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Transcription factors of the NFAT (nuclear factor of activated T cells) family are expressed in most immune
system cells and in a range of other cell types. Signaling through NFAT is implicated in the regulation of
transcription for the immune response and other processes, including differentiation and apoptosis. NFAT
normally resides in the cytoplasm, and a key aspect of the NFAT activation pathway is the regulation of its
nuclear import by the Ca®>*/calmodulin-dependent phosphatase calcineurin. In a cell line stably expressing
green fluorescent protein (GFP)-NFAT, this import can be triggered by elevation of intracellular calcium and
visualized in live cells. Here we show that the inducible nuclear import of GFP-NFAT is efficiently blocked at
early stages of herpes simplex virus (HSV) infection. This is a specific effect, since we observed abundant
nuclear accumulation of a test viral protein and no impediment to general nuclear localization signal-
dependent nuclear import and retention in infected cells. We show that virus binding at the cell surface is not
itself sufficient to inhibit the signaling that induces NFAT nuclear translocation. Since the block occurs
following infection in the presence of phosphonoacetic acid but not cycloheximide, we infer that the entry of the
virion and early gene transcription are required but the effect is independent of DNA replication or late virus
gene expression. A consequence of the block to GFP-NFAT import is a reduction in NFAT-dependent tran-
scriptional activation from the interleukin-2 promoter in infected cells. This HSV-mediated repression of the
NFAT pathway may constitute an immune evasion strategy or subversion of other NFAT-dependent cellular

processes to promote viral replication.

Herpesviruses subvert a range of host cellular processes by
interference with signal transduction pathways. For example,
mitogenic kinase cascades are activated to establish a cellular
environment favorable for virus replication (19, 33). Apoptotic
pathways are repressed during infection to prevent cell death
prior to virus release and possibly also to protect latently in-
fected neuronal cells from destruction (9, 24, 30). Further-
more, to help evade host immune detection, infection disrupts
cytokine-mediated signaling networks crucial for cell-mediated
immunity (14), and apoptosis is induced in activated T lym-
phocytes and macrophages (16, 46, 54).

A key aspect of the regulated transcription response to im-
mune stimuli is the Ca®"/calmodulin-dependent signal cascade
which leads to the activation of the NFAT (nuclear factor of
activated T cells) family of transcription factors (51). The fam-
ily encompasses four closely related proteins, NFAT1 to -4,
which share structural and functional homology and are ex-
pressed in numerous cell types of the immune system as well as
in a range of other cells, including muscle, cardiac, and neu-
ronal cells (7, 20, 37). These proteins have a conserved N-
terminal transactivation domain and a central DNA binding
domain with homology to the DNA binding domains of Rel/
NF-kB factors. Between these regions lies a regulatory domain
which contains phosphorylation sites, nuclear import and ex-
port signals, and a binding site for the cellular phosphatase
calcineurin. For detailed reviews of NFAT structure and dis-
tribution, see references 51 and 48.

The NFAT signaling pathway has now been described in
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some detail and is conserved between NFAT1 to -4. Expres-
sion of NFAT target genes is regulated at the levels of NFAT
nuclear import and of NFAT transcriptional activation status,
both of which are determined by the phosphorylation state of
the protein (41). The pathway was originally defined in T
lymphocytes, in which NFAT is cytoplasmic when the cell is in
its unstimulated state. An extracellular stimulus causing T-cell
receptor activation leads to an increase in levels of intracellular
Ca?" and activation of calmodulin. Under these conditions the
Ca?*/calmodulin-dependent cellular phosphatase calcineurin
is activated. Calcineurin binds to NFAT at defined sites within
its regulatory domain (1, 43), dephosphorylating NFAT at mul-
tiple sites and causing a conformational switch believed to
unmask its nuclear localization signal (NLS) and allow nuclear
import (41, 56). Thus, in activated T cells and other cell types
stimulated to raise intracellular levels of Ca®>*, NFAT is local-
ized to the nucleus. Once inside the nucleus, and in its dephos-
phorylated state (41), NFAT is capable of stimulating the tran-
scription of target genes containing NFAT response elements
in their upstream enhancer sequences. Such elements are
widely distributed (23) and are almost ubiquitous in cytokine
promoters. The prototypic element is the distal NFAT binding
site of the human and murine interleukin-2 (IL-2) promoters
(21). NFAT can stimulate transcription alone (25, 32) but
shows cooperative and synergistic binding with a number of
other transcription factors, with the most widely documented
being AP-1 (21, 51). NFAT nuclear accumulation is rapid,
occurring within 5 to 10 min of stimulation, and reversible (22,
52). Export occurs following rephosphorylation of NFAT by
kinases, including GSK-3, most likely by remasking the NLS
and allowing a constitutively active nuclear export signal to
dominate (2, 56). Thus, a balance between cellular phospha-
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tase and kinase activities determines NFAT localization, with
the outcome being dependent on levels of intracellular Ca™.

The NFAT signaling pathway is the target of the immuno-
suppressive drugs cyclosporin A and FK506, which act at the
level of calcineurin activation (15, 31). The pathway is also
subject to interference by a number of viruses, including hu-
man immunodeficiency virus (26), hepatitis C virus (3), and
African swine fever virus (ASFV) (35, 36), aiming either to
induce a cellular state permissive for viral infection and repli-
cation or to suppress immune detection and clearance of the
virus. These examples include both stimulatory and inhibitory
interventions acting at various levels of the cascade. Beyond
this immunomodulatory role, primarily in T-cell activation and
differentiation, the range of NFAT target genes and dependent
processes is expanding to include genes encoding cell surface
receptors and ligands and to involvement in apoptosis and
differentiation of nonimmune cell types (7, 12, 23, 38, 47).

Here we report on the effect of herpes simplex virus (HSV)
infection on the NFAT signaling pathway. The experimental
model used is a cell line stably expressing human NFAT2 with
a green fluorescent protein (GFP) tag at its N terminus (GFP-
NFAT). GFP-NFAT exhibits the same nuclear transport be-
havior and responses to inhibitors as described for endogenous
NFAT in vivo (22) and also retains the transcriptional activa-
tion properties of the endogenous protein. Consequently, we
have been able to study the ionomycin-inducible nuclear im-
port and transcriptional activity of NFAT in the context of
HSV infection.

MATERIALS AND METHODS

Cells, viruses, and Western blotting. HeLa cells stably expressing GFP-human
NFAT?2 were generously provided by Ralph Kehlenbach, Scripps Research In-
stitute, La Jolla, Calif. (22). These cells were grown in Dulbecco’s modified Eagle
medium containing 10% newborn calf serum. To induce high levels of GFP-
NFAT expression, cells were treated with 250 nM trichostatin A (Sigma-Aldrich)
overnight. Virus infections were performed using HSV type 1 (HSV-1) (strain
17), HSV-2 (strain G), or AgH HSV-1 (strain HFEM) (49). Infections were
routinely performed at a multiplicity of infection (MOI) of 10 in serum-free
medium. For infection with the gH-negative strain (kindly supplied by Helena
Browne), virus was applied at 1,000 particles/cell on the basis of particle counts
quantified by electron microscopy. After 1 h of incubation at 37°C, the inoculum
was replaced with medium containing 2% newborn calf serum. For analysis of
VP16 expression by Western blotting, infected cells were washed in cold phos-
phate-buffered saline (PBS) and total lysates were prepared by adding 250 .l of
sodium dodecyl sulfate (SDS) loading buffer. Samples were briefly sonicated
prior to electrophoresis. Equal amounts of total cell extracts were fractionated by
SDS-polyacrylamide gel electrophoresis and transferred to Hybond-C mem-
branes (Amersham). VP16 expression was detected using the anti-VP16 mono-
clonal antibody LP1 (1:4,000) and visualized by enhanced chemiluminescence
(Pierce).

GFP-NFAT import assay and immunofluorescence. Two days before the im-
port assay, GFP-NFAT/HeLa cells were seeded at 2 X 10° cells/well into six-well
cluster dishes containing 13-mm-diameter coverslips. One day before the assay,
the culture medium was supplemented with 250 nM trichostatin A. On the day
of the assay, cells were infected as described above or left uninfected as controls.
At 5 h postinfection, the culture medium was supplemented with 1 WM ionomy-
cin (Sigma-Aldrich) and 30 mM lithium acetate; this is referred to as the trigger.
The cells were fixed 2 h after the trigger in ice-cold methanol (20 min), rinsed in
PBS, and mounted in Vectashield mountant (Vector Laboratories). Quantitation
for each condition was performed by counting cells in five randomly chosen fields
(total of 50 to 120 cells per test). In some instances the import assay was carried
out in the presence of 50 pg of cycloheximide per ml or 300 pg of phosphono-
acetic acid (PAA) per ml. Cycloheximide was present in the cell culture medium
from 30 min preinfection until the cells were fixed. PAA was added at 1 h
postinfection and was present until the cells were fixed. For analysis of localiza-
tion of ICP5 by indirect immunofluorescence, coverslips of infected cells were
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fixed in ice-cold methanol (20 min) and blocked with 10% newborn calf serum in
PBS for 20 min. The coverslips were incubated (20 min) with monoclonal anti-
body to ICP5 (clone 3B6; Virusys) diluted 1:200 in blocking solution, rinsed in
PBS, and then incubated with Alexa 488-labeled goat anti-mouse secondary
antibody (Molecular Probes). Fluorescence images were acquired with a Zeiss
LSM410 laser scanning confocal microscope using the 40X or 63X objective lenses.

NFAT-luc reporter assay. The optimized assay conditions for transcriptional
induction through the NFAT pathway were as follows. The day before transfec-
tion, GFP-NFAT/HeLa cells were seeded into 24-well dishes at 2 X 10° cells per
well. Cells were transfected with 0.2 ug of pNFAT-Luc, which contains four
direct repeats of the NFAT binding site (—286 to —257) from the IL-2 gene
promoter upstream of a minimal promoter (Stratagene). Carrier DNA (0.8 ug of
pUCI19 per well) was included together with 10 wl of Lipofectamine (Life Tech-
nologies), and the cells were transfected according to the manufacturers’ instruc-
tions. After 4 h, the transfection mix was supplemented with culture medium to
contain a final concentration of 10% newborn calf serum and 250 nM trichostatin
A. Cells were superinfected 18 h after transfection. At 5 h postinfection, cells
were triggered by addition of 1.3 uM ionomycin and/or 100 nM phorbol myris-
tate acetate (PMA) (Sigma-Aldrich). The cells were rinsed 5 h later in PBS and
harvested in 150 pl of reporter lysis buffer (Promega). Lysates (10 ul) were
incubated in 100 pl of luciferase substrate (Promega) and assayed for activity in
a microplate luminometer (EG&G Berthold). Each experimental condition was
assayed in triplicate.

Nucleo-cytoplasmic trafficking assay. The day before transfection, HeLa cells
were seeded into two-well chamber coverglasses (Nunc) at 2 X 10° cells per well.
Cells were transfected with 0.2 g of pSL28, which contains the NLS of the host
cell protein HCF (KRPMSSPEHKSAPKKSK) fused to the C terminus of GFP
in the commercial vector pEGFP.C1 (Clontech), constructed as previously de-
scribed (27). Transfections included 0.8 g of pUC19 carrier DNA per well and
were performed using the calcium phosphate precipitation method modified by
using BES [N,N-bis(2-hydroxethyl)-2-amino-ethanesulfonic acid]-buffered saline
(pH 7.06) in the place of HEPES-buffered saline. Cells were superinfected 18 h
after transfection. The subcellular localization of the pSL28 product GFP.HCF.
NLS was visualized in live cells using a Zeiss LSM410 laser scanning confocal
microscope with the 40X objective lens.

RESULTS

Inducible nuclear import of GFP-NFAT is blocked in
HSV-1- and HSV-2-infected HeLa cells. A HeLa cell line stably
expressing GFP-NFAT has been established and characterized
previously, and the GFP-NFAT has been shown to exhibit
features of compartmentalization and activation similar to
those of native NFAT (22). These cells were mock infected or
infected with HSV-1 or HSV-2 (MOI of 10), and at 5 h postin-
fection the cells were treated with medium containing 1 pM
ionomycin to raise intracellular calcium levels. Parallel cultures
of infected and uninfected cells were left in normal medium as
controls. Elevation of intracellular calcium is known to activate
calcineurin, which results in the dephosphorylation of NFAT
proteins and their subsequent nuclear import. The ionomycin
treatment was carried out in the presence of 30 mM lithium
acetate, which blocks export of NFAT (22). Cells were fixed 2 h
after the trigger and analyzed by confocal microscopy. The
subcellular localization of GFP-NFAT was scored for individ-
ual cells within five randomly selected fields of view from each
experimental condition. Representative fields are shown in Fig.
la, and the combined data from all fields are represented in
Fig. 1b.

Consistent with previous reports (22), GFP-NFAT in unin-
fected cells is predominantly cytoplasmic prior to the ionomy-
cin trigger (Fig. 1la, —). As expected, after exposure to iono-
mycin in the presence of lithium acetate, virtually all cells in
the population had responded and GFP-NFAT now exhibited
a predominantly diffuse nuclear pattern, with a subpopulation
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FIG. 1. HeLa cells stably expressing GFP-NFAT were infected with either HSV-1 or HSV-2 or left uninfected. At 5 h, cells were treated with
1 M ionomycin-30 mM lithium acetate (+) or left untreated (—). At 7 h, cells were fixed in methanol and examined by confocal microscopy. (a)
Representative images of each experimental condition as described in the text. (b) Summary of GFP-NFAT localization, scored for every cell in
five randomly chosen fields of view in each experimental condition. Cells were scored as having GFP-NFAT localization that was predominantly
cytoplasmic, cytoplasmic plus significantly nuclear, or predominantly nuclear, and examples of each cell type (arrows 1, 2, and 3, respectively) are
marked in the panel for treated, HSV-1-infected cells in panel a. Approximately 100 cells were counted for each of the test conditions.

containing NFAT in a speckled pattern underlying the diffuse
pattern (Fig. 1, +). A significant amount of nuclear GFP-
NFAT could be observed within 10 min of application of
the ionomycin (data not shown), but nuclear accumulation to
homogeneity across the cell population could take between 1
and 3 h, with some variation between experiments. For quan-
titative analysis in all cases, we chose to analyze the fields 2 h
after treatment, at which point nuclear import was usually
complete.

Like uninfected cells, HSV-infected cells show predomi-
nantly cytoplasmic GFP-NFAT prior to the ionomycin trigger
(Fig. 1, HSV-1, —). However, infection of cells with HSV-1 had
a very clear inhibitory effect on inducible GFP-NFAT import,
typical examples of which are shown in Fig. 1a, with similar
observations for cells infected with HSV-2. Some import re-
mained, and over the course of the analysis approximately 17%
of infected cells showed predominantly nuclear GFP-NFAT
2 h after the import trigger (Fig. 1b). However, this was in
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FIG. 2. HeLa cells or HeLa cells stably expressing GFP-NFAT were mock infected (M) or infected with HSV-1 without or with (+)
pretreatment with trichostatin. (a) At 2, 5, or 8 h, as indicated, infected cells were harvested and the accumulation of VP16 was measured by
SDS-polyacrylamide gel electrophoresis followed by Western blotting with an anti-VP16 monoclonal antibody. Numbers on the left are molecular
masses in kilodaltons. (b) HeLa cells stably expressing GFP-NFAT infected as for panel a in the presence of trichostatin were fixed 12 h after
infection, and the accumulation of the late viral protein ICPS was analyzed by immunofluorescence. The localization of ICP5 (green channel) is
superimposed on the phase image of the infected cells to emphasize ICP5 nuclear accumulation. (c) HeLa cells transiently expressing GFP.HCF.
NLS were infected with HSV-1 (right panel) or left uninfected (left panel), and localization in live cells was examined by confocal microscopy at

5 h postinfection.

comparison to 97% of uninfected cells showing NFAT import.
In addition, in a population of infected cells where nuclear
NFAT was observed, it appeared to be exclusively in speckles
rather than the normal diffuse pattern. We do not presently
know the significance of this observation, although a speckled
pattern was occasionally observed in uninfected cells underly-
ing the more diffuse pattern (see above). What was clear was
the dramatic reduction in infected cells in the pattern of nor-
mal nucleoplasmic NFAT. While the block for HSV-2 was less
efficient, it was nonetheless also clear and significant. As a
control to ensure that the cells were infected as normal, we
compared accumulation of a test viral protein (VP16) in stan-
dard HeLa cells and in the GFP-NFAT/HeLa cell line. As
expected, VP16 accumulated at similar rates and to similar
levels in the two lines, and the trichostatin treatment used to
induce NFAT had no effect on expression (Fig. 2a).

The block to GFP-NFAT nuclear import by HSV-1 could be
effected upstream of NFAT by specific interference with the
calcineurin activation cascade or downstream via a broader

effect on nuclear protein import. Clearly, infected cells accu-
mulate significant amounts of newly synthesized proteins in the
nucleus, and widespread cytoplasmic accumulation of cellular
nuclear proteins has not been documented in HSV infection.
Thus, a general block at the level of nuclear import seemed
unlikely. However, to ensure that protein nuclear import was
not generally affected in these cells, we first examined local-
ization of a candidate viral protein (ICP5) which normally
accumulates in the nuclei of infected cells. The results show
that under conditions where import of NFAT was blocked,
abundant nuclear import of the newly synthesized ICP5 could
be readily observed (Fig. 2b). In a second assay we examined
whether, as has been recently shown for poliovirus (18), HSV
infection generally prevented the accumulation of a GFP con-
taining an NLS. HeLa cells were transfected with a construct
encoding GFP linked at its C terminus to the NLS from the
host cell protein HCF (27). This protein is small enough to
diffuse through the nuclear pore complex, but by virtue of the
NLS it exhibits a predominantly nuclear localization (Fig. 2c,
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left panel). At 18 h posttransfection, cells were superinfected
with HSV-1 and the subcellular localization of GFP.HCF.NLS
was monitored in live cells by confocal microscopy. In the
context of poliovirus infection, a similar GFP-NLS protein was
redistributed to the cytoplasm by 4.5 h postinfection (18). In
contrast, at 5 h postinfection with HSV-1, GFP.HCF.NLS re-
mained predominantly nuclear (Fig. 2c, right panel), and this
remained the case even at 20 h postinfection (data not shown).
The experimental conditions were identical to those in which
HSV-1 had blocked GFP-NFAT nuclear import. The location
of the GFP-NLS probably reflects the combined activities of
nuclear import and nuclear retention. However, the data, to-
gether with the results above demonstrating abundant nuclear
accumulation of a test viral protein and the absence of any
reports on general cytoplasmic accumulation of nuclear pro-
teins, provide convincing evidence that HSV infection results
in a marked and specific inhibition of NFAT nuclear accumu-
lation. This would be predicted to have a profound effect on
expression of NFAT target genes.

HSV-1 binding is insufficient to block GFP-NFAT import.
Previous results have shown that in the case of human cyto-
megalovirus, virion binding at the cell surface is sufficient to
alter the activity of a cell signaling cascade (6). We therefore
wished to address whether HSV binding might similarly be
sufficient to block NFAT import by comparing the effect of
wild-type (wt) virus with that of a gH-negative mutant (49)
which is capable of binding to cells but not capable of fusing at
the cell membrane (17).

As before, the GFP-NFAT/HeLa cell line was infected with
HSV-1 (wt or AgH) or left uninfected as a control. Cells were
infected with 1,000 particles of the AgH strain per cell, which
was estimated to be approximately equivalent to the MOI of 10
used in the previous experiment. At 5 h postinfection NFAT
nuclear import was triggered with 1 pM ionomycin in the
presence of lithium acetate, and cells were fixed after a further
2 h of incubation. GFP-NFAT localization was scored as be-
fore in five fields, and the combined data are presented in Fig.
3b.

In the uninfected control cells, the ionomycin trigger effi-
ciently promoted nuclear import of GFP-NFAT (Fig. 3a). Cells
infected with AgH HSV-1 also showed efficient GFP-NFAT
import (Fig. 3a), with 97% of cells showing predominantly
nuclear staining (Fig. 3b). This was in contrast to cells infected
with wt HSV-1, which, as before, significantly reduced the
number of cells importing GFP-NFAT, with 47% retaining
their predominantly cytoplasmic staining pattern (Fig. 3b).
This suggests that HSV-1 binding at the cell surface is not
sufficient to block nuclear import of NFAT.

Protein synthesis is required for HSV-1 to block GFP-NFAT
import. To establish the requirement for protein synthesis in
viral inhibition of NFAT import, the experiment described
above was repeated for wt HSV-1 infection in the presence of
50 pg of cycloheximide per ml. A parallel control procedure
was carried out in the absence of cycloheximide for each ex-
perimental condition.

Figure 4a and Fig. 4b, left panel, show that the ionomycin
trigger was successful in promoting nuclear import of GFP-
NFAT in uninfected cells, even in the presence of cyclohexi-
mide. As before, HSV-1 infection significantly reduced the
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number of cells importing GFP-NFAT after the trigger, with
approximately 60% of cells retaining NFAT within the cyto-
plasm in the absence of cycloheximide (Fig. 4b, right panel).
However, in the presence of cycloheximide, the block normally
induced by infection did not occur. Consequently, such in-
fected cells were able to import GFP-NFAT almost as effi-
ciently as uninfected cells (Fig. 4a), with 77% showing predom-
inantly nuclear staining (Fig. 4b, right panel) after the trigger.
Thus, in the absence of protein synthesis, HSV-1 infection is
unable to block NFAT nuclear import.

DNA synthesis-independent protein synthesis is sufficient
for HSV-1 to block import of GFP-NFAT. With the aim of
refining the identification of the HSV factor(s) responsible for
the block to NFAT nuclear import, the experiment was re-
peated in the presence of PAA, an inhibitor of virus DNA
replication and thus of DNA synthesis-dependent protein syn-
thesis. Note that on this occasion import in the control unin-
fected cells was not as efficient as before and was not as com-
plete at the time the cells were fixed. The majority of triggered
cells were scored as showing significant rather than predomi-
nantly nuclear staining (Fig. 5a). As expected, in uninfected
cells PAA had little effect on NFAT import, with 95 and 80%
of untreated and treated cells, respectively, showing nuclear
staining (Fig. Sb, left panel).

As before, HSV-1-infected cells showed a block in NFAT
import, where 92% of cells retained a predominantly cytoplas-
mic staining pattern 2 h after ionomycin treatment (Fig. 5b,
right panel). This block remained in the presence of PAA (Fig.
5a), where 79% of triggered cells were still blocked for GFP-
NFAT import (Fig. 5b, right panel). Thus, DNA synthesis-
dependent protein synthesis is not required for HSV-1 to block
NFAT import, suggesting that an immediate-early or early
gene product is responsible.

HSV-1 reduces inducible reporter gene expression from the
NFAT response element of the IL-2 promoter. Our data sug-
gest that by blocking import to the nucleus, HSV is likely to
downregulate signaling through NFAT and the expression of
NFAT-dependent target genes, whose products include immu-
noregulatory proteins such as IL-2. To investigate this further,
we compared the expression of a reporter gene under the
control of a basic promoter element plus four direct repeats of
the distal NFAT binding site from the IL-2 promoter (pNFAT-
luc) in infected and uninfected cells.

The GFP-NFAT/HeLa cell line was transfected with pN-
FAT-luc, and 18 h later the cells were infected with HSV-1 or
mock infected. Uninfected and infected cells were then treated
with ionomycin to trigger NFAT import. NFAT triggering was
performed in the presence or absence of PMA, which, by
activating the protein kinase C pathway and the transcription
factor AP-1, is known to cooperate in the NFAT-mediated
induction. The resulting reporter gene expression was quanti-
fied by measuring luciferase activity in cell lysates harvested 5 h
after the trigger.

In line with published data, luciferase expression was stim-
ulated when pNFAT-luc-transfected cells were treated with
either ionomycin or PMA but was significantly higher when
cells were treated with a combined ionomycin-PMA trigger
(Fig. 6). This increase was specific and was not seen in cells
transfected with a plasmid lacking the NFAT/AP-1 enhancer
(data not shown). This enhanced luciferase activity was also
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FIG. 3. HelLa cells stably expressing GFP-NFAT were infected with either HSV-1 or AgH HSV-1 or left uninfected. At 5 h, cells were treated
with 1 uM ionomycin—-30 mM lithium acetate (+) or left untreated (—). At 7 h, cells were fixed in methanol and examined by confocal microscopy.
(a) Representative images of treated or untreated uninfected and AgH HSV-1-infected cells. (b) Summary of GFP-NFAT localization, scored for
every cell in five randomly chosen fields of view in each experimental condition.

dependent on the expression of GFP-NFAT, as endogenous
NFAT levels in HeLa cells were insufficient to achieve this
activation (data not shown).

HSV-1 infection nonspecifically increased background ex-
pression from the reporter gene constructs, likely reflecting a
general increase in transcriptional activity associated with the
early stages of infection. Data from infected cells have been
normalized accordingly. Nevertheless the specific effect of the

ionomycin-PMA trigger was significantly suppressed compared
to that observed in uninfected cells (Fig. 6). Thus, there was
little significant effect of ionomycin alone and no ionomycin-
induced enhancement of the PMA-induced effect. The effect of
infection is somewhat limited by the fold enhancement of the
inducers seen in the uninfected controls. However, the results
were significant and reproducible. Thus, consistent with a vi-
rus-induced block in NFAT nuclear import, the transcriptional
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FIG. 4. HeLa cells stably expressing GFP-NFAT were infected with HSV-1 or left uninfected. At 5 h, cells were treated with 1 pM
ionomycin-30 mM lithium acetate (+) or left untreated (—). Each assay was performed in duplicate, with one set of cells being examined in the
presence of 50 g of cycloheximide per ml, added at 30 min prior to infection. At 7 h, cells were fixed in methanol and examined by confocal
microscopy. (a) Representative images of treated or untreated uninfected and infected cells in the presence of cycloheximide. (b) Summary of
GFP-NFAT localization, scored for every cell in five randomly chosen fields of view in each experimental condition.

response of an NFAT enhancer element exhibits reduced ac- DISCUSSION
tivity in HSV-1-infected cells. Taken together, our results pro-
vide compelling evidence that NFAT signaling is blocked at A key level of regulation of the NFAT signaling pathway is

early stages after virus infection by a virus-induced mechanism the dephosphorylation of the NFAT transcription factor, re-
requiring immediate-early or early products. sulting in a marked redistribution of the protein from the
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FIG. 5. HeLa cells stably expressing GFP-NFAT were infected with HSV-1 or left uninfected. At 5 h, cells were treated with 1 wM
ionomycin-30 mM lithium acetate (+) or left untreated (—). Each assay was performed in duplicate, with one set analyzed in the presence of 300
ug of PAA per ml, added at 1 h postinfection. At 7 h, cells were fixed in methanol and examined by confocal microscopy. (a) Representative images
of treated or untreated uninfected and infected cells in the presence of PAA. (b) Summary of GFP-NFAT localization, scored for every cell in five

randomly chosen fields of view in each experimental condition.

cytoplasm to the nucleus and rendering the protein transcrip-
tionally active. This activation step can be conveniently moni-
tored in a cell line expressing GFP-NFAT, which retains the
functions of the endogenous protein. Using a HeLa cell line

stably expressing GFP-NFAT?2, we have examined the effect of
HSV infection on NFAT activation. Since key features of
NFAT structure and regulation are highly conserved, it is likely
that our observations on NFAT2 reflect the behavior of all
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FIG. 6. HelLa cells stably expressing GFP-NFAT were transiently transfected with pNFAT-luc and then infected with HSV-1 or left uninfected.
At 5 h, cells were treated with either 1.3 uM ionomycin (I), 100 nM PMA (P), or both (IP) or were left untreated (—). At 10 h, cells were harvested
and assayed for luciferase activity, which is expressed as a percentage of activity in uninfected or infected untreated cells. Each data point
represents the mean from three samples prepared under identical conditions * the standard error of the mean. Activation by the ionomycin-PMA
over PMA is significant in mock-infected cells and suppressed so as to be insignificant in infected cells (P < 0.005 by the ¢ test).

NFAT family members following HSV infection. We report
that both HSV-1 and HSV-2 infection profoundly inhibit
NFAT activation as reflected by ionomycin-inducible nuclear
import. We have characterized this inhibitory activity for
HSV-1 and find that virus penetration and early viral gene
expression are required for the block to NFAT activation. An
HSV-1 gH deletion virus capable of cell binding but not pen-
etration failed to elicit the block, while wt HSV-1 infection in
the presence of PAA, permitting only penetration and early
gene expression, still inhibited NFAT import.

This is the first report of modulation of the NFAT pathway
by an alpha-herpesvirus. Two closely related gamma-herpesvi-
ruses, Kaposi’s sarcoma-associated herpesvirus (KSHV) and
rhesus monkey rhadinovirus, affect the NFAT pathway, but in
these cases infection results in activation (13, 28). These vi-
ruses infect B lymphocytes, and the homologous transmem-
brane proteins KSHV K1 and rhesus monkey rhadinovirus R1
exhibit cell transformation activity which may underlie the
lymphoproliferative disorders associated with these infections.
It seems that K1 and R1 act as constitutive signal transducers
at the cell surface, raising intracellular Ca*>* levels and acti-
vating NFAT. The NFAT pathway has also been implicated in
reactivation of KSHV from latency (57). Hepatitis C virus core
protein also positively regulates the pathway; however, in this
case the virus appears to act downstream of intracellular Ca®*
levels but still upstream of calcineurin activity (3). Hepatitis C
virus is believed to infect T and B lymphocytes, and its upregu-
lation of NFAT-dependent cytokine production is proposed to
shift the balance between cell- and antibody-mediated immu-
nity to favor persistent infection. In contrast, ASFV infection
negatively regulates the NFAT pathway, as we report here for
HSV. For ASFV the activity has been attributed to the viral

protein A238L, which perturbs the pathway by competitively
inhibiting the interaction of NFAT with calcineurin (35, 36).
A238L contains a motif (PxIXITxC/S) which is necessary and
sufficient for binding to calcineurin and which mimics the con-
served calcineurin binding site of the NFAT proteins (35).

As outlined above, viral regulation of NFAT signaling can
occur at many levels of the pathway. The level at which HSV
inhibits import and the identity of the factor responsible re-
main to be determined. While the assay may reflect the com-
bined activities of nuclear import and nuclear retention, we
have shown that the distribution of a GFP molecule with an
NLS was not perturbed by infection. The data, together with
the results demonstrating abundant nuclear accumulation of a
test viral protein, provide convincing evidence that HSV infec-
tion results in a specific inhibition of NFAT nuclear accumu-
lation, upstream of import at or above the level of NFAT
dephosphorylation. It is noteworthy that two HSV proteins,
ICP32 tegument protein and the DNA polymerase subunit
encoded by U, 30, contain motifs with some limited homology
to the calcineurin binding domains of NFAT proteins and
ASFV A238L protein. Both proteins have a temporal expres-
sion profile that could be consistent with a PAA-insensitive
factor interfering with NFAT activation, but the significance of
the homology remains to be established (42, 50). We have
observed an HSV-induced block to accumulation of NFAT in
the nucleus and a consequent reduction in transcription from
a target gene promoter. It remains possible, although less likely
in our view, that NFAT import is maintained during infection
but that its reexport rate is increased, with the net result being
reduced residence time in the nucleus. The precise mechanism,
including, e.g., whether an individual immediate-early protein
is sufficient, will be the subject of future investigation.
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A number of instances in which herpesviruses regulate cel-
lular signaling relating to the immune response have been
described, most notably affecting the interferon (IFN)-respon-
sive pathway. Human cytomegalovirus activates the induction
of IFN-responsive genes by surface binding of the viral glyco-
proteins gB with a cellular receptor (6). Similarly, an early
event during HSV-1 infection is the induction of an antiviral
state involving the upregulation of IFN-responsive genes (39,
40). The HSV-1 neurovirulence protein ICP34.5 overcomes
aspects of the IFN-inducible antiviral response by circumvent-
ing the activity of the double-stranded-RNA-dependent pro-
tein kinase R (8, 29). Mossman et al. (39) have also described
an HSV-1-encoded factor, proposed to consist of one or more
of the immediate-early proteins, which disarms an aspect of the
host antiviral response through an unknown mechanism. We
have identified a specific effector molecule, NFAT, which is
targeted by HSV. It is possible that the suppression of the
cellular response observed by Mossman et al. and our obser-
vations of inhibition of NFAT translocation are in some way
related.

Although HSV’s most widely recognized target cells in vivo
are epithelial cells at the point of infection and neuronal cells
in which latent infections are established, several reports de-
scribe infection of T lymphocytes and other inflammatory cells
by HSV (11, 16, 46, 54). Thus, an appealing rationale for HSV
suppression of NFAT activation could be an immunosuppres-
sive strategy in which the virus blocks NFAT-mediated cyto-
kine gene expression in inflammatory cells, thereby disrupting
the signaling networks of cell-mediated immunity and protect-
ing the virus from immune clearance. This strategy is used by
ASFV, which suppresses cytokine gene expression in infected
macrophages, although these are the main cell types infected
by ASFV in vivo. It is also possible that HSV does not infect
immune cells to block NFAT activity but somehow achieves
suppression of cytokine production in trans (55). However, the
early stage of infection at which we observe the block to NFAT
activation makes this less likely.

Alternatively, HSV may downregulate a less well-defined
activity of NFAT in cells more commonly infected by the virus.
NFAT pathway elements and/or NFAT activity has been re-
ported in a range of nonlymphoid cell types, including arterial
endothelial cells (10), smooth muscle cells (4), skeletal muscle
cells (7), and neuronal and neuronal accessory cells (5, 20, 34,
38, 44). Although an extensive set of NFAT target genes have
been confirmed in T lymphocytes (23), it is likely that addi-
tional targets in other cell types remain to be identified. For
example, NFAT has been implicated as both a positive (53)
and negative (38, 45) regulator of apoptosis. Herpesviruses
have been reported to stimulate and suppress apoptotic sig-
naling, and it is conceivable that this regulation could be
achieved by interference with the NFAT pathway.

In summary, we have described an additional example of
herpesvirus interference with cellular signaling, i.e., the disrup-
tion of the NFAT signaling pathway by a factor induced early
after HSV infection. This results in a block in nuclear accu-
mulation of NFAT and compromises transcription from a pro-
moter containing prototypic NFAT response elements. We are
currently investigating the precise mechanism of this block. A
likely candidate for the signaling step targeted by the viral
factor is the calcineurin-mediated dephosphorylation of NFAT
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to expose its NLS. We propose that these observations are
likely to be of significance for modulation of the host immune
response or an alternative cellular process controlled by NFAT
signaling.
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