument. Total cell numbers were
determined using counting beads. Gates were set on fluorescence-minus-one (FMO) controls. All flow
analysis was done in FlowJo, and graphs and statistical analysis were done in Prism (GraphPad). Statistical
tests used and numbers for each experiment are indicated in the figure legends.

Data availability. The NanoString data have been deposited in the NCBI Gene Expression Omnibus
(GEO) under GEO series accession number GSE137973.
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