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ABSTRACT Dok-1 and Dok-2 negatively regulate responses downstream of several
immune receptors in lymphoid and myeloid cells. Recent evidence showed that Dok
proteins are essential in the formation of memory CD8� T cells to an exogenous
epitope expressed by vaccinia virus; however, the importance of Dok-1 and Dok-2 in
the control of viral infection is unknown. Here, we investigated the role of Dok pro-
teins in modulating the immune response against herpes simplex virus 1 (HSV-1) in
a mouse model of ocular infection. During acute infection, viral titers in the eye
were similar in wild-type (WT) and Dok-1 and Dok-2 double-knockout (DKO) mice,
and the percentages of infiltrating leukocytes were similar in DKO and WT cor-
neas and trigeminal ganglia (TG). DKO mice exhibited a diminished CD8� T cell
response to the immunodominant HSV-1 glycoprotein B (gB) epitope in the
spleen and draining lymph nodes compared to WT mice during acute infection.
Remarkably, gB-specific CD8� T cells almost completely disappeared in the
spleens of DKO mice during latency, and the reduction of CD8� effector memory
T (Tem) cells was more severe than that of CD8� central memory T (Tcm) cells.
The percentage of gB-specific CD8� T cells in TG during latency was also dra-
matically reduced in DKO mice; however, they were phenotypically similar to
those from WT mice. In ex vivo assays, reactivation was detected earlier in TG
cultures from infected DKO versus WT mice. Thus, Dok-1 and Dok-2 promote sur-
vival of gB-specific CD8� T cells in TG latently infected with HSV-1.

IMPORTANCE HSV-1 establishes lifelong latency in sensory neurons of trigeminal
ganglia (TG). In humans, HSV-1 is able to sporadically reactivate from latently in-
fected neurons and establish a lytic infection at a site to which the neurons project.
Most herpetic disease in humans is due to reactivation of HSV-1 from latency rather
than to primary acute infection. CD8� T cells are thought to play an important role
in controlling recurrent infections. In this study, we examined the involvement of
Dok-1 and Dok-2 signaling proteins in the control of HSV-1 infection. We provide ev-
idence that Dok proteins are required to maintain a CD8� T cell response against
HSV-1 during latency— especially CD8� Tem cells—and that they negatively affect
HSV-1 reactivation from latency. Elucidating Dok-mediated mechanisms involved in
the control of HSV-1 reactivation from latency might contribute to the development
of therapeutic strategies to prevent recurrent HSV-1-induced pathology.

KEYWORDS CD8� T cell, T cell immunity, Dok proteins, herpes simplex virus,
herpesviruses, viral pathogenesis

Following experimental corneal infection of C57BL/6 (B6) mice, herpes simplex virus
1 (HSV-1) replicates in epithelial cells and then spreads to the trigeminal ganglia

(TG) via nerve termini, where it replicates but then ultimately establishes latency in
neurons (1). In humans, reactivation of HSV-1 can lead to recurrent lesions on labial
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mucosa and on the cornea, among other sites, and is associated with HSV-1 stromal
keratitis, which can lead to blindness (2).

Cell-mediated immunity plays a critical role in limiting viral replication and spread in
TG and cornea through the action of cells such as macrophages (3–6), NK cells (7), NKT
cells (8), neutrophils (9), and �� T cells (10). In addition, both CD4� and CD8� T
cell-mediated immune responses are involved in protection against primary HSV-1
infection (11–14). The majority of HSV-1-specific CD8� T cells in lymphoid organs
during acute infection of B6 mice are directed against a single immunodominant
glycoprotein B (gB) epitope (15, 16). During acute infection in an ocular model,
HSV-1-specific CD8� T cells infiltrate sites of infection, namely, the cornea and TG, and
promote viral clearance (17). A proportion of HSV-1-specific CD8� T cells reside in the
TG for the life of the animal and are necessary for the maintenance of HSV-1 latency.
TG-resident HSV-1-specific CD8� T cells display an activated phenotype, form close
contacts with infected neurons (18–20), remain functional (21), and are tissue-resident
memory-type cells (22, 23). In ex vivo viral-reactivation assays, depletion of CD8� T cells
from TG cultures increases reactivation frequency, and CD8� T cells inhibit reactivation
of HSV-1 from latency (24, 25).

Dok-1 and Dok-2, two members of the Dok protein family, are preferentially ex-
pressed in hematopoietic cells and are involved in the negative regulation of signaling
downstream of a variety of immunoreceptors, such as B cell receptor (BCR), T cell
receptor (TCR), Fc receptor (FcR), and Toll-like receptor (TLR) (reviewed in references 26,
27, and 28). T cells and myeloid cells express Dok-1 and Dok-2, while B cells express only
Dok-1 (28). These two closely related Dok family members are involved in the regula-
tion of several cellular processes, such as proliferation, differentiation, and migration.
Using Dok-1- and -2 (Dok-1/2)-deficient mice, biological roles for Dok-1 and Dok-2 have
been demonstrated in antibody responses to thymus-dependent antigens, NK and
hematopoietic cell development and function, innate immune response to lipopoly-
saccharide (LPS), myeloid homeostasis, and leukemia suppression (29–36). In addition,
we recently demonstrated that Dok proteins regulate the CD8� T cell response to an
exogenous epitope expressed by vaccinia virus (VV) (37). In particular, we showed that
Dok proteins negatively regulate the effector function of CD8� effector T cells and play
a critical role in the generation of CD8� memory T cells (37). As mentioned above,
during HSV-1 infection, CD8� T cells are important in controlling the infection, in
particular in maintaining HSV-1 latency (24, 25). In this study, we investigated the
impact of Dok-1 and Dok-2 proteins in a model of HSV-1 ocular infection by comparing
viral clearance, periocular virus-induced disease, and the HSV-1 gB-specific CD8� T cell
response in wild-type (WT) and Dok-1- and Dok-2-deficient mice. Our data demonstrate
that Dok proteins positively control the amplitude of the gB-specific CD8� T cell
response during both the acute and latent phases of HSV-1 infection and are particu-
larly important for the survival of effector memory T (Tem) cells.

RESULTS
Dok proteins are not necessary for the control of HSV-1 replication in the

cornea and TG during acute infection. We tested the functional importance of Dok-1
and Dok-2 for viral replication during acute HSV-1 infection using a murine model of
ocular infection. Dok-1 and Dok-2 double-knockout (DKO) mice and WT control
C57BL/6 mice (referred to here as WT mice) were infected with HSV-1 strain 17, and viral
titers in the eye and TG were measured. We observed similar titers in the tear films of
DKO and WT mice at 1, 2, and 3 days postinfection (dpi) (Fig. 1A). Similar results were
obtained on a different genetic background than C57BL/6 mice, comparing 129/Sv WT
and 129/Sv DKO mice (data not shown). At 3 dpi, viral titers in TG for DKO compared
to WT mice were of the same magnitude, although we noted a modest reduction
(approximately 3-fold lower) for the DKO samples (Fig. 1B). Furthermore, the kinetics of
viral clearance in the eyes, monitored from 2 to 8 dpi, were similar for WT and DKO mice
(data not shown). Thus, our results show that Dok-1 and Dok-2 are not essential for the
control of HSV-1 replication during acute infection.
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HSV-1-induced clinical signs are not mediated by Dok proteins. To assess the
involvement of Dok-1 and Dok-2 in HSV-induced pathology, we scored in a blinded
manner for the severity of disease by daily visual inspection from 4 dpi, when clinical
signs begin to appear, to 18 dpi. Following HSV-1 infection, DKO mice developed
progressive clinical disease that was similar in kinetics to that observed in WT mice (Fig.
2). Although clinical signs were evident in DKO infected mice, we noted a slight
reduction in severity compared to WT mice. There were statistically significant reduc-
tions of scores for the DKO mice compared to WT mice at 6 and 7 dpi, although the
differences were very small (2.0 versus 2.5 at 6 dpi and 2.1 versus 2.7 at 7 dpi), and
inflammatory responses resolved by day 16 in both WT and DKO animals. The influx of
innate and adaptive immune cells in the cornea influences early control of the infection
and virus-induced inflammation (38, 39). The total numbers of leukocytes (CD45� cells)
infiltrating the corneas and TG of DKO and WT mice at 3 and 8 dpi were similar (Fig. 3B
and C). Furthermore, after normalizing each cellular subpopulation to the percentage

FIG 1 Impact of Dok proteins on the control of acute HSV-1 replication in the cornea and TG. Shown is
quantification of virus titers during acute HSV-1 infection in DKO mice and WT mice. (A) Titers of virus
present in tear films of mice 1 to 3 dpi. The data shown were pooled from three independent
experiments (n � 11 mice). (B) Titers of virus present in the TG at 3 dpi. The data are from four
independent experiments. Each symbol represents an individual mouse. Statistical analysis was carried
out using a Mann-Whitney test (*, P � 0.05). The results are shown as means � SEM.

FIG 2 The absence of Dok proteins does not alter overall periocular HSV-induced inflammation. Follow-
ing infection of WT and DKO mice, the mean disease score, as determined on a scale of 0 to 4, was
assessed each day from 4 to 18 dpi. The graph shows the average scores from data pooled over four
independent experiments (n � 26). The value indicated for each day is the mean of the values obtained
for each animal analyzed on that day postinfection. Statistical analysis was carried out to compare values
two by two for WT versus DKO mice at each day using a Mann-Whitney test (*, P � 0.05). The results are
shown as means � SEM.
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FIG 3 Dok proteins do not regulate the influx of leukocytes into the cornea and TG during acute infection. (A) Representative gating strategies for leukocyte
characterization in the cornea and TG. Live cells from WT cornea at 3 dpi were gated for expression of CD45� to identify total leukocytes; CD45� Gr-1Lo-neg cells
were gated for coexpression of CD11b� Ly-6CLo-neg and CD11b� Ly-6CHi to identify monocytes/macrophages and inflammatory monocytes, respectively; and
CD45� cells were gated for coexpression of Gr-1Hi and Ly-6CLo to identify neutrophils. (B) Total numbers (Nb) of leukocytes (CD45�) and the percentages of
monocytes/macrophages (CD11b� Ly-6CLo-neg), inflammatory monocytes (CD11b� Ly-6CHi), and neutrophils (Gr-1Hi and Ly-6CLo) among CD45� cells in corneas
at 3 and 8 dpi. (C) Total numbers of leukocytes (CD45�) and percentages of monocytes/macrophages (CD11b� Ly-6CLo-neg) and inflammatory monocytes
(CD11b� Ly-6CHi) among CD45� cells in TG at 3 and 8 dpi. (B and C) Each symbol represents one mouse, where the two eyeballs (B) or two TG (C) were pooled
prior to analysis. (D and E) Percentages of total CD8� and CD4� T cells among CD45� cells in the cornea (D) and TG (E) at 8 dpi. The data shown represent
the pooled results from three independent experiments, and each symbol represents two mice (D) or one mouse (E). Statistical analysis was carried out using
a Mann-Whitney test. ns, not significant. The results are shown as means � SEM.

Lahmidi et al. Journal of Virology

August 2017 Volume 91 Issue 15 e02297-16 jvi.asm.org 4

http://jvi.asm.org


of CD45� cells, we found similar percentages of inflammatory monocytes and mono-
cytes/macrophages infiltrating in corneas and TG for DKO and WT mice at 3 and 8 dpi
(Fig. 3A to C). The percentages of neutrophils were also similar in corneas of DKO and
WT mice at 3 and 8 dpi (Fig. 3B). In addition, the numbers of CD4� and CD8� T cells
in corneas and TG of DKO and WT mice at 8 dpi were similar (Fig. 3D and E). Together,
these results suggest that early during infection, the absence of Dok proteins does not
have a major impact on the overall periocular HSV-induced inflammation or on
leukocyte influx in the cornea.

Dok proteins positively regulate the HSV-1-specific CD8� T cell response in the
spleen and draining lymph nodes. We tested the importance of Dok proteins in the
expansion of HSV-1-specific CD8� T cells. At 8 dpi, which corresponds to the peak of
the response in WT B6 mice (40), the number of HSV-1-specific CD8� T cells was
assessed using H2Kb gB tetramers corresponding to the immunodominant HSV-1
epitope (15). DKO mice exhibited a significant decrease in the absolute numbers and
percentages of gB-specific CD8� T cells in the spleen (4-fold lower in absolute numbers)
and draining lymph nodes (dLN) (approximately 2-fold lower in absolute numbers)
compared to WT mice (Fig. 4A to C). This decrease was not due to a reduction of total
CD8� T cells in the spleen or dLN because the absolute CD8� T cell numbers were
similar in DKO and WT mice (data not shown). WT and Dok-1 or Dok-2 single-KO mice
exhibited similar absolute numbers of gB-specific CD8� T cells in the spleen at 8 dpi
(data not shown). These results are consistent with previous studies that showed
redundant functions for Dok-1 and Dok-2 (34). We next assessed the gB-specific CD8�

T cell response in the spleen at a time corresponding to a latent infection. At 43 dpi, the
absolute number and percentage of gB-specific CD8� T cells in the spleen were
significantly reduced in DKO mice compared to WT mice (Fig. 4D). Moreover, the
number of gB-specific CD8� T cells in DKO mice was below the level of detection,
producing values similar to those corresponding to background nonspecific tetramer
staining. Thus, our data demonstrate that Dok-1 and Dok-2 proteins are critical for the
maintenance of gB-specific memory CD8� T cells in the spleen.

Dok proteins do not regulate the proportion of effectors and memory CD8� T
cell precursors or the functional abilities of gB-specific CD8� T cells at the effector
phase. We examined if the disappearance of gB-specific CD8� T cells in DKO mice was
due to an inability of gB-specific CD8� T cells to differentiate into memory precursor
effector cells (MPECs). To address this question, we assessed the proportions of
short-lived effector cells (SLECs) and MPECs by evaluating expression of KLRG1 and
CD127 on gB-specific CD8� T cells in the spleen at 8 dpi. The proportion of SLECs
(KLRG1Hi CD127Lo) and the proportion of MPECs (KLRG1Lo CD127Hi) were similar in DKO
and WT mice (Fig. 5A), suggesting that Dok-1 and Dok-2 do not modulate the
proportions of effector and memory CD8� T cell precursors.

To determine if the functional capacity of splenocytes from infected DKO mice was
altered, we examined gamma interferon (IFN-�), tumor necrosis factor alpha (TNF-�),
and granzyme B (GrzB) synthesis in response to stimulation ex vivo with a peptide
corresponding to the HSV-1 gB epitope in the presence of anti-CD107a monoclonal
antibody (MAb) (to detect lytic-granule release). Since there were fewer gB-specific
CD8� T cells in DKO mice, we normalized the IFN-�/TNF-� secretion (IFN-�Hi TNF-�Hi

cells) or cytotoxic response (GrzBHi CD107aHi) to the numbers of tetramer� (Tet�) CD8�

cells present in the spleens of DKO and WT mice. While we observed a small decrease
in the relative numbers of IFN-�Hi TNF-�Hi cells and in the relative cytotoxic response
of gB-specific CD8� T cells in DKO mice compared to those in WT mice, the differences
were not significant (Fig. 5B and C). Although our evidence suggests that the Dok-1 and
Dok-2 proteins do not modulate the functional abilities of gB-specific CD8� T cells,
given the trend we observed, we cannot completely rule out this possibility.

Dok proteins regulate the number of gB-specific CD8� Tem cells in the spleen.
It was possible that HSV-1 infection resulted in the generation of CD8� T cells with
different abilities to survive and to respond to antigen after the effector phase. To
address this possibility, we compared the memory phenotype (CD44high CD62L�
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Tem/CD44high CD62L� central memory T [Tcm] cells) and the rates of proliferation of
gB-specific CD8� T cells in the spleens of HSV-1-infected WT and DKO mice at an early
phase (14 dpi) and at a later phase (33 dpi) of effector-to-memory CD8� T cell
transition. At 14 dpi and 33 dpi, DKO mice had significantly lower percentages of
gB-specific CD8� Tem cells in spleen (Fig. 6A and B) and blood (data not shown) than
their WT counterparts. By 33 dpi, there were 6-fold fewer gB-specific CD8� Tem cells
and 2-fold fewer gB-specific CD8� Tcm cells in the spleens of DKO mice than in those
of WT mice (Fig. 6B). Of note, no such reduction in the number of CD8� Tem cells was
observed in the total CD44� memory CD8� T cell population between WT and DKO
mice at 33 dpi (Fig. 6C).

FIG 4 Dok proteins positively regulate the number of gB-specific CD8� T cells in the spleen and dLN. WT
and DKO mice were infected with HSV-1 or not (Mock), and then spleens or dLN were harvested at the
indicated times and stained with anti-CD3, anti-CD8, and H2-Kb gB tetramers. (A) Representative dot plots
of gB-specific CD8� T cells gated on CD3� cells. (B to D) Frequencies of gB-specific CD8� T cells (%Tet�

CD8� T cells) (top) and absolute numbers of gB-specific CD8� T cells (Nb Tet� CD8� T cells) (bottom) in
the spleen (B) and dLN (C) at 8 dpi and in the spleen at 43 dpi (D). The data shown represent the pooled
results from four (B) or three (C and D) independent experiments. Each symbol represents an individual
mouse. Statistical analysis was carried out to compare values two by two for WT versus DKO mice using a
Mann-Whitney test (***, P � 0.001; **, P � 0.01; *, P � 0.05). The results are shown as means � SEM.
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We also assessed the proportion of actively cycling cells in vivo by giving mice an
injection of bromodeoxyuridine (BrdU) 12 h before harvesting the cells. Staining cells
for BrdU incorporation at 8, 14, and 33 dpi showed that the percentages of cycling
BrdU� WT and DKO gB-specific CD8� cells were very similar (Fig. 6D). This result

FIG 5 Dok proteins do not modulate the proportions of effectors and memory CD8� T cell precursors or the functional abilities of
gB-specific CD8� T cells. (A) (Left) Representative dot plot gated on gB-specific CD8� T cells (Tet� CD8�) showing KLRG-1 and CD127
in the spleen at 8 dpi. (Right) Percentages of SLECs (KLRG1Hi CD127Lo) and MPECs (KLRG1Lo CD127Hi). The data represent the pooled
results from three independent experiments. Each symbol represents an individual mouse. (B and C) WT and DKO mice were infected
with HSV-1 or not (Mock), and splenocytes harvested at 8 dpi were stimulated ex vivo with gB peptide or left in medium (nonactivated
[NA]) for 4 h. (B) Plots gated on CD3� CD8� cells showing IFN-� and TNF-� expression and CD107a and GrzB expression. (C)
Representative graphs showing the percentages of IFN-�� TNF-��, IFN-��, and CD107a� GrzB� cells among Tet� CD8� cells. The
numbers were obtained by dividing the percentage of cytokine� cells in the CD8� CD3� cell population by the percentage of
gB-tetramer� cells before ex vivo stimulation of the cells. The data shown represent results pooled from two independent experiments.
Each symbol represents an individual mouse. Statistical analysis was carried out using a Mann-Whitney test. ns, not significant. The
results are shown as means � SEM.
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indicates that the reduced numbers of gB-specific CD8� T cells in the DKO spleen is due
their reduced survival rather than an impaired proliferative capacity.

Dok proteins positively regulate the numbers of HSV-1-specific CD8� T cells
recruited to the cornea and TG. We showed that Dok-1 and Dok-2 proteins are
required for maintenance of the gB-specific CD8� T cell response in lymphoid tissues.
To determine whether the same effect occurs in nonlymphoid tissues, we extended our
analyses to TG and cornea during acute and latent infection. To ensure sufficient
numbers of cells for accurate counts, two to four TG were pooled for each data point,
and four eyeballs were pooled for each sample tested. We quantified gB-specific CD8�

T cells among CD45� CD3� cells. Although the total numbers of CD8� T cells infiltrat-
ing TG were reproducibly reduced in DKO mice in comparison to WT mice at 8, 14, and
�30 dpi, the numbers did not reach statistical significance (Fig. 7A). Importantly, at 8
and 14 dpi, the percentage of gB-specific CD8� T cells among total CD8� T cells and
the number of gB-specific CD8� T cells were significantly reduced in TG from DKO mice
compared to those from WT mice (approximately 1.5-fold lower and 2-fold lower,
respectively) (Fig. 7B and C). During latency (�30 dpi), the reduction of gB-specific

FIG 6 Reduced numbers of gB-specific CD8� Tem cells are present in the spleens of Dok-1/2 DKO mice. (A) Representative contour plot gated
on gB-specific CD8� T cells (Tet� CD8�) showing CD44 and CD62L in the spleen at 8, 14, and �30 (33 to 48) dpi. (B) (Top) Percentages of
gB-specific CD8� T cells (CD44Hi CD62L�) in the spleen at 8, 14, and �30 (33 to 48) dpi. Each symbol represents an individual mouse. The numbers
below the symbols indicate the means. (Bottom) Absolute numbers of gB-specific CD8� T cells (CD44Hi CD62L�) and gB-specific CD8� T cells
(CD44Hi CD62L�) in the spleen at 8, 14, and �30 dpi. The error bars indicate the standard deviations, and the numbers above indicate the means.
The results are representative of five independent experiments (8 dpi), four independent experiments (�30 dpi), and two independent
experiments (14 dpi), with at least two mice analyzed per condition in each experiment. (C) Absolute numbers of total CD8� T cells (CD44Hi

CD62L� [top] and CD44Hi CD62L� [bottom]) in the spleen at 8, 14, and �30 (33 to 48) dpi. The error bars indicate standard deviations, and the
numbers above indicate the means. (D) Mice were given an intraperitoneal injection of BrdU, and spleens were harvested 12 h after BrdU
exposure. Cells were stained with anti-CD3, anti-CD8, and H2-Kb gB tetramers and then for BrdU incorporation at the indicated times. (Left)
Representative histograms gated on gB-specific CD8� T cells (Tet� CD8�) showing the percentages of BrdU� cells. (Right) Kinetics of percentages
of gB-specific CD8� BrdU� T cells. The data shown are from six to eight mice per condition tested. Each symbol represents an individual mouse.
Statistical analysis was carried out using a Mann-Whitney test (***, P � 0.001; *, P � 0.05; ns, not significant).
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CD8� T cells in DKO TG was even more pronounced (approximately 4-fold lower) (Fig.
7C). In the cornea at 8 dpi, DKO mice also exhibited a significant decrease in the
percentage of gB-specific CD8� T cells among total CD8� T cells (approximately 2-fold
lower). Although not significant, there was a reduction in the numbers of total and of
gB-specific CD8� T cells (3-fold and 4.5-fold lower) (Fig. 7D and E) compared to WT
mice. Just as was seen in the spleen, the proliferation of gB-specific CD8� T cells in the
TG in WT mice was similar to that in DKO mice (Fig. 8A). The PD-1–B7-H1 interaction has
been shown to be important for the survival of CD8� resident T cells in TG (41).
Expression of PD-1 is also associated with reduced functionality (41, 42). We next
determined whether there was a difference in the expression of PD-1 receptor. At 8, 14,
and 33 dpi, PD-1 expression levels on WT and DKO gB-specific CD8� T cells in TG were
similar (Fig. 8B). In addition, the majority of gB-specific CD8� T cells displayed similar
CD44high CD62L� Tem phenotypes in WT and Dok-1/2 DKO TG (Fig. 8C). Likewise, at 33
dpi, the percentages of CD103� gB-Tet� and gB-Tet� CD8� memory resident T cells
were similar in WT and DKO TG (Fig. 8D). In conclusion, in acutely (8 dpi) and latently
(�30 dpi) infected TG, WT and DKO gB-specific CD8� T cells were phenotypically
similar. Moreover, the fold difference found in the frequencies and numbers of gB-
specific CD8� T cells between WT and DKO mice progressively increased during the
contraction phase of the effector cells in the TG. These results suggest that reduced

FIG 7 Dok proteins positively regulate gB-specific CD8� T cells recruited to the cornea and TG. (A to C) WT and DKO mice were infected with
HSV-1, and TG were harvested at 8, 14, and �30 (33 to 48) dpi. The graphs show the total numbers of CD8� T cells per TG (A) and the percentages
and numbers of gB-specific CD8� T cells per TG (C). (B) Representative dot plots of CD45� CD3� cells stained with anti-CD8 MAbs and gB
tetramers at 8 dpi. The data shown are pooled from five independent experiments (8 dpi), four independent experiments (�30 dpi), and two
independent experiments (14 dpi). Each individual symbol corresponds to one or two mice (two or four TG). (D and E) Corneas were harvested
at 8 dpi. (D) Numbers of CD8� T cells per cornea. (E) Representative dot plots of CD45� CD3� cells stained with anti-CD8 MAbs and gB tetramers
(left) and graphs illustrating the percentages and numbers of gB-specific CD8� T cells per cornea (right). The data shown are pooled from three
independent experiments, and each symbol represents two mice (four corneas). Statistical analysis was carried out using a Mann-Whitney test
(***, P � 0.001; **, P � 0.01; *, P � 0.05; ns, not significant). The results are shown as means � SEM.
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FIG 8 Dok-1/2 DKO CD8� T cells in TG are phenotypically similar to WT cells. (A) Mice were given an
intraperitoneal injection of BrdU, and TG were harvested 12 h after BrdU exposure. Cells were stained
with anti-CD3, anti-CD8, and H2-Kb gB tetramers and then for BrdU incorporation at the indicated times.
(Left) Representative histograms gated on gB-specific CD8� T cells (Tet� CD8�) showing the percentages
of BrdU� cells. (Right) Kinetics of percentages of gB-specific CD8� BrdU� T cells. (B and C) Mean
fluorescence intensities (MFI) of PD1 expression on gB-specific CD8� T cells (B) and percentages of
CD62L� gB-specific CD8� T cells (C). (D) (Left) Representative histograms gated on gB-specific CD8� T
cells (Tet� CD8�) and gB tetramer� cells (Tet� CD8�) showing the percentages of CD103� cells at 33 dpi.
(Right) Percentages of CD103� cells gated on gB tetramer� (Tet�) and gB tetramer� (Tet�) CD8� T cells.
The data shown are from six to eight mice per condition tested. Each symbol represents an individual
mouse. Statistical analysis was carried out using a Mann-Whitney test. ns, not significant. The results are
shown as means � SEM.
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numbers of gB-specific CD8� T cells infiltrate the acutely infected TG (8 dpi) in DKO
mice and that the survival of DKO gB-specific CD8� T cells in the TG is reduced
compared to WT cells.

Absence of Dok proteins promotes HSV-1 reactivation from latency in ex vivo
TG cultures. CD8� T cells specific for the immunodominant gB epitope are functional
in latently infected TG and contribute to the control of HSV-1 reactivation from latency
(21, 24). Furthermore, the frequency of HSV-1 reactivation from latency in ex vivo TG
cultures has been shown to correlate inversely with the number of infiltrating CD8� T
cells (25). Since the lack of Dok-1 and Dok-2 proteins caused a decrease in the
proportion and numbers of gB-specific CD8� T cells present in TG during HSV-1 latency,
we tested the impact of Dok proteins on HSV-1 reactivation from latency in ex vivo TG
cultures. At an infectious dose of 5 � 105 PFU/eye, despite the fact that viral DNA was
more readily detected in TG from latently infected WT mice than in TG from DKO mice
(12/13 versus 8/13 HSV-1-positive samples, respectively), reactivation was detected on
average a half day earlier from infected DKO TG than from WT TG (3.6 versus 4.1 days
postexplant) (Fig. 9A). This trend became significant at a lower infectious dose (5 � 104

PFU/eye), where reactivation was detected on average 1.1 days (P � 0.05) earlier for the
DKO TG than for WT TG. Moreover, the percentage of reactivated TG from DKO mice
was significantly greater at 2 and 3 days postexplant than for WT mice (Fig. 9B). As
shown in Fig. 9C, at a high infectious dose, there was a high percentage of CD103�

CD8� T cells in TG of WT mice, while the percentage was significantly lower in TG of
DKO mice (8.9% for WT and 2.9% for DKO mice). Consistent with previous reports, at a
low infectious dose, the percentage of memory-resident CD103� CD8� T cells was

FIG 9 Dok proteins hinder HSV-1 reactivation from latency in ex vivo cultures of TG. (A and B) WT and DKO
mice were infected with 5 � 105 PFU/eye (A) or 5 � 104 PFU/eye (B) of HSV-1, and TG were harvested
following the establishment of latency and dissociated. Half of each TG sample was tested in an ex vivo
reactivation assay by daily monitoring for virus-induced cytopathic effects of Vero cells on which the
dissociated TG was overlaid. The graphs show the percentages of reactivated TG on the indicated days
postexplant. The data shown were pooled from two independent experiments (n � 24 [A] and n � 18 [B]).
Statistical analysis was carried out using a chi-squared test (*, P � 0.05). (C) The other half of each TG tested
in an ex vivo reactivation assay was pooled and analyzed by cytometry to quantify TG-resident CD8� T cells.
(Left) Representative dot plot of TG-resident CD8� T cells (CD8� CD103�) gated on CD45� CD3� cells in
TG at 36 to 39 dpi. (Right) Percentages of TG-resident CD8� T cells per TG at high (5 � 105 PFU/eye) and
low (5 � 104 PFU/eye) infectious doses. The data represent the results from three (5 � 105 PFU/eye) or two
(5 � 104 PFU/eye) independent experiments. Statistical analysis was carried out to compare values two by
two for WT versus DKO mice and for WT mice at two infectious doses using a Mann-Whitney test (*, P �
0.05; ***, P � 0.001). The results are shown as means � SEM.
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reduced compared to that observed for a high infectious dose (25); however, at the
lower infectious dose, the percentage of TG-resident CD8� T cells was too close to the
background nonspecific staining for DKO mice to accurately assess the difference
between WT and DKO samples. Our results suggest that Dok proteins have a negative
impact on HSV-1 ex vivo reactivation from latency.

DISCUSSION

In this study, we examined the roles of Dok-1 and Dok-2 in regulating HSV-1
infection in a mouse model of ocular infection. We found that Dok-1 and Dok-2 are
important for the formation of long-lived HSV-1-specific CD8� T cells in lymphoid and
nonlymphoid organs. We previously reported the importance of Dok-1/2 in memory T
cell formation in response to vaccinia virus expressing OVA peptide using an adoptive-
transfer system of DKO OT-I cells (37). Just as we showed for VV OVA infection, the
number of HSV-specific CD8� T cells in response to HSV-1 infection was diminished at
the peak of the effector response. Thus, the fate of HSV-specific DKO CD8� T cells in the
present study was similar to that obtained with OVA-specific DKO CD8� OT-I T cells
adoptively transferred into WT mice in our previous study. Although we cannot exclude
other hypotheses, this finding suggests that the defect in the formation of gB-specific
CD8� memory T cells in DKO mice is T cell intrinsic. Moreover, we demonstrated that
Dok proteins are dispensable for differentiation of MPECs, suggesting that Dok proteins
do not regulate the differentiation of gB-specific CD8� memory precursor T cells.
Nevertheless, our data clearly indicate that the survival of CD8� Tem cells is more
affected than that of CD8� Tcm cells. Because of the importance of CD8� Tem cells in
protective immunity against herpesvirus infection (43, 44), studies aimed at gaining a
better understanding of how Dok-1/2 deficiency affects the survival of gB-specific CD8�

Tem cells are under way.
In addition to T and B cells, Dok-1 and Dok-2 proteins are expressed in myeloid cells

(28). We have previously shown that in IFN-�-primed macrophages, nitric oxide (NO)
and TNF secretion is reduced in DKO cells (45). Thus, Dok-1/2 deficiency could be
expected to result in less efficient clearing of the virus during acute infection; however,
we found that viral titers in tear films and the kinetics of viral clearance in the eyes were
similar in DKO and WT mice. This observation was consistent with our finding that there
were no statistically significant differences in the degrees of leukocytic infiltration
(monocytes/macrophages, neutrophils, inflammatory monocytes, and T cells) into the
cornea at 3 and 8 dpi in DKO and WT mice. In contrast, we showed that the numbers of
gB-specific CD8� T cells were reduced in the cornea but that Dok-1 and Dok-2 deficiency
did not affect ex vivo functional abilities. Thus, our results imply that although the number
of gB-specific T cells is lower in DKO mice, there were sufficient cells to clear the virus.

We found that reactivation in ex vivo TG cultures was detected earlier for DKO than
for WT mice. This observation was surprising, because viral titers in TG were reduced
during acute infection of DKO mice versus WT mice. Several studies have suggested
that CD8� T cells resident in the TG delay HSV-1 reactivation from latency (24, 25). Thus,
the apparent contradiction of more efficient reactivation despite lower viral titers in TG
during acute infection may be due to the reduced numbers of HSV-1-specific resident
CD8� T cells in DKO TG during the latent phase. It should be noted that we assessed
only the gB-specific HSV-1 CD8� T cell response (15); however, the HSV-specific CD8�

TCR repertoire recognizes other subdominant epitopes (46), and it remains to be
determined if Dok proteins affect the entire HSV-specific CD8� T cell repertoire.
Regardless, subdominant CD8� T cells should not be capable of blocking reactivation,
since TG-resident CD8� T cells specific for subdominant epitopes lose functionality,
whereas those specific for the immunodominant gB epitope exhibit increased func-
tionality in latently infected TG (21). In addition, regardless of the HSV specificity of the
CD8� T cells in latently infected TG, we clearly demonstrated that Dok proteins control
the number of CD8� T cells that harbor a resident phenotype as assessed by the
CD103� marker (23). Thus, Dok-1 and Dok-2 may contribute to protection against
HSV-1 reactivation from latency by controlling the numbers of HSV-specific CD8�
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resident T cells in the TG. Further studies are required to determine whether Dok-
mediated regulation of the kinetics of HSV-1 reactivation is mediated exclusively by
HSV-specific CD8� T cells. In particular, we cannot exclude the possibility that Dok
proteins regulate the functionality or the numbers of cells other than CD8� T cells, such
as CD8�� dendritic cells (DCs), that contribute to the establishment and maintenance
of HSV latency (47, 48). Future studies will help to delineate the precise functions of Dok
proteins in latent HSV-1 infection.

In conclusion, our findings identify Dok-1 and Dok-2 as novel cellular immune
regulators in HSV-1 infection that are important for promoting the maintenance of
HSV-1 gB-specific CD8� T cells. As such, Dok proteins promote latency in TG. Elucida-
tion of the mechanisms by which Dok proteins may hinder HSV-1 reactivation from
latency could provide insights into possible strategies to block HSV-1 reactivation.

MATERIALS AND METHODS
Mice and virus strains. HSV-1 strain 17 was originally provided by Donald M. Coen (Harvard Medical

School). The virus was propagated and titrated on Vero cells as described previously (49). Dok-1-deficient
(Dok-1 KO) mice, Dok-2-deficient (Dok-2 KO) mice, and Dok-1/Dok-2 double-deficient (DKO) mice have
been described previously (37). All colonies were maintained under pathogen-free conditions at the INRS
Centre for Experimental Biology. All animal experiments were performed at the INRS Centre for
Experimental Biology in accordance with institutional good animal care practices.

Flow cytometry reagents. The gB peptide (498SSIEFARL505) was purchased from Genemed Synthesis,
Inc. H-2Kb tetramers complexed with the gB peptide and coupled to phycoerythrin (PE), allophycocyanin
(APC), or brilliant violet 421 were kindly provided by the National Institutes of Health Tetramer Core
Facility (Emory University, Atlanta, GA). Fluorescein isothiocyanate (FITC)-conjugated, Alexa Fluor 700-
conjugated, or APC-conjugated anti-CD8� (clone 53-6.7); APC-conjugated, APC/Cy7-conjugated, or
brilliant violet 421-conjugated anti-CD3� (clone 145-2C11); PE/Cy7-conjugated anti-CD4 (clone GK1.5);
Alexa Fluor 700-conjugated anti-CD45 (clone 30-F11); FITC-conjugated anti-CD107a (clone 1D4B); PE-
conjugated anti-KLRG1 (clone 2F1/KLRG1); FITC-conjugated anti-CD127 (clone A7R34); APC-conjugated
anti-IFN-� (clone XMG1.2); brilliant violet 650-conjugated anti-TNF-� (clone MP6-XT22); PE-conjugated
anti-CD103 (clone 2E7); APC/Cy7-conjugated anti-Ly-6C (clone HK1.4); APC/Cy7-conjugated or PE-
conjugated anti-CD44 (clone IM7); PE-conjugated or PE/Cy7-conjugated anti-CD62L (clone MEL-14);
brilliant violet 605-conjugated anti-CD279 (PD-1 clone 29F.1A12); and 7-aminoactinomycin D (7-AAD)
viability staining solution were purchased from Biolegend. PE-conjugated anti-GrzB (clone NGZB),
APC/Cy7-conjugated anti-Gr-1 (clone RB6-8C5), streptavidin-PE/Cy5, and intracellular fixation and per-
meabilization buffer (plus brefeldin A) were purchased from eBioscience. FITC-conjugated anti-CD11b
(clone M1/70), the FITC BrdU flow kit, and the BD CompBeads Compensation Particles set were obtained
from BD Biosciences.

Murine model of ocular infection. Six- to 12-week-old male mice were deeply anesthetized by
intraperitoneal injection of ketamine (75 mg kg of body weight�1; Bioniche) and xylazine (10 mg kg�1;
Bayer) in saline solution. The corneas of the anesthetized mice were lightly scarified 12 times with a
sterile 30-gauge needle, and each eye was infected with 5 �l of Dulbecco’s modified Eagle’s medium
(DMEM) containing 5 � 105 PFU of virus unless otherwise indicated. Analyses of acute replication in the
eye and TG were conducted essentially as described previously (50). Viral titers were determined for three
mice per condition in the eye and for two or three mice per condition in TG. Back titers of inocula were
verified following infection of the mice. Data points below the level of detection of the experiment were
treated as the limit values for calculation of means.

Disease scoring. Acute disease was assessed visually daily in a blind manner for the indicated period
and scored on a scale of 0 to 4 as follows: 0, no change; 1, mild inflammation (swelling); 2, moderate
inflammation and mild periocular hair loss; 3, severe inflammation, moderate periocular hair loss, and
mild skin lesions; and 4, severe inflammation, severe periocular hair loss, and severe skin lesions.

Flow cytometry and tetramer staining. At the indicated times postinfection (p.i.), spleens and dLN
were removed and dissociated mechanically to obtain single-cell suspensions using 100-�m nylon cell
strainers (BD Falcon). Pooled TG (2 TG equivalents) and pooled eyeballs (4 eyeball equivalents) were
incubated in DMEM containing 51 U/ml of collagenase type 1 (Invitrogen) for 1 to 2 h at 37°C, dispersed
into single-cell suspension by pipetting, and filtered through 40-�m-pore-size filters to remove debris
prior to staining. Spleens and TG were treated with red blood cell lysis buffer prior to their use, as
described previously (37). Single-cell suspensions of various organs were stained with gB tetramers for
30 min at room temperature (RT), followed by cell surface marker staining for 20 min at 4°C in
fluoresence-activated cell sorter (FACS) buffer (phosphate-buffered saline [PBS], 1% fetal bovine serum,
0.05% sodium azide, 2 mM EDTA). For TG and corneas, anti-CD45 was added to permit gating exclusively
on bone marrow-derived cells. Cells were washed and fixed with 1% paraformaldehyde (PFA) and
analyzed by flow cytometry. Dead cells were excluded by selective gating on 7-AAD-negative cells. Data
were acquired on a BD LSR Fortessa (BD Biosciences) and analyzed with FlowJo software (Tree Star) at
the INRS-Institut Armand-Frappier Cytometry Facility.

Flow cytometry and phenotypic analysis. To characterize gB-specific CD8� T cells, dispersed
spleens or TG (pooled TG; 2 TG at 8 and 14 dpi and 4 TG at 33 dpi) were stained with gB tetramers,
followed by cell surface marker staining with anti-CD8�, -CD3�, -CD127, -KLRG-1, -CD44, -CD62L, -PD-1,
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or -CD103 as required, and then fixed as described above. To assess TG-resident CD8� T cells at 36 to 39
dpi, dispersed TG were stained with anti-CD45, -CD8�, -CD3�, and -CD103 and then fixed as described
above. To analyze leukocytes within TG and corneas at the indicated times p.i., single-cell suspensions
were obtained as described above and treated with unconjugated anti-CD16/CD32 for 15 min at RT prior
to surface staining. Neutrophils were identified as CD45� Gr-1Hi Ly-6CLo, inflammatory monocytes were
identified as CD45� Gr-1Lo-neg CD11b� Ly-6CHi, and global monocytes/macrophages were identified as
CD45� Gr-1Lo-neg CD11b� Ly-6CLo-neg.

BrdU incorporation. Mice were injected intraperitoneally with 1 mg BrdU (in PBS). Twelve hours
later, dispersed spleens or TG were stained for cell surface markers, followed by fixation, permeabiliza-
tion, and intracellular staining for BrdU following the manufacturer’s instructions (BD Biosciences).

Intracellular cytokine staining and lytic-granule exocytosis. To assess lytic-granule release, at 8
dpi, single-cell suspensions were prepared from spleens as described above and pulsed with 10�6 M gB
peptide in the presence of FITC-conjugated anti-CD107a MAb and brefeldin A (eBioscience) for 4 h at
37°C and 5% CO2 (51–53). Following stimulation, the cells were stained for surface expression of CD8�

and CD3�, after which they underwent fixation, permeabilization (intracellular fixation and permeabili-
zation buffer; eBioscience), and intracellular staining for IFN-�, TNF-�, and GrzB.

Ex vivo reactivation assays. Following corneal infection of mice and the subsequent establishment
of a latent infection, TG were excised and dissociated as described above at the indicated time points
(between 36 and 39 dpi). Dissociated cells from individual TG were overlaid on a monolayer of Vero cells.
Reactivation for each TG was determined by the appearance of virus-induced cytopathic effect of the
Vero cells, which were monitored for 10 days postexplant.

Statistical analysis. All statistical analyses were performed with GraphPad Prism software using the
Mann-Whitney test; P values of less than 0.05 were considered statistically significant. Graphed results are
shown as means � standard errors of the mean (SEM). For ex vivo reactivation assays, the chi-squared
test was used to determine significant differences (P � 0.05).
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