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Abstract

In many infections, especially those that are chronic such as Herpes Simplex Virus-1 (HSV-1), the

outcome may be influenced by the activity of one or more types of regulatory T cells (Tregs).

Some infections can cause Treg expansion, but how viruses might promote preferential Treg

expansion is has been unclear. In this report, we demonstrate a possible mechanism by which HSV

(Herpes Simplex virus-1) infection could act to signal and expands the Treg population. We show

that CD4+ FoxP3+ Tregs up- regulate HVEM (herpes virus entry mediator), which is a binding site

for major viral glycoprotein HSVgD, following HSV infection, which is a binding site for major

viral glycoprotein HSVgD. Recombinant HSVgD enhanced the proliferation of CD4+ FoxP3+

Tregs cells in vitro. Furthermore, compared to wild type (WT), HVEM deficient mice (HVEM−/

−) generated a weaker Treg responses represented by significantly diminished ratios of

CD4+FoxP3+/CD4+FoxP3− cells along with diminished proportions of FoxP3+ Tregs cells co-

expressing Treg activation markers and a reduced MFI of FoxP3 expression on CD4+ T cells.

Consistent with defective Treg responses, HVEM−/− animals were more susceptible to HSV-1

induced ocular immunopathology, with more severe lesions in HVEM−/− animals. Our results

indicate that HVEM regulates Treg responses, and its modulation could represent a useful

approach to control HSV induced corneal immunopathology
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1. Introduction

The magnitude of a T cell mediated immune response to an acute viral infection may be

influenced by the activity of one or more types of regulatory T cells (Tregs)[1], particularly

those that express FoxP3. Whereas the magnitude of protective immunity can be limited by
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Tregs [1], this can be beneficial when the response is immunopathological [2]. Variation in

Treg responses among individuals may contribute to differential infection outcomes, such as

in hepatitis [3]. Moreover, It is not clear if Tregs need to be pathogen-specific in order to

regulate a response [3, 4]. In the case of HSV, several observations have indicated that

antigen specificity is not needed but it remains unclear how non-specific Tregs can become

expanded and activated [1, 2]. Here we report that HSV can expand Tregs by engaging its

gD glycoprotein with the entry molecule HVEM, abundantly expressed on resting CD4+

FoxP3+ Tregs.

It has been shown that HSV infection is largely unchanged in HVEM deficient mice [5] it

remains to be determined whether binding of gD to HVEM has immunomodulatory effects

and how it might benefit the virus in vivo. The functional network of TNF receptor

superfamily members such as HVEM is composed of complex cross-talk between multiple

ligands and multiple receptors, which regulate pleiotropic functions in the immune system

[6]. gD binding to HVEM was shown to be immunomodulatory, as recombinant soluble gD

or fibroblasts expressing gD alone inhibited T cell proliferation. In another study, interaction

of HSVgD with HVEM alters innate events in the murine immune response to infection [7].

HVEM−/− mice showed increased T cell proliferation and cytokine production in response

to antigen specific challenge [8]. HVEM is also involved in NFkB dependent protection

against apoptosis by HSV-1 gD.[9] T cells from scurfy mice, which have truncated form of

FoxP3 [10] lacked HVEM expression even after activation and over expression of HVEM

enhances Treg suppressive function [10] suggesting a role of HVEM in Treg suppressive

function.

Our studies demonstrate that CD4+ FoxP3+ regulatory T cells expand and up regulate

HVEM following HSV-1 infection. Additionally HSV-1gD was detectable in the draining

popliteal lymph nodes (PLN) following footpad infection. Recombinant HSV-1 gD

promoted the proliferative response of sorted FoxP3+ cells in vitro and consistent with this

HVEM−/− animals generated weaker Treg responses represented by significantly

diminished ratios of CD4+FoxP3+/CD4+FoxP3− cells along with diminished proportions of

FoxP3+ cells co-expressing the Treg activation markers, a reduced MFI of FoxP3 expression

on CD4 T cells and a significantly diminished proliferation following HSV-1 infection.

Additionally, HVEM−/− animals were more susceptible to HSV induced corneal

immunopathology and exhibited more severe lesions compared to wild type mice. Our data

points towards a role of gD /HVEM interaction in promoting Treg responses.

2. Materials and Methods

2.1 Mice and Virus

Female C57BL/6 (B6) mice were purchased from Harlan Sprague-Dawley. GFP-Foxp3

knock in mice were a kind gift from Dr. M. Oukka (Brigham and Women’s Hospital,

Harvard Medical School). HVEM knockout mice (HVEM−/−) mice [11] were obtained

from Dr. Carl Ware at Sanford Burnham medical research institute, La Jolla, California and

were bred and maintained in the animal facility at the University of Tennessee. The animals

were housed in American Association of Laboratory Animal Care approved facilities at the

University of Tennessee, Knoxville. All investigations followed guidelines of the
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Institutional Animal Care and Use Committee. HSV-1 strain KOS and HSV-1 strain RE

were grown in vero cells obtained from American Type Culture Collection (Manassas, VA).

The viruses were titrated, and stored in aliquots at −80°C until use.

2.2 Foot pad infection

Mice were injected subcutaneously in each hind footpad (FP) with 2×105 PFU HSV-1 Kos

in 30 μl of phosphate buffered saline (PBS). Mice were sacrificed at various times post

infection and the draining PLN were isolated for analysis.

2.3 Corneal HSV-1 infection and clinical observations

Corneal infections of 6–10 week old C57BL/6 mice were conducted under deep anesthesia

(tribromoethanol). Mice were scarified on their corneas with 27 gauge needles and a 3 μl

drop containing the required viral dose (104 PFU of HSV-1 RE) was applied to the eye. The

eyes were examined on different time points post infection with a slit lamp biomicroscope

(KOWA), and the clinical severity of keratitis and angiogenesis of individually scored mice

was recorded. The scoring system was as described previously [12].

2.4 Antibodies and Reagents

For flow cytometry antibodies purchased from BD biosciences were PerCP-CD4, FITC and

PE anti-FoxP3, APC–anti-CD25 (PC61); CD62 ligand (CD62L), CD44, CD69, CD103. PE-

anti HVEM was purchased from eBioscience. Recombinant HSV-1gD (secreted form of

Herpes Simplex Virus Type 1 Glycoprotein gD Synthesized by Baculovirus-Infected Insect

Cells) [13] and anti- HVEM antibody were kindly provided by Dr. Gary Cohen and Dr.

Roselyn Eisenberg, University of Pennsylvania, Philadelphia. Recombinant human IL-2 was

obtained from Peprotech. Complete RPMI 1640 was used for in vitro cultures. All samples

were collected on a FACS Calibur and data were analyzed using Flowjo software.

2.5 Surface and Bromodeoxyuridine Staining

Surface staining was performed as described previously [14] [15]. For bromodeoxyuridine

(BrdU) staining, the BrdU kit from BD Biosciences was used according to the

manufacturer’s instructions. Briefly, HSV-1 infected mice received i.p. (intra peritoneal)

injection of BrdU (0.8 mg/ml) 1 day before termination of mice. Draining PLN cells were

stained first with anti-CD4 and FoxP3 and subsequently with labeled anti-BrdU mAb.

Samples were acquired on a FACS calibur and samples were analyzed with flowjo software.

2.6 Western blotting

For the detection of HSV-1gD, draining popliteal lymph nodes were dissected at the

indicated time points in 300 μl of RIPA buffer containing protease inhibitor cocktail

(aprotinin, PMSF and sodium orthovanadate), cell debris was removed by centrifugation and

the samples stored at −80°C till used for SDS-PAGE. In brief, after 2 hours of blocking with

3% nonfat milk in TBS, membranes were incubated with 1:1000 dilution of rabbit

polyclonal anti HSV-1gD antibody (Santa Cruz biotechnology) and membranes were then

incubated for 1 hr with secondary antibody coupled to horse raddish peroxidase. Specific
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bands were detected with ImmobilionTM western; Millipore). Membranes were stripped and

then reprobed to detect B actin antibody.

2.7 Cell purification and in-vitro cell culture

CD4+ T cells were purified from Foxp3-GFP knock-in animals using a CD4 T cell isolation

kit, and 1×106 cells were cultured with the indicated concentrations of recombinant

HSV-1gD. In some cultures anti-HVEM antibody (10μg/mL) was added to the cultures. In

additional experiments FoxP3+ cells were sorted from the enriched CD4T cell population

based on the GFP expression. CD4+ FoxP3+ Tregs were incubated with recombinant

HSV-1gD. 48 hours post incubation Tregs in the culture were analyzed by flow cytometry

for the expression of surface activation markers.

2.8 Thymidine incorporation assay

Splenocytes from the naïve GFP-FoxP3 mice were enriched for CD4+ T cells using CD4 T

cell isolation kit according to the manufacturer’s protocol (Miltenyi Biotec, Auburn, CA).

Tregs were sorted from this enriched CD4+ T cell population based on GFP expression.

Sorted CD4+FoxP3+ Treg populations were stimulated with anti-CD3 and recombinant

HSV-1gD at the indicated concentrations. The cells were plated at a density of 5x 105 in 96-

well round-bottom tissue culture plates in a total volume of 200 μl of RPMI medium

(Gibco). Sixteen hours before harvest, [3H] thymidine (1mCi/well; 1Ci=37GBq) was added.

The cells were harvested onto a UniFilter (PerkinElmer). [3H] thymidine incorporation was

measured with a scintillation counter, and the results were expressed as mean cpm from

triplicate cultures.

2.9 Quantitation of HSV-1 in Foot Pad Tissues

The quantitation of HSV-1 in foot pad (FP) tissue was determined as reported by Jennings et

al.[9]. Briefly, the mice were sacrificed at the indicated time post infection (p.i.), the FP

surface was cleaned with 70% isopropyl alcohol, and the tissues were removed with a

scalpel. The tissues were stored in virus diluent (PBS supplemented with 0.6 mM CaCl2, 0.5

mM MgCl2/H2O, 20 mg Phenol red, and 50g gentamicin sulfate per ml) at 80° C. Tissues

were disrupted by homogenization in 1 ml ground glass grinders (Wheaton) and centrifuged,

and the supernatant was used to assay viral titration on vero cells. Finally, plaques were

visualized with crystal violet stain.

2.10 Statistical analysis

using either one-way ANOVA (Dunnett’s post hoc test) or two way ANOVA (Bonferroni

test). Values of p≤0.001 (***), p≤0.01 (**), and p≤ 0.05 (*) were considered significant.

Results are expressed as means ± SD.

3. Results

3.1 Infection with HSV-1 induces FoxP3+ CD4+ regulatory T cell expansion

To follow changes in CD4+ FoxP3+ Treg responses after HSV infection, FoxP3-GFP knock

in mice were used and analysis were performed in draining PLN populations. The infection

changed the absolute numbers of CD4+ T cells enumerated. Within the total CD4+ T cell
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population, CD4+Foxp3− T cells expanded and reached a peak around day 5pi (post

infection) (Fig. 1A), which coincides with the peak effector response [16] during acute

HSV-1 infection in the hind foot pads. This was followed by a steady decline in the number

of PLN CD4+ Foxp3− T cells by day 11 pi (Fig. 1A). In contrast, CD4+ FoxP3+ Tregs

expanded as early as day 5 pi, but reached a peak around day 8pi i.e. after the peak effector

response (Fig. 1B, C, and D). In addition, the numbers of CD4+FoxP3+ cells were relatively

stable resulting in a higher ratio of CD4+FoxP3+ T cells compared to CD4+ FoxP3− T cell

populations at the later time points measured (Fig. 1D, and E).

3.2 HVEM expression is up-regulated on regulatory T Cells following HSV-1 infection

We next examined the expression of HVEM on regulatory T cells as this receptor was

previously shown to be associated with immune regulation and suppressive functions of

Tregs [10]. Our results showed that around 40–50% of CD4+FoxP3+ T cells isolated from

the PLN of naive mice expressed HVEM (Fig. 2A). Notably, the proportion of CD4+FoxP3+

Tregs expressing HVEM increased at different time points in HSV-1 infected mice, with

almost 80–90% of Tregs expressing the receptor in the PLN at 11 days pi (Fig. 2A). In

addition, analysis of the MFI of HVEM on Tregs from day 11 pi showed significant up

regulation of the receptor in infected animals. (Fig. 2B and C). In contrast to the FoxP3+

cells, around 35–40% of CD4+ FoxP3− T cells isolated from PLN of naïve mice expressed

HVEM (Fig. 2D) and the proportion of HVEM- expressing CD4+FoxP3− remained similar

following HSV infection. However, the MFI of HVEM expression on CD4+ FoxP3− cells

was significantly reduced at day 5 pi and at later time points was equivalent to the MFI of

HVEM expression on naïve FoxP3− cells (Fig. 2E).

In some experiments, draining lymph node (DLN) cells from infected FoxP3-GFP knock in

mice were obtained at indicated time points post infection and were stimulated in vitro with

either UV inactivated HSV-1 or anti-CD3/anti-CD28 for 72 hours. HVEM expression was

analyzed on CD4+ FoxP3+ and CD4+ FoxP3− cells by flow cytometry. Our results

demonstrated that HVEM expression was further up-regulated on FoxP3+ CD4+ T cells

(Fig. 3A upper panel) upon stimulation with UV inactivated HSV-1, but not on CD4+

FoxP3− cells (Fig. 3A lower panel). The highest MFI of HVEM expression after UV-

inactivated HSV stimulation was observed when the cells were obtained after day 6 pi (Fig.

3A). Stimulation with anti-CD3/ anti-CD28 did not result in altered HVEM expression

levels on either the FoxP3+ or FoxP3− CD4+ T cells (Fig. 3B).

The expression of HVEM on Tregs in draining PLN populations after foot pad infection

with UV inactivated HSV was also measured. As shown in Fig. 3C, around 50–58% FoxP3+

cells were HVEM positive at day 5 pi, rising to 80–90% of the cells at 8 days pi. This was

followed by a gradual decrease in HVEM expression on FoxP3+ CD4+ T cells by day 11 pi

These results show that HVEM expression is up-regulated in mice immunized with UV

inactivated HSV-1, suggesting a direct role for a viral component in the up regulation of the

HVEM receptor.
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3.3 The Viral ligand (glycoprotein D) of HVEM is expressed in the draining lymph nodes
following HSV-1 infection

Previous studies have shown that gD interacts with HVEM and promotes virus entry [17]

and is expressed on the surface of infected T cells. To explore the mechanism that might be

responsible for triggering Treg expansion, we hypothesized that possibly HSV itself could

trigger Treg expansion. Therefore, experiments were performed to detect if gD is detectable

in the DLN of mice infected with HSV-1. Western blot analysis was performed on the

draining PLN samples obtained from naive and HSV infected animals at day 48, and 72

hours pi. The results showed that PLN homogenates from naive mice completely lacked gD

expression and negligible amounts of gD were detectable at day 2 p.i (Fig. 4A). However

gD was detectable in the PLN samples at 72 hours and later, post HSV-1 infection (Fig. 4A).

3.4 Recombinant HSV-1 gD expands CD4+ FoxP3+ T cells

Given our observations that Tregs expand following HSV-1 infection, that HVEM is

preferentially up-regulated by regulatory T cells and that detectable levels of HSV-1 gD

were present in the DLN, we hypothesized that the interaction of HVEM with its known

viral ligand gD could be of functional significance. To address this question, we enriched

CD4+ T cells (Fig. 4B) from FoxP3-GFP mice and subsequently sorted FoxP3+ cells (Fig.

4C) from this enriched population based on GFP expression. Sorted FoxP3+ cells (2×105

cells) were stimulated with different concentrations of anti-CD3 alone or anti-CD3 plus

recombinant HSV-1 gD in vitro. In the presence of gD, Tregs showed proliferation when

relatively higher but suboptimal concentrations of anti-CD3 was used (Fig. 4D). This

expansion of FoxP3+ cells was reduced when anti-HVEM antibody was added to the culture

suggesting an effect that is mediated by gD binding with HVEM (Fig. 4E). Our results

indicate that in addition to being an entry receptor for HSV, HVEM binding with HSV-1 gD

can trigger proliferation of CD4+ FoxP3+ T cells. Additionally incubation of Tregs with gD

also resulted in increased expression of CD69 (Fig 1S panel A) and CD25 (Fig 1S panel B)

on sorted Tregs.

3.5 HVEM knockout mice generate weaker Treg responses

Our in-vivo and in-vitro observations showed that HSV gD is expressed in the draining PLN

nodes following HSV-1 infection and that gD-HVEM interaction may result in the

expansion of CD4+FoxP3+ regulatory T cells. Therefore to provide in-vivo evidence for the

role of HVEM in Treg activation and expansion, WT and HVEM−/− mice were infected

with 2×105 HSV-1 in the footpad. At the time points examined the frequencies of CD4+ T

cells were significantly higher (p<0.05) in HVEM−/− mice as compared with WT animals

both at day 5.5 (Fig. 5A) and day 8 pi (Fig. 5B). These results are consistent with previous

findings, which showed hyper proliferative CD4+ T cell responses in HVEM−/− mice [8].

However when compared with WT mice the frequencies of CD4+ Foxp3+ T cells were

lower in HVEM−/− mice at day 5.5 (Fig. 5C and E) and these differences became highly

significant at day 8 pi (Fig. 5D and F). In addition, when the representation (ratio of absolute

numbers) of CD4+ FoxP3+ among the CD4+FoxP3− T cells was compared, in HVEM−/−

mice there was significantly lower (p<0.002) Treg to Teff ratios at day 8 pi (Fig. 5I);

however, the ratios did not reach the level of significance at day 5.5 pi (Fig. 5H). In
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addition, the MFI data showed that FoxP3 expression was significantly reduced in CD4 T

cells obtained from HVEM−/− mice as compared to WT mice (Fig. 5G and J).

We next performed BrdU incorporation assay to determine whether the lower frequencies of

CD4+Foxp3+ T cells observed in HVEM−/− mice was due to their reduced proliferative

capacities in-vivo in the absence of HVEM. Our results showed decreased proliferation of

CD4+FoxP3+ T cells in HVEM−/− mice as compared to intact WT mice (Fig. 5K and L).

Not only the ratio of the absolute numbers of CD4+FoxP3+ T cells to CD4+ FoxP3− was

reduced in the HVEM−/− mice but also the proportion of FoxP3+ cells expressing activation

markers was also reduced in HVEM−/− mice. These included CD25 (Fig. 6A and B),

CD103 (Fig. 6C and D), GiTR (Fig. 6E and F), and CD62L (Fig. 6G, H and K), CD44 (Fig.

6I and J), all of which were significantly diminished on Tregs at both day 5.5 and day 8 pi in

the HVEM −/− mice compared to the intact WT animals. A summary of these results is

represented in in (Fig. 6L). Taken together, these data from HVEM−/− mice show that

HVEM is required for the activation and expansion of FoxP3+ regulatory T cells after an

HSV-1 infection.

Consistent with this HVEM knockout animals mounted better immune response (Fig 2S)

compared to the WT animals. HVEM deficient animals showed higher virus specific CD8T

cells (A). Higher proportions of tetramer positive cells were CD44hi and CD62Llo in HVEM

−/− animals (Fig 2S: B, C, D and E). In addition, higher proportions (Fig 2S–F) and

numbers (Fig 2S–G) of IFNγ positive cells along with reduced viral loads (Fig 2S–H) were

also observed in HVEM deficient animals..

3.6 HVEM knockout mice develop enhanced clinical signs of ocular HSV-1 infection

Previous studies demonstrated that Tregs play a modulatory role in the outcome of herpes

stromal keratitis (SK) [18]. Hence, we suspected that animals impaired in Treg induction

would show more severe disease. To test this, WT and HVEM−/− mice were infected via

corneal scarification with 1×104 PFU of HSV-RE and mice were scored daily for

development of SK as mentioned in materials and methods. As shown in Fig. 6M–O,

comparisons of SK severity, HVEM−/− and WT animals showed differences although not at

all time points. Both groups of mice developed SK at comparable levels until day 12 pi (Fig.

6M and N), but by day 15 pi (Fig. 6O), HVEM−/− animals showed significantly higher SK

scores compared to WT animals. Furthermore there was a significantly increased CD4+ T

cell infiltration into the corneas of HVEM−/− animals (Fig. 6P). Another effect observed

was the change in the phenotype of CD4+ T cells in the corneas (Fig. 6Q). Our data showed

that 44.0% of CD4+ T cells in the corneas of WT were positive for CD49d, while around

72% of CD4+ T cells entering the corneas of HVEM−/− animals were positive for CD49d.

CD49d is a molecule involved in the migration of cells to the eye [19] and Tregs have been

shown to modulate CD49d expression in secondary lymphoid organs. These observations

suggest that the weaker Treg responses in HVEM−/− animals result in up regulation of

CD49d on CD4+T cells which in turn results in increased migration and infiltration of

CD4+T cells in the cornea and consequent enhanced pathology.
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4. Discussion

In a previous report, we have shown that HSV infection activates and expands CD4+CD25+

regulatory T cells [1]. In the current study we describe a mechanism by which HSV-1

infection can act to signal and expand the Treg population. We show that CD4+ FoxP3+

regulatory T cells up-regulate HVEM following HSV-1 infection and consistent with this,

primed cells stimulated with UV inactivated HSV kos resulted in further up regulation of

HVEM preferentially on FoxP3+ Tregs. Furthermore recombinant HSV-1 gD, a viral ligand

of HVEM, in presence of IL-2 promoted the proliferation of sorted CD4+FoxP3+ cells, an

effect that was blocked by anti-HVEM antibody. In support of this, HVEM−/− mice

generated weaker Treg responses represented by significantly diminished ratios of CD4+

FoxP3+/CD4+ FoxP3− cells along with diminished proportions of FoxP3+ cells co-

expressing the Treg activation markers, a reduced MFI of FoxP3 expression on CD4 T cells

and a significantly diminished proliferation following HSV-1 infection. These data

collectively suggests a role for gD/HVEM interaction in promoting Treg responses

following HSV-1 infection. Additionally, in a mouse model of the blinding immuno-

inflammatory disease, HSK, our results showed that lesions were more severe in HVEM−/−

mice with higher susceptibility to HSV infection and increased corneal CD4 T cell

infiltration. Hyperproliferative CD4 T cell responses have also been shown in a model of

ConA-mediated T cell-dependent autoimmune hepatitis [8]. Such observations suggest that

HVEM could be added to the arsenal of Treg effector molecules relevant to therapy in

inflammatory conditions.

Several TNFR family members have co-stimulatory effects on T cells and are also

implicated in control of Treg function. In the present study, we report yet another TNFR

family member, HVEM, that is preferentially up-regulated on Tregs and down-regulated on

CD4+Foxp3− (at least at early time points pi) following HSV-1 infection consistent with

previous reports indicating that HVEM is up regulated on Tregs and down regulated on T

effectors upon activation [10]. Interestingly our data points towards the maximum Treg

numbers and HVEM up regulation after the peak of effector responses. Various studies have

established a role for HVEM in Treg function. In one study, HVEM knockout Tregs had

decreased suppressive activity and over expression of HVEM in WT Tregs increased their

suppressive function [10]. Additionally, T cells from scurfy mice were shown to lack

HVEM expression even after activation, suggesting the involvement of FoxP3 in the

regulation of HVEM expression [10]. Our data indicate that the upregulation of HVEM on

Tregs could result from ligand interactions with the viral protein gD. Detection of HSVgD in

the PLN was unexpected but it may be argued that since infected T cells have been shown to

express gD, they may be the source of this protein at this site. However we did not formally

investigate whether T cells in the PLN were the primary source of gD, and thus cannot

exclude other possibilities.

Other studies suggest that HSV-1 gD can modulate the activities of T cells via HVEM

during the viral replication stages of binding, entry, or egress [20–23]. It has been shown

that HVEM is involved in NFkB dependent protection against apoptosis by HSV-1 gD [24].

One consequence of this interaction may be NFkB activation in Tregs, but such effects were

not formally investigated in this study. Soluble gD has also been shown to inhibit T cell
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proliferation [25]. It is conceivable that gD binding to HVEM might be able to deliver

strong negative signals, the outcome of which is manifested as a defect in effector T cell

proliferation [25]. Alternatively our observation might suggest that gD binding to HVEM on

Tregs result in Treg activation and expansion which in turn inhibits effector T cell

proliferation. These possibilities are not mutually exclusive since the same type of receptor

ligand interaction might have different outcomes depending on the cell type, as engagement

of HVEM on T cells by its natural ligands may augment (in the case of LIGHT) or attenuate

(in the case of BTLA or CD160) immune responses [26].

Further support for the immune-modulatory role of gD HVEM interaction came from the

studies using HVEM knockout mice. Tregs from naïve HVEM knockout mice had reduced

frequencies and FoxP3 expression levels compared to the WT animals. However, more

interesting was the observation that following HSV infection the expression levels of FoxP3

increased on WT Tregs but was decreased on the HVEM−/− Tregs. Additionally

significantly diminished ratios of CD4+ FoxP3+Tcells to CD4+FoxP3− cells were observed

in the HVEM−/− mice with the differences being more evident at day 8 p.i. (After the peak

of effector responses). This could mean that the absence of gD-HVEM interaction in HVEM

−/− animals further augments the scenario of diminished FoxP3 expression on Tregs already

existing due to lack of HVEM. Perhaps in HVEM−/− animals, HSV-1 is unable to bind

HVEM and modulate the immune system (to activate Tregs and inhibit antiviral responses)

in its favor. These findings were consistent with our in-vitro experiments that utilized

soluble gD with the effects abolished with anti HVEM antibody. It is still not clear whether

Tregs that suppress pathogen specific T-cell responses have to be antigen -specific

themselves. In several infectious diseases, such as Leishmania [27] or hepatitis C virus [28]

pathogen specific Tregs have been found and in some auto-immune diseases, only antigen

specific Tregs were able to suppress autoreactive T cells, whereas non-specific Tregs were

ineffective [29]. However several studies have reported that non-specific Tregs are

efficiently recruited and proliferate in the organs after virus-induced inflammation and can

suppress virus-specific T cell responses [30]. Our report provides one mechanism by which

non-specific Treg activation and expansion might occur. HSV-1 remains a significant cause

of ocular infections and blindness and Tregs have been convincingly reported to influence

the course of HSV-1 induced corneal immunopathology [18, 31–34]. In our attempt to

delineate the impact of defective Treg responses in HVEM−/− animals we observed a higher

susceptibility of these animals to HSV-1 induced ocular immunopathology. This observation

was unexpected as HVEM is an entry mediator for HSV and is in contrast to some other

reports [35, 36]. It could be argued that the differences might be due to the strain and dose of

virus used. Furthermore in previous report nectin-1 knockout animals were more susceptible

to HSV compared to HVEM−/− animals. However our results are consistent with a study

that reported that absence of nectin-1 (but not HVEM) reduced efficiency of infection [37].

In conclusion we have shown that HSV can mediate Treg activation and proliferation by up-

regulating HVEM on Tregs, a molecule that has been attributed to increase the suppressive

ability of Tregs [10]. Additionally HVEM can also serve as a potential target for the

development of immune therapeutic interventions.
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Figure 1. HSV-1 infection results in the expansion of CD4+FoxP3+ regulatory T cells
FoxP3-GFP knock in mice were infected with 2×105 PFU of HSV kos in a 30 μl drop in the

footpad. The kinetics of FoxP3+ Tregs was measured at indicated time points in the draining

PLN following HSV-I infection of the footpad. (A) Bar graphs depicting absolute numbers

of CD4+FoxP3− T cells. (B Representative FACS plot showing Treg frequency in a naïve

animal. (C) Representative histograms showing frequencies of CD4+FoxP3+ Tregs at

indicated time points post HSV infection. (D) CD4+FoxP3+ T cells in the draining PLN of

naïve and HSV infected mice at indicated time points post infection. (E) Ratios of

CD4+FoxP3+/ CD4+FoxP3− T cells at indicated time points are shown. Data are

representative of three independent experiments with 4–5 mice per group in each

experiment. Error bars represent SEM. The level of significance was determined using one

way ANOVA with Bonferroni post hoc settings.
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Figure 2. HVEM expression is up-regulated on regulatory T Cells following HSV-1 infection
Mice were infected with 2×105 PFU of HSV-1 kos and the kinetics of HVEM expression by

FoxP3+ Tregs was measured at indicated time points in the draining popliteal lymph nodes

(PLN) by flow cytometry. (A) Representative FACS plots depicting HVEM expression by

FoxP3+ Tregs. Numbers in the quadrants indicate percent of each subset. (B) HVEM

expression by CD4+FoxP3+ Tregs at indicated time points post infection is shown by

histograms. (C) Bar graphs shows the MFI of HVEM expression on FoxP3+T cells. (D)

Representative FACS plots depicting HVEM expression by CD4+FoxP3− T cells. Numbers

in the quadrants indicate percent of each subset. (E) Bar graphs show the MFI of HVEM

expression on CD4+FoxP3− cells. Data are representative of three independent experiments.

Error bars represent SEM. The level of significance was determined using one way ANOVA

with Bonferroni post hoc settings and student’s t test.
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Figure 3. Further up regulation of HVEM on FoxP3+ Tregs upon in-vitro re-stimulation of
primed cells with UV inactivated HSV kos
FoxP3-GFP knock in mice were infected with 2×105 PFU of HSV kos in a 30 ul drop in the

footpad. Draining PLN cells were isolated at indicated time points p.i and stimulated with

either UV inactivated HSV kos or anti-CD3 (1 mg/ml) anti-CD28 (0.5 mg/ml) for 72 hours.

(A) The cells were then analyzed flow cytometrically for HVEM expression on

CD4+FoxP3+ (upper panel) and CD4+FoxP3− (lower panel) cells. Histograms depicting

HVEM expression by un-stimulated (shaded area) and UV inactivated HSV kos stimulated

(black line). (B) FACS analysis for HVEM expression on CD4+FoxP3+ (upper panel) and

CD4+FoxP3− (lower panel) cells. Histograms depicting HVEM expression by un-stimulated

(shaded area) and anti-CD3 anti-CD28 stimulated (black line). (C) HVEM expression on

CD4+FoxP3+ cells following foot pad immunization of FoxP3GFP knock in animals with

UV inactivated HSV kos is shown.
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Figure 4. HSV-1gD can help to expand Tregs
(A) Expression of HSV-gD in the PLN homogenates obtained at various time points post

infection is shown. CD4 T cells were enriched from the splenocytes of naïve mice using

miltenyi biotech kit and FoxP3+ cells were sorted from enriched CD4 T cell population

based on GFP expression. Representative FACS plots showing presort (B) and post sort (C)

population. (D) CD4+FoxP3+ Treg populations from naive WT mice were stimulated with

anti-CD3 alone, anti-CD3 plus recombinant HSV-1gD, or anti-CD3 plus anti-CD28 at the

indicated concentrations. The proliferation was determined by [3H] thymidine incorporation.
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Tregs proliferated significantly at relatively high concentrations of anti-CD3 with HSV-1gD

compared with anti-CD3 alone (p value). (E) CD4+FoxP3+ Treg populations from naive WT

mice were stimulated with anti-CD3 (1 ug/ml), anti-CD3 (1 ug/ml) plus HSV-1gD (1 ng)

and isotype control antibody, or anti-CD3 plus HSV-1gD (1 ng) and soluble anti-HVEM

Ab (100 ug/ml) as indicated. The proliferation was determined by [3H] thymidine

incorporation. Error bars represent SEM. The level of significance was determined using

student’s t test.
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Figure 5. Diminished representations of CD4+FoxP3+ regulatory T cells in HVEM−/− mice
CD4+ and CD4+FoxP3+ T cell responses were compared among age and gender matched

HSV-1 infected WT and HVEM−/− animals at indicated time points post infection.

Representative FACS plots show CD4+ T cells from WT and HVEM−/− animals in the

draining PLN at day 5.5 (A) and day 8 (B) following HSV-1 kos infection in the footpad.

Representative FACS plots and bar graphs showing CD4+FoxP3+ T cells from WT and

HVEM−/− animals in the draining PLN at day 5.5 (C and E) and day 8 (D and F) following

HSV-1kos infection in the footpad. Bar graphs represent the % CD4+FoxP3+T cells in WT

and HVEM−/− animals at day 5.5 (E) and day 8 (F) post infection. (G) FACS analysis of

CD4 T cell FoxP3 level from WT (black line) or HVEM−/− (shaded area) mice in draining

PLN at indicated time points post HSV infection in the foot pad is shown. Ratios of absolute

numbers of CD4+FoxP3+ cells to CD4+FoxP3− T cells at day 5.5 (H) and day 8 (I) p.i. is

shown. (J) MFI of FoxP3 expression in WT and HVEM−/− animals at day 8 p.i is shown.

HSV-1 infected mice were pulsed with BrdU 12 hours before sacrifice. At day 8 p.i. (K and

L) draining popliteal lymphoid populations were analyzed by FACS for evidence of BrdU

incorporation. Data are representative of three independent experiments with 5 mice per

group in each experiment. (M) Bar graphs show the statistics of the data from 5L. Error

bars represent SEM. The level of significance was determined using student’s t test.
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Figure 6. Co expression of FoxP3+ with the activation markers in WT and HVEM−/− animals
Gated CD4+T cells from draining PLN of WT and HVEM−/− mice were analyzed at

indicated time points by flow cytometry for co expression of the Treg surface markers CD25

(A and B), CD103 (C and D), GiTR (E and F), CD62L with the Treg associated

transcription factor FoxP3 (G and H). (I) Histograms showing CD44 expression on gated

CD4+FoxP3+ cells in WT (black line) or HVEM−/− (shaded area). (J) MFI of CD44

expression on Tregs in draining PLN at day 8 post HSV infection in the foot pad is shown.

(K) Histograms showing CD62L expression on gated CD4+FoxP3+ cells from WT (black

line) or HVEM−/− (shaded area) mice in draining PLN at different time points post HSV

infection in the foot pad is shown. (L) Percentage of CD4+ FoxP3+ cells that are positive
for Treg markers in WT and HVEM−/− animals in draining PLN at indicated time points

is shown. Error bars represent SEM. The level of significance was determined using two

way ANOVA. WT and HVEM−/− mice were infected via corneal scarification with 1×104

PFU of HSV-RE and mice were scored daily for development of SK. HSK scores in WT and
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HVEM−/− animals as measured at day 9 (M), day 12 (N) and day 15 (O) post HSV-1

infection. The data are cumulative of three independent experiments. A single-cell

suspension of the infected corneas was prepared from 6-pooled corneas at day 15 post HSV

infection from WT and HVEM−/− animals. The cells were labeled for CD4 (P) and CD49d

(Q). (R) Bar graphs show the statistics of the data from 5P for CD4 T cells and (S) for
CD49d from 5Q. The numbers on the dot plots indicate the percentages of the cells

expressing the particular markers in WT and HVEM−/− animals.
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