
JOURNAL OF VIROLOGY, Nov. 2011, p. 11448–11456 Vol. 85, No. 21
0022-538X/11/$12.00 doi:10.1128/JVI.00678-11
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Adaptive and Innate Transforming Growth Factor � Signaling Impact
Herpes Simplex Virus 1 Latency and Reactivation�

Sariah J. Allen,1 Kevin R. Mott,1 Steven L. Wechsler,2,3,4 Richard A. Flavell,5
Terrence Town,6,7* and Homayon Ghiasi1*

Center for Neurobiology and Vaccine Development, Ophthalmology Research, Department of Surgery and Regenerative Medicine
Institute, CSMC—SSB3, Los Angeles, California1; The Gavin Herbert Eye Institute and the Department of Ophthalmology,
University of California Irvine, School of Medicine, Irvine, California2; Department of Microbiology and Molecular Genetics,

University of California Irvine, School of Medicine, Irvine, California3; The Center for Virus Research, University of
California Irvine, Irvine, California4; Department of Immunobiology and Howard Hughes Medical Institute,

Yale University School of Medicine, New Haven, Connecticut5; Departments of Biomedical Sciences and
Neurosurgery, Regenerative Medicine Institute, CSMC, Los Angeles, California6; and

Department of Medicine, David Geffen School of Medicine at
UCLA, Los Angeles, California7

Received 4 April 2011/Accepted 22 August 2011

Innate and adaptive immunity play important protective roles by combating herpes simplex virus 1 (HSV-1)
infection. Transforming growth factor � (TGF-�) is a key negative cytokine regulator of both innate and
adaptive immune responses. Yet, it is unknown whether TGF-� signaling in either immune compartment
impacts HSV-1 replication and latency. We undertook genetic approaches to address these issues by infecting
two different dominant negative TGF-� receptor type II transgenic mouse lines. These mice have specific
TGF-� signaling blockades in either T cells or innate cells. Mice were ocularly infected with HSV-1 to evaluate
the effects of restricted innate or adaptive TGF-� signaling during acute and latent infections. Limiting innate
cell but not T cell TGF-� signaling reduced virus replication in the eyes of infected mice. On the other hand,
blocking TGF-� signaling in either innate cells or T cells resulted in decreased latency in the trigeminal ganglia
of infected mice. Furthermore, inhibiting TGF-� signaling in T cells reduced cell lysis and leukocyte infiltration
in corneas and trigeminal ganglia during primary HSV-1 infection of mice. These findings strongly suggest that
TGF-� signaling, which generally functions to dampen immune responses, results in increased HSV-1 latency.

Transforming growth factor � (TGF-�) is a pleiotropic cy-
tokine that is present on most cell types and acts as a switch to
regulate processes such as immune function, cell proliferation,
and differentiation (14, 67, 68). Mammalian TGF-� consists of
three nonredundant isoforms (�1, �2, and �3), which all share
a high level of homology (14, 43). TGF-� signaling begins with
high-affinity binding to a type II Ser/Thr kinase receptor known
as TGF-� RII (13, 68). This receptor then phosphorylates and
activates a second Ser/Thr kinase receptor, TGF-� RI (13, 75).
Once activated, this heteromeric complex recruits the recep-
tor-associated Smad (r-Smad) proteins 2 and 3 (Smad2/3) and
together with a co-Smad (Smad4) translocates to the nucleus
to mediate transcription of a vast array of genes (39).

Previously, it was shown that TGF-�1 knockout mice survive
only to 3 to 4 weeks of age (35), while the absence of TGF-�2
or -�3 is embryonic lethal (30, 55, 59). To overcome develop-
mental problems associated with the generation of TGF-�
knockout mice and to specifically limit TGF-� signaling to
immune cells, transgenic mice were generated using a domi-

nant negative TGF-� RII (DNR) under innate cell (CD11c) or
T cell (CD4) immune-specific promoters (27, 36). Placement
of the DNR transgene under the control of the CD11c pro-
moter (CD11cdnTGF-RII) results in a specific TGF-� signal-
ing blockade in innate immune cells (36), while CD4 promoter
control (CD4dnTGF-RII) leads to TGF-� signaling inhibition
in CD4� and CD8� T cells (27). Thus, in CD11cdnTGF-RII
mice, the innate immune cells do not respond to TGF-� li-
gands, while T cells do not respond to TGF-� in CD4dnTGF-
RII mice.

Inhibitory molecules such as TGF-� and programmed death
ligand 1 (PD-L1) are involved in tumor resistance to immunity
(61). For example, it was demonstrated that CD4� T cells in
Hodgkin lymphoma are under the inhibitory influence of both
TGF-� and the PD-L1 receptor, programmed death 1 (PD-1)
(11). Cooperativity between these pathways has also been re-
ported; specifically, TGF-� is able to upregulate PD-1 expres-
sion on T cells in vitro (51). Both PD-1 and PD-L1 are markers
of T cell exhaustion (8, 12, 48). In the context of herpes simplex
virus 1 (HSV-1) infection, we recently reported increased
HSV-1 latency in the trigeminal ganglia (TG) of latently in-
fected mice that correlated with increased expression of PD-1
and PD-L1 (3). We also showed that immunization with dif-
ferent HSV-1 antigens can alter T cell exhaustion in latently
infected mice (5), although the relationship between HSV-1
latency and T cell exhaustion is not well understood. Nonethe-
less, the above studies led us to hypothesize potential interplay

* Corresponding author. Mailing address for Homayon Ghiasi: Cen-
ter for Neurobiology and Vaccine Development, SSB Room 362, Ce-
dars-Sinai Medical Center, 8700 Beverly Blvd., Los Angeles, CA
90048. Phone: (310) 248-8582. Fax: (310) 423-0302. E-mail: ghiasih
@cshs.org. Mailing address for Terrence Town: Regenerative
Medicine Institute, SSB Room 361, Cedars-Sinai Medical Center, 8700
Beverly Blvd., Los Angeles, CA 90048. Phone: (310) 248-8581. Fax:
(310) 248-8066. E-mail: townt@cshs.org.

� Published ahead of print on 31 August 2011.

11448



between PD-1/PD-L1 and TGF-� in the context of HSV-1
infectivity and reactivation after latency.

It was previously shown that upregulation of TGF-� in-
creases susceptibility to HSV-1 infection in mice (34). How-
ever, due to the presence of TGF-� receptors on most cell
types, those authors were unable to determine which cellular
subset(s) was responsible for the effect of TGF-� on HSV-1
infection. To determine if TGF-� signaling played an immune
cell type-specific role in controlling HSV-1 infection, we in-
fected both CD11cdnTGF-RII and CD4dnTGF-RII mice (27,
36, 37). Our findings indicate that blocking TGF-� signaling in
either innate cells or T cells reduces latency and reactivation in
mice ocularly infected with HSV-1, as determined by latency-
associated transcript (LAT) expression levels and TG explant
reactivation. These differences were not due to increased
apoptosis, cell death, or leukocyte infiltration during primary
infection in the eyes and TG of CD4dnTGF-RII mice. Thus,
TGF-� affects HSV-1 latency via actions on both innate and
adaptive immune compartments.

MATERIALS AND METHODS

Virus, mice, and infection. Plaque-purified wild-type (WT) HSV-1 strain McK-
rae was grown in rabbit skin (RS) cell monolayers in minimal essential medium
(MEM) containing 5% fetal calf serum (FCS). Methods utilized were as previ-
ously described (49, 52).

CD11cdnTGF-RII and CD4dnTGF-RII transgenic mice that express a dom-
inant negative form of TGF-� RII under the control of either the CD11c (36) or
CD4 promoter (27), respectively, were bred in-house. Both strains of mice were
backcrossed at least 12 times onto a C57BL/6 background. As such, WT C57BL/6
mice were purchased from Jackson Laboratories and used as controls. All animal
procedures adhered to the Association for Research in Vision and Ophthalmol-
ogy (ARVO) statement for the Use of Animals in Ophthalmic and Vision
Research and according to institutional animal care and use guidelines.

Mice were infected ocularly with 2 � 105 PFU of the McKrae HSV-1 strain.
Virus was suspended in 2 �l of tissue culture medium and administered as an eye
drop without prior corneal scarification.

Titration of virus in tears and trigeminal ganglia. Transgenic and WT
C57BL/6 mice were infected as described above. Tear films were collected from
both eyes of either 5 or 10 mice per group at various times, using a Dacron-
tipped swab (19). Each swab was placed in 0.5 ml of tissue culture medium and
squeezed, and the amount of virus was determined by a standard plaque assay on
RS cells. In a subset of infected mice on days 3 and 5 postinfection (PI), 3 mice
per group were euthanized, and individual TG were isolated for a total 6 TG per
group per time point. Individual TG were homogenized, cellular debris was
removed, and viral titer in supernatants was measured by standard plaque assay
on RS cells as described previously (20, 24).

Monitoring eye disease. The severity of blepharitis and corneal scaring (CS)
was scored in a masked fashion by examination with a slit lamp biomicroscope
following the addition of 1% fluorescein as eye drops. Disease was scored on a
0 to 4 scale (0 � no disease and 1 � 25%, 2 � 50%, 3 � 75%, and 4 � 100%
involvement) as we described previously (19).

In vitro explant reactivation assay. Mice were sacrificed at day 30 postinfec-
tion, and individual TG were removed and cultured in tissue culture medium.
Aliquots of medium were removed from each culture daily for up to 12 days and
plated on indicator cells (RS cells) to assay for the appearance of reactivated
virus as previously described (44). As the medium from the explanted TG
cultures was plated daily, the time at which reactivated virus first appeared in the
explanted TG cultures could be determined.

Fluorescence-activated cell staining of isolated cells from cornea and TG.
Corneas or TG from 3 mice per group were harvested on days 3 and 5 PI. Tissues
were digested in a phosphate-buffered saline (PBS) solution containing collage-
nase type I (3 mg/ml; Sigma-Aldrich, St. Louis, MO) and incubated for 2 h at
37°C with trituration approximately every 30 min, according to our previously
described methodology (47). The recovered cells were washed and stained for
necrosis with 7-amino-actinomycin-D (7-ADD), for apoptosis with phycoerythrin
(PE)-annexin V, and for leukocytes for PE–Cy7–anti-CD45 antibodies together
for 1 h. Following fixation, cells were washed twice in BD-Perm/Wash, resus-
pended in 4% paraformaldehyde, and analyzed using multicolor fluorescence-

activated cell sorting (FACS) five-laser LSR II instrumentation (Applied Bio-
systems, Foster City, CA).

RNA extraction, cDNA synthesis, and TaqMan RT-PCR. Individual TG from
mice that survived ocular infection were collected at day 30 postinfection and
immersed in RNAlater stabilization reagent and stored at �80°C until process-
ing. Tissue processing, total RNA extraction, and RNA yield were carried out as
we have described previously (45, 46). Primer-probe sets consisted of two unla-
beled PCR primers and the 6-carboxyfluorescein (FAM) dye-labeled TaqMan
MGB probe formulated into a single mixture. The assays used in this study were
as follows: (i) CD4, ABI assay identifier Mm00442754_m1, amplicon length of 72
bp; (ii) CD8 (� chain), ABI assay identifier Mn01182108_m1, amplicon length of
67 bp; (iii) PD-1 (also known as CD279), ABI identifier Mm00435532_m1,
amplicon length of 65 bp; (iv) Tim-3, ABI identifier Mm00454540_m1, amplicon
length of 98 bp; (v) interleukin-21 (IL-21), ABI Mm00517640_m1, amplicon
length of 67 bp; (vi) IL-2, ABI assay identifier Mm00434256_m1, amplicon length
of 82 bp; (vii) gamma interferon (IFN-�), ABI assay identifier Mm00801778_m1,
amplicon length of 101 bp; and (viii) tumor necrosis factor alpha (TNF-�), ABI
identifier Mm00443258_m1, amplicon length of 81 bp. The custom-made primer
and probe sets for LAT were forward primer 5	-GGGTGGGCTCGTGTTACA
G-3	, reverse primer 5	-GGACGGGTAAGTAACAGAGTCTCTA-3	, and
probe 5	-FAM-ACACCAGCCCGTTCTTT-3	, with an amplicon length of 81
bp, corresponding to LAT nucleotides (nt) 119553 to 119634. Quantitative real-
time PCR (qRT-PCR) was performed using an ABI PRISM 7900HT sequence
detection system (Applied Biosystems, Foster City, CA) in 384-well plates as we
described previously (4, 5). GAPDH (glyceraldehyde 3-phosphate dehydroge-
nase) RNA was used for the normalization of transcripts.

Statistical analysis. Student’s t test, analysis of variance (ANOVA), and chi-
squared tests were performed using the computer program Instat (GraphPad,
San Diego, CA). Results were considered statistically significant when the P
value was 
0.05.

RESULTS

Effect of TGF-� immune signaling on ocular viral clearance,
eye disease, and survival in HSV-1-infected mice. A total of
32 CD4dnTGF-RII (in four separate experiments), 21
CD11cdnTGF-RII (in three separate experiments), and 31 WT
C57BL/6 (four experiments) mice were ocularly infected with
2 � 105 PFU/eye of HSV-1 strain McKrae. Tear films from 20
eyes/group were collected daily on day 1 to day 5 post-ocular
infection, and the amount of virus in each eye was determined
by standard plaque assay. No significant differences were de-
tected between CD4dnTGF-RII and WT groups, while
CD11cdnTGF-RII mice had significantly lower levels of virus
replication than both the CD4dnTGF-RII and WT groups
from days 1 to 5 post-ocular infection (Fig. 1A). Thus, the
absence of TGF-� signaling in innate cells but not in T cells
resulted in enhanced HSV-1 clearance from the eyes of
CD11cdnTGF-RII mice.

Upon examination of eyes for corneal scarring (CS) at day
30 postinfection, there was an apparent trend toward reduction
in both transgenic lines versus the WT, although this did not
reach statistical significance between groups (Fig. 1B; P � 0.05,
Student’s t test). Thus, blocking TGF-� signaling in either
immune compartment clearly did not lead to immunopatho-
genesis or exacerbated CS and perhaps even further reduced
already modest HSV-1-induced corneal pathology present in
WT mice. Finally, survival of mice in each group following
ocular infection with HSV-1 strain McKrae was determined at
day 30 postinfection. All (32 of 32) of the mice in the
CD4dnTGF-RII group, 20 of 21 in the CD11cdnTGF-RII
group, and 29 of 31 in the WT group survived ocular infection
(data not shown). These differences were statistically insignif-
icant (P � 0.05; Fisher’s exact test). Overall, our results suggest
that the absence of TGF-� signaling did not affect CS or
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survival but did reduce virus replication in the eyes of
CD11cdnTGF-RII mice.

To determine the effect of TGF-RII signaling deficiency on
viral titers in the TG, 6 mice per group were infected ocularly
as described above. On days 3 and 5 PI, TG were harvested and
individually homogenized, and standard plaque assays were
performed as described in Materials and Methods. On day 3
PI, TG from CD4dnTGF-RII mice had less infectious virus
than those from WT mice (Fig. 1C; P � 0.04, Student’s t test).
However, by day 5 PI, the differences were not statistically
significant (Fig. 1C; P � 0.08). Thus, in contrast to the virus
replication in the eyes of CD4dnTGFRII mice, on day 3 (but
not day 5) PI, less virus was detected in the TG of infected mice
than in the TG of WT mice, suggesting that a different mech-
anism may be involved in virus clearance in the eyes compared
to that in TG.

Absence of TGF-� signaling in immune cells reduces the
establishment of HSV-1 latency. In contrast to lytic infection,
during latency the latency-associated transcript (LAT) RNA
species is the only gene product that is consistently detected in
abundance after HSV-1 infection (16, 57, 63, 70). In general,
the level of LAT expression directly correlates with the inci-
dence of recurrence and subsequent induction of eye disease
(4, 5, 44, 47). To determine if the absence of TGF-� signaling
altered latency, LAT expression was measured in TG from the
three groups of mice described above on day 30 post-ocular
infection. TaqMan RT-PCR was performed on individual TG
RNAs, and LAT copy number was determined for each group.
Results indicated that the absence of TGF-� signaling in both
CD4dnTGF-RII and CD11cdnTGF-RII mouse groups re-
duced the level of LAT by at least 7-fold in relation to that of
their WT counterparts (Fig. 2; P 
 0.01 for each comparison).
Thus, the absence of TGF-� signaling in either the innate or
adaptive immune compartments significantly reduced the
amount of LAT in latently infected TG.

Effect of the absence of TGF-� immune signaling on in vitro
reactivation of latent virus. The RT-PCR analyses described
above suggested that the absence of TGF-� signaling in im-
mune cells reduced LAT expression in the TG of latently
infected mice. We therefore investigated whether this reduc-
tion in the level of LAT correlated with amelioration of latent
virus reactivation. To test this, TG were harvested from the

FIG. 1. Effect of TGF-� immune signaling absence on virus repli-
cation and corneal scarring (CS) in ocularly infected mice. (A) Virus
titers in mouse eyes following ocular infection. CD11cdnTGF-RII,
CD4dnTGF-RII, and WT mice were infected ocularly, and the pres-
ence of HSV-1 was monitored daily as described in Materials and
Methods. For each time point, the virus titer (y axis) represents the
average of the titers from 20 eyes. The error bars represent the stan-
dard errors of the means (SEM). Asterisks indicate significance (P 

0.05) when titers are compared between groups by Student’s t test.
(B) CS following ocular infection. CS in ocularly infected mice was
measured on day 28 post-ocular infection. CS (y axis) represents the
average disease from 64 eyes in CD4dnTGF-RII, 40 eyes in
CD4dnTGF-RII, and 58 eyes in WT mice. The error bars indicate the
SEM. (C) TG viral titer. CD4dnTGF-RII and WT mice were ocularly
infected as described above, and the amount of infectious HSV-1 in
the TG was determined on days 3 and 5 PI as described in Materials
and Methods. For each time point, the virus titer (y axis) represents the
average (�SEM) of the titers from 6 TG per time point.
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three groups of mice on day 30 postinfection, and the kinetics
of virus reactivation were measured in explanted TG. The
average reactivation times (�standard deviations) were 6.7 �
0.2 days for the CD11cdnTGF-RII group and 7.4 � 0.2 days
for the CD4dnTGF-RII group, while the average for WT mice
was 3.4 � 0.3 days (Fig. 3). These results indicate that the
absence of TGF-� immune signaling results in a significant
(P 
 0.0001) reduction in reactivation of latent virus. This
result can possibly be explained by lower virus load in the TG
of latently infected mice, which is consistent with the effects of
TGF-� signaling on the level of LAT as measured by RT-PCR
and as shown in Fig. 2. Alternatively, reduced explant reacti-
vation in the two transgenic mouse lines could be due to the
lack of TGF-� signaling (i) inhibiting explant-induced reacti-
vation, (ii) reducing the establishment of latency in TG and
resulting in slower explant-induced reactivation, or (iii) a com-
bination of both mechanisms.

TGF-� immune signaling blockade alters exhaustion mark-
ers in the TG of latently infected mice. A positive correlation
was previously reported between the presence of TGF-� and
the upregulation of PD-1 and PD-L1 (9, 47, 55). Recently, we
showed functional significance of PD-1 and PD-L1 in increas-
ing HSV-1 latency, since PD-1- and PD-L1-deficient mice had
reduced latency (3). We sought to investigate if reduced la-
tency in the absence of TGF-� immune signaling modified T
cell exhaustion markers and related cytokines in the TG of
mice latently infected with HSV-1. Therefore, we utilized qRT-

PCR to assay relative levels of several RNAs in TG extracts for
T cell subtypes (CD4, CD8), markers of exhaustion (PD-1,
Tim-3, interleukin 21 [IL-21]), and cytokines whose levels may
be altered by exhaustion (IL-2, gamma interferon [IFN-�],
tumor necrosis factor alpha [TNF-�]). These results are pre-
sented as fold increases (or decreases) versus baseline RNA
levels in the TG from uninfected mice (Fig. 4). We did not
detect differences in CD4 expression between the WT or the
CD4dnTGF-RII and CD11cdnTGF-RII groups (Fig. 4A), al-
though we did note a significant decrease in CD8 transcript
levels in CD4dnTGF-RII and CD11cdnTGF-RII mice com-
pared to those of WT mice (Fig. 4B; P 
 0.0001 and P 
 0.01,
respectively). There was also a significant decrease in Tim-3
RNA abundance in both CD4dnTGF-RII and CD11cdnTGF-
RII mice compared to that of WT mice (Fig. 4C; P 
 0.01 and
P 
 0.0001, respectively). The exhaustion marker PD-1 was
significantly reduced in CD4dnTGF-RII mice compared to
that of WT mice (P � 0.049), and a nonsignificant trend was
noted for the CD11cdnTGF-RII mice (Fig. 4D; P � 0.05).
Expression of IL-21 was significantly reduced in both
CD4dnTGF-RII and CD11cdnTGF-RII mice compared to
that of WT animals (Fig. 4E; P 
 0.001 and P 
 0.0001,
respectively). This trend was also observed for IFN-�, where
we observed decreased expression for CD11cdnTGF-RII mice
compared to that of WT mice (Fig. 4F; P 
 0.05). Increased
expression of both IL-2 (Fig. 4G) and TNF-� (Fig. 4H) was
observed in CD11cdnTGF-RII over both CD11cdnTGF-RII

FIG. 2. Blockade of TGF-� immune signaling reduces LAT in the
TG of latently infected mice. TG from CD11cdnTGF-RII,
CD4dnTGF-RII, and WT mice were isolated on day 30 postinfection,
and quantitative TaqMan RT-PCR was performed on total RNA per
individual mouse TG as described in Materials and Methods. In each
experiment, an estimated relative copy number of HSV-1 LAT was
calculated using standard curves generated from pGem-5317. Briefly,
the DNA template was serially diluted 10-fold such that 5 �l contained
103 to 1011 copies of LAT DNA and was then subjected to TaqMan
PCR with the same set of primers. By comparing the normalized
threshold cycle of each sample to the threshold cycle of the standard,
the copy number for each reaction was determined. GAPDH expres-
sion was used to normalize the relative expression of LAT in TGs.
Each time point represents the mean � SEM from 20 TG for
CD11cdnTGF-RII, 15 TG for CD4dnTGF-RII, and 20 TG for WT
mice.

FIG. 3. Effect of TGF-� signaling inhibition on kinetics of induced
reactivation in explanted TG from latently infected mice. Thirty days
postinfection, when latency is already established, individual TG were
obtained from CD11cdnTGF-RII, CD4dnTGF-RII, or WT mice. Each
individual TG was incubated in 1.5 ml of tissue culture medium at
37°C. A 100-�l aliquot was removed from each culture daily for 10 days
and used to infect RS cell monolayers. The RS cells were monitored
daily for the appearance of cytopathic effect (CPE) for 5 days to
determine the time of first appearance of reactivated virus from each
TG. The results are plotted as the numbers of TG that reactivated
daily. Numbers indicate the average time (�SEM) that the TG from
each group first showed CPE. For the CD11cdnTGF-RII mice, 20 TG
from 10 mice were used; for the CD4dnTGF-RII mice, 15 TG from 8
mice were used; for the WT group, 16 TG from 8 mice were used.
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and wild-type mice (P 
 0.001 and P 
 0.0001, respectively).
These results suggest that the TGF-� signaling blockade in
both innate and adaptive immune compartments decreases
HSV-1 latency. This appears to be the result of the blockade
increasing immune resistance by reducing expression of ex-
haustion markers (Tim-3, PD-1, and IL-21), which may directly
or indirectly increase IL-2 and TNF-� expression in
CD11cdnTGF-RII and CD4dnTGF-RII mice after HSV-1 in-
fection.

Absence of TGF-� signaling reduces leukocyte infiltration
and cell death in the corneas and TG of infected mice. To
determine if reduced latency was due to changes in leukocyte
infiltration and/or cell death in the corneas and TG of trans-
genic mice compared with that of WT animals, we performed
FACS analyses on days 3 and 5 PI as described in Materials
and Methods. We detected an approximate 4-fold decrease
in the number of CD45-positive cells in the corneas of
CD4dnTGF-RII mice on day 3 PI compared with that in the
corneas of WT mice (Fig. 5A; day 3 PI, 2,963 versus 8,481
cells). Similarly, we observed a 5-fold decrease in the number
of CD45-positive cells by day 5 PI in the corneas of
CD4dnTGF-RII mice compared with that in the corneas of
WT mice (Fig. 5A; day 5 PI, 2,743 versus 13,379 cells). Corneal
cells were also stained with the cell death marker 7-ADD, and
there was a 5-fold decrease in cell death on day 3 PI (Fig. 5B;
day 3 PI, 1,006 versus 6,433 cells) and a 2-fold decrease on day
5 PI (Fig. 5B; day 5 PI, 4,081 versus 8,833 cells) when com-
paring CD4dnTGF-RII with WT mice. Levels of CD45-posi-
tive cells were also measured in the TG of infected mice on day
5 PI. Similar to corneal results, there was a 2-fold reduction in
cell death in CD4dnTGF-R11 versus WT TG (Fig. 5C; 9,709
versus 16,025 cells). However, no significant differences in an-
nexin V signals (as a surrogate for apoptosis) were detected in
either the TG or corneas of infected mice (data not shown).
Taken together, our results suggest that the reduced latency
and reactivation observed in T cell TGF-� signaling-deficient
mice positively associates with less cell death and leukocyte
infiltration observed in these animals. Although we were un-
able to conduct similar experiments in CD11cdnTGF-RII mice
due to constraints on mouse availability, we would expect sim-
ilar results in mice with innate immune compartment restric-
tion of TGF-� signaling inhibition.

DISCUSSION

HSV-1 infections are among the most frequent serious viral
eye infections in the United States and are a major cause of
virally induced blindness (28, 40, 41, 72). Following HSV oc-
ular infection, the virus establishes a permanent latent infec-
tion in the neurons of the trigeminal ganglia (TG) (58, 63, 69,
70). Once acquired, these infections demonstrate a lifelong
pattern of episodic recurrence, such that infected individuals

serve as permanent carriers who are intermittently infectious
(32, 62). In individuals with ocular infection, recurrent rather
than primary infections are associated clinically with HSV-
induced CS (40). Thus, reducing primary virus replication in
the eye and consequently the establishment of latency will at
least in principle help to alleviate problems associated with
HSV-1 recurrences.

Previously, we have shown that lymphoid dendritic cells are
involved in enhancing HSV-1 latency (44, 47). More recently,
we demonstrated that HSV-1 subclinical reactivation increases
T cell exhaustion in the TG of infected mice (3). We have also
shown that T cell exhaustion can be altered by immunization
using different HSV-1-expressed glycoproteins (5). TGF-� is
one of the most potent immunosuppressive cytokines and acts
as a master regulator of immune responses (39). The cytokine
is produced by almost all cells, including leukocytes, and its
expression controls differentiation and proliferation of innate
and adaptive immune cells (14, 39, 67, 68). Surprisingly, very
little is known about a putative role for TGF-� during primary
and latent stages of HSV-1 infection. Since complete TGF-�
deficiency is embryonic lethal for mice or mice with this
deficiency do not survive past 3 to 4 weeks of age (30, 35, 55,
59), we instead used transgenic CD11cdnTGF-RII and
CD4dnTGF-RII mice in which TGF-� signaling is blocked
only in innate cells (i.e., dendritic cells [DCs], macrophages,
and natural killer [NK] cells) and T cells, respectively, and is
unaffected in other cell types. Therefore, these mice lack most
of the problems associated with TGF-� deficiency and give a
powerful approach for specifically delineating the role of
TGF-� signaling in innate or adaptive immunity to HSV-1
infection. The results presented here demonstrate that block-
ing TGF-� signaling in innate cells reduced virus replication in
the eyes of ocularly infected mice, while blocking TGF-� in the
T cell compartment had no effect on primary virus replication
in the eyes of infected mice. In this study, we also detected
lower virus replication in the TG of CD4dnTGF-RII mice than
in the TG of WT mice, while no differences were detected in
the level of virus replication in the eyes of infected mice be-
tween the two groups. This discrepancy between viral titers in
the TG and corneas in CD4dnTGF-RII mice could be due to
the significantly higher levels of TNF-� observed in the TG of
these animals (Fig. 4H). In contrast to some differences on
virus replication after primary infection, TGF-� signal inhibi-
tion in either innate or adaptive cells reduced the establish-
ment of HSV-1 latency in ocularly infected mice. Abrogation
of TGF-� signaling in innate cells or T cells led to reduced T
cell exhaustion, and this most likely resulted in more efficient
virus clearance by T cells in the TG of infected mice.

TGF-� plays an important role in the regulation of major
histocompatibility complex (MHC) antigens (38, 50). In
TGF-�1 knockout mice, both MHC classes I and II are up-

FIG. 4. Effect of TGF-� immune signaling on the expression of key host factors in the TG of latently infected mice. TG from latently infected
mice were individually isolated on day 30 postinfection, and quantitative RT-PCR was performed using total RNA as described in Materials and
Methods. CD4, CD8, Tim-3, PD-1, IL-21, IFN-�, IL-2, or TNF-� expression in naive mice was used as a baseline control to estimate relative
expression of each transcript in the TG of latently infected mice. GAPDH expression was used to normalize relative expression of each transcript.
Each data point represents the mean � SEM from 20 TG for CD11cdnTGF-RII, 15 TG for CD4dnTGF-RII, and 20 TG for WT mice. (A) CD4;
(B) CD8; (C) Tim-3; (D) PD-1; (E) IL-21; (F) IFN-�; (G) IL-2; and (H) TNF-� transcripts.
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regulated on multiple tissues (18). Similar to the function of
TGF-�, herpesvirus family members have also been reported
to affect MHC-I and MHC-II expression and processing, pos-
sibly as another mechanism of immune evasion. ICP47 and
US11 gene products of HSV-1 are reported to inhibit the
presentation of MHC-I on the cell surface and thus suppress
the cytotoxic T lymphocyte responses in order to prolong their
own survival (56). In addition, HSV-1 has been shown to down-
regulate MHC-II antigen presentation via virion host shutoff
(VHS) and �34.5 genes (64). Similar results with regard to
downregulation of MHC-I and MHC-II were reported for
other members of the herpesvirus family (1, 10, 29, 42, 60, 71).
Thus, both HSV-1 infection and TGF-� expression have neg-
ative effects on MHC expression. Previously, we have shown
that both MHC-I and MHC-II immune responses were essen-
tial for efficient protection of mice against lethal ocular chal-
lenge with HSV-1 (25). Thus, upregulated expression of MHC
might, in turn, overcome the suppressive effects of HSV-1 and
be responsible for more efficient antigen presentation to T cells
and the initiation of a stronger adaptive immune response in
these mice. This more efficient adaptive immune response may
better clear the virus and therefore cause less T cell exhaus-
tion. Alternatively, since TGF-� has been shown to regulate
PD-1 expression (51), the absence of TGF-� in this study may
reduce T cell exhaustion and promote more efficient virus
clearance. Also, since TGF-� plays a key role in regulatory T
cell (Treg) development and hence the suppression of effector
T cells (66), a lack of TGF-� may have contributed to reduced
latency in the TGF-� dominant negative receptor mice utilized
in this study.

Previous studies have suggested that TGF-� may play a role
in the severity of HSV-1-associated disease. Specifically, en-
hanced expression of TGF-� in HSV-infected neonates con-
tributed to impaired HSV-specific CTL responses (15). In ad-
dition, it was shown that elevated TGF-� abundance was
involved in the increased susceptibility to genital infection with
HSV-2 in IL-15 transgenic mice (31). Furthermore, increased
pneumonitis in murine allogeneic bone marrow transplant re-
cipients with graft-versus-host disease after pulmonary HSV-1
infection was associated with high concentrations of TGF-� in
bronchoalveolar lavage (2). Finally, it was shown that a single
administration of TGF-� DNA caused marked suppression of
antigen-specific T cell responses and increased susceptibility to
HSV-1 infection in mice (34).

TGF-� is essential for the maintenance of T cell homeosta-

FIG. 5. Absence of T cell TGF-� signaling decreases leukocyte
infiltration and cell death in corneas and TG after primary infection.
CD4dnTGF-RII and WT mice were infected as described in Materials
and Methods. On days 3 and 5 PI, corneas and TGs from 3 individual
mice per group were digested with collagenase and stained with anti-
CD45 antibody, 7-ADD, or anti-annexin V antibody as described in
Materials and Methods. (A) Representative CD45 histograms from
corneas of infected mice on days 3 and 5 PI; (B) representative 7-ADD
histograms from corneas of infected mice on days 3 and 5 PI; (C) rep-
resentative CD45 and 7-ADD histograms from the TG of infected
mice on day 5 PI. The average numbers of positive cells in the bracket
are indicated in the upper right quadrants. Similar results were ob-
served in three independent experiments for corneas and two separate
experiments for TG.
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sis, and in the absence of TGF-� signaling, most of the T cells
differentiate into effectors capable of secreting IL-4 and/or
IFN-� (27). It is likely that exuberant effector T cells clear virus
more efficiently from the TG of infected mice than from their
wild-type counterparts, leading to reduced levels of latency,
contributing to less subclinical reaction and thus less T cell
exhaustion. It is interesting in this regard that the blockade of
TGF-� in T cells using the CD4 promoter increases T cell
effector function (27) that is associated with better protection
from latency but leaves primary virus replication unaffected in
the eye.

The blockade of TGF-� signaling under the CD11c pro-
moter in innate immune cells did not affect the production of
IL-12 in our HSV-1 infection paradigm, while it greatly in-
creased the number of NK cells capable of producing large
amounts of IFN-� responsible for T helper type 1 (TH1) de-
velopment and protection from Leishmania major infection
(36). We previously showed that a strong TH1 response corre-
lated with higher protection against virus replication in the eye
and latency in the TG of infected mice (23, 26). We have also
shown that the majority of NK cell activity responsible for
protecting C57BL/6 mice against ocular HSV-1 challenge was
due to an NK function other than IFN-� production (22). This
was supported by the finding that injection of recombinant
IFN-� into C57BL/6 NK cell-depleted mice did not improve
survival following HSV-1 challenge.

HSV-1 infection has both pro- and antiapoptotic activities
(7, 17, 53, 73) as well as necrosis-inducing elements (6, 54) in
vitro and in vivo. In this study, we measured both necrosis by
7-ADD staining and apoptosis by annexin V in the corneas and
TG of infected mice. While the absence of T cell TGF-�
signaling did not impact apoptosis in the corneas or TG of
infected mice, necrosis was significantly reduced in
CD4dnTGF-RII transgenic mouse corneas and TG compared
to that in WT mouse corneas and TG. This higher cell death
may have contributed to less efficient virus clearance in the TG
of WT mice. Although less CS occurred in CD4dnTGF-RII
transgenic mice than in WT mice, these differences did not
reach statistical significance. Following ocular HSV-1 infec-
tion, increased immune infiltrates in the eyes are associated
with exacerbated immunopathology (9, 21, 25, 33, 65). Inter-
estingly, blocking T cell TGF-� signaling in CD4dnTGF-RII
transgenic mice reduced infiltrating leukocytes in the corneas
and TG of infected mice. Similar to this study, it was previously
reported that the absence of CXCL9 reduced both CD4� T
cell migration and viral load in the corneas of deficient mice
(74). Thus, decreased levels of leukocytes detected in the cor-
neas and TG of TGF-� mice cannot be ruled out as potentially
causative of the observed reduction in cell death in infected
mice. Yet, it is more likely that elevated activation of adaptive
immunity in the CD4dnTGF-RII transgenic mice promoted
HSV-1 clearance, leading to reduced viral abundance and
therefore fewer infiltrating leukocytes that would otherwise
respond in the case of copious virus. In this context, it is
interesting that blocking T cell TGF-�R signaling reduced
leukocyte infiltration into the eye and TG but increased pro-
tection against the establishment of latency and reactivation
compared to that of the WT mice.

In summary, our results demonstrate that both innate and
adaptive TGF-� immune signaling led to increased HSV-1

latency and reactivation. The coordinated activity of TGF-�
signaling in these two immune compartments seems to be of
essential importance in regulating the latent phase of viral
infection. If these results extrapolate to clinical HSV-1 infec-
tion, then blocking TGF-� signaling in immune cells may rep-
resent an important new therapeutic approach to virus-associ-
ated disease, particularly HSV-1-associated eye disease.
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