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Abstract

The alphaherpesvirus simian varicella virus (SVV) causes varicella and zoster in nonhuman primates. Herpesviruses evolved

elaborate mechanisms to escape host immunity, but the immune evasion strategies employed by SVV remain ill-defined. We

analysed whether SVV impairs the cellular response to key antiviral cytokine interferon-g (IFNg). SVV infection inhibited the

expression of IFNg-induced genes like C-X-C motif chemokine 10 and interferon regulatory factor 1. Phosphorylation and

nuclear translocation of the signal transducer and activator of transcription 1 (STAT1) was blocked in SVV-infected cells,

which did not involve cellular and viral phosphatases. SVV infection did not downregulate IFNg receptor a and b chain

expression on the cell surface. Instead, STAT1, Janus tyrosine kinases 1 (JAK1) and JAK2 protein levels were significantly

decreased in SVV-infected cells. Collectively, these results demonstrate that SVV targets three proteins in the IFNg signal

transduction pathway to escape the antiviral effects of IFNg.

Simian varicella virus (SVV) is a neurotropic alphaherpesvi-

rus that naturally infects Old World monkeys [1, 2]. Pri-

mary SVV infection causes a generalized vesicular skin rash

(varicella), after which the virus establishes a lifelong latent

infection in sensory neurons of the dorsal root and trigemi-

nal ganglia [3, 4]. Upon stress or immune suppression, SVV

reactivates to cause a dermatome-restricted skin rash

referred to as herpes zoster [5, 6]. To persist in the host, her-

pesviruses have developed an impressive arsenal of defence

mechanisms to counteract innate and adaptive immune

responses [7, 8]. However, the immune evasion strategies

employed by SVV are largely unknown.

The archetypal antiviral response is mediated by interferons
(IFNs) [9]. IFNs are categorized into types I and II and more
recently identified type III IFNs that signal through distinct
receptors [10]. IFN gamma (IFNg) is the sole member of type
II IFNs and is mainly produced by natural killer (NK) cells
and T-cells [11, 12]. The IFNg receptor complex (IFNgR)
consists of two ligand-binding IFNgRa chains that are associ-
ated with Janus tyrosine kinase 1 (JAK1) and two signal-trans-
ducing IFNgRb chains associated with JAK2 [11, 12]. Binding
of IFNg to its receptor activates JAK2 to autophosphorylate,
and to transphosphorylate and activate JAK1. Activated JAK1

phosphorylates the IFNgRa chain to create a docking site for
signal transducer and activator of transcription 1 (STAT1)
binding and phosphorylation, after which phosphorylated
STAT1 (pSTAT1) dissociates from the IFNgR and forms
homodimers that translocate to the nucleus and induce the
expression of a broad range of IFNg-stimulated genes (ISGs)
[11, 12]. Collectively, ISGs inhibit cell proliferation and stimu-
late pathogen recognition, antigen processing/presentation
and apoptosis [11, 12].

The IFNg signalling cascade is broadly targeted by human
herpesviruses. Herpes simplex virus type 1 (HSV-1) post-
transcriptionally modifies and reduces IFNgRa protein lev-
els, and downregulates JAK1 expression in infected cells
[13–15]. Epstein–Barr virus (EBV) and human cytomegalo-
virus (HCMV) target IFNgRa and JAK1 proteins [16, 17].
Varicella-zoster virus (VZV), the human homologue of
SVV, downregulates STAT1 and JAK2 protein levels in
virus-infected cells [18]. In this study, we investigated
whether the nonhuman primate alphaherpesvirus SVV
affects the IFNg signalling pathway and determined the
mechanisms.

To determine whether SVV infection impairs IFNg
signalling, we analysed IFNg-induced STAT1-dependent
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transcription in SVV-infected luciferase reporter cells.
African green monkey kidney epithelial (BSC-1) cells were
transiently transfected with a plasmid encoding firefly lucif-
erase under the control of a STAT1-responsive promotor
[19, 20] and a plasmid constitutively expressing renilla lucif-
erase. Forty-eight hours post-transfection, the transfected
cells were mock- or SVV-infected by co-cultivation with
SVV-infected BSC-1 cells (showing �70% cytopathic effect)
at ratio of one SVV-infected cell to eight transfected cells for
72 h. Subsequently, cells were cultured with or without
recombinant human IFNg (1000Uml�1) for an additional
6 h, after which luciferase activity was measured. While
robust IFNg-induced STAT1 reporter activity was detected
in mock-infected cells, only a minimal STAT1 response was
observed after IFNg treatment of SVV-infected cells
(Fig. 1a). Next, we analysed the expression of the ISGs’ C-X-
C motif chemokine 10 (CXCL10) and interferon regulatory
factor 1 (IRF1) [12] upon IFNg treatment of mock- or
SVV-infected BSC-1 cells. At 72 h p.i. (8 : 1 ratio of unin-
fected to SVV-infected cells), fresh medium with or without
1000Uml�1 recombinant human IFNg (Peprotech) was
added to the cells. Twenty-four hours later, the CXCL10,
IRF1, SVV open reading frame 21 (ORF21) and cellular
control gene oncostatin-M transcript levels were determined
by real-time PCR as described [21, 22]. IFNg treatment
induced on average an 853-fold increase in CXCL10 and a
27-fold increase in IRF1 transcript levels in mock-infected
cells (Fig. 1). Notably, SVV infection significantly reduced
IFNg-induced CXCL10 and IRF1 expression in BSC-1 cells
(average 4.9-fold and 18-fold increases, respectively). More-
over, IFNg treatment did not reduce the expression levels of
the viral early transcript ORF21 in SVV-infected cells. These
findings suggest that SVV infection inhibits IFNg-induced
expression of ISGs like CXCL10 and IRF1.

To investigate whether SVV infection interferes with IFNg
signalling at the level of STAT1 phosphorylation, mock-
and SVV-infected BSC-1 cells (72 h p.i.; 8 : 1 ratio of unin-
fected to SVV-infected cells) were treated with the indicated
amounts of IFNg for 20min at 37

�
C and phosphorylated

STAT1 was measured by flow cytometry (mouse anti-
pY701-STAT1, clone 4a; BD Biosciences). While >50U
ml�1 IFNg readily induced pSTAT1 expression in mock-
infected BSC-1 cells, SVV infection significantly reduced the
frequency of pSTAT1-expressing BSC-1 cells in an IFNg
dose-dependent manner (Fig. 2a). The reduced pSTAT1
levels detected in SVV-infected cells could result from an
incomplete blockade of IFNg signalling or be due to resid-
ual uninfected cells in the infected cell cultures. To distin-
guish between the two possibilities, we generated
recombinant SVV expressing enhanced green fluorescent
protein fused to the N-terminus of ORF66 (SVV.EGFP-66)
using red recombination with a bacmid containing the com-
plete SVV genome (Mahalingam et al., manuscript in prepa-
ration) [23]. Mock- and SVV.EGFP-66�infected BSC-1
cells (72 h p.i.; 8 : 1 ratio of uninfected to SVV-infected cells)
were stimulated with and without 1000Uml�1 IFNg and
subsequently analysed for pSTAT1 and EGFP expression by
flow cytometry. Infection with SVV.EGFP-66 inhibited
STAT1 phosphorylation in EGFP-positive SVV-infected
cells, but not in EGFP-negative uninfected cells (Fig. 2b).
Finally, lysates from mock- and SVV.EGFP-66�infected
cells (72 h p.i.; 8 : 1 ratio of uninfected to SVV-infected cells)
stimulated with and without IFNg were analysed for
pSTAT1 (mouse anti-pY701-STAT1; clone ST1P-11A5,
ThermoFisher Scientific) and b-actin (mouse anti-b-actin;
clone C4; Santa Cruz Biotechnology) by Western blotting.
Consistent with the flow cytometric results (Fig. 2a, b),
reduced pSTAT1 levels were detected in IFNg-stimulated
SVV.EGFP-66�infected cells compared to IFNg-stimulated

Fig. 1. SVV inhibits the expression of IFNg-stimulated genes. (a) BSC-1 cells were transiently transfected to express firefly luciferase

under a STAT1-responsive promotor [19, 20] and renilla luciferase under a constitutively active SV40 promotor. The next day, cells were

mock- or SVV-infected for 72 h and subsequently cultured with or without recombinant human IFNg (1000Uml�1) for an additional 6 h,

after which luciferase activity was measured. The relative STAT1 promotor activity of IFNg-stimulated cells compared to medium control

cells, after normalization to renilla luciferase activity, is shown. Bars represent average ± standard error of the mean (SEM) of three repli-

cates measured in duplicate. **P<0.01 by unpaired Student’s t-test. (b) BSC-1 cells were mock- or SVV-infected for 72 h and subsequently

cultured with or without recombinant human IFNg (1000Uml�1) for an additional 24 h. The transcript levels of C-X-C motif chemokine 10

(CXCL10), interferon regulatory factor 1 (IRF1) and SVV open reading frame 21 (ORF21) were determined in cells by real-time PCR. Rela-

tive transcript levels were normalized to the cellular oncostatin-M control transcript and expressed as log10 values. Bars represent aver-

age ± SEM of two experiments, each performed in duplicate. ND, not detected. *P<0.05 by the Mann–Whitney U test.
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Fig. 2. SVV inhibits IFNg-induced phosphorylation of STAT1. (a) BSC-1 cells were mock- or SVV-infected and 72 h later (72 h p.i.), stim-

ulated with the indicated dose of IFNg for 20min and finally analysed for intracellular phosphorylated STAT1 (pSTAT1) expression by

flow cytometry. The frequency of pSTAT1-positive mock- or SVV-infected BSC-1 cells is shown. Data represent average values ± SEM

from two independent experiments. *P<0.05, ***P<0.001 by two-way ANOVA test with Bonferroni correction. (b) Flow cytometric analy-

sis of intracellular pSTAT1 and EGFP expression by BSC-1 cells infected with SVV expressing EGFP-ORF66 fusion protein (SVV.EGFP-

66) (72 h p.i.), and control mock-infected BSC-1 cells, upon incubation with and without 1000Uml�1 IFNg for 20min. Quadrants were

set based on isotype control stained cells and the frequencies of cells within each quadrant are indicated. (c) Mock- and SVV.EGFP-

66�infected BSC-1 cells were incubated with and without 1000Uml�1 IFNg for 20min and total cell lysates were analysed by Western

blotting for pSTAT1 (two bands, STAT1a=91 kDa and STAT1b=84 kDa), EGFP and b-actin protein expression. (d) The signal intensity of

pSTAT1 and b-actin was quantified and the average ratio pSTAT1/b-actin from three experiments is shown. (e) Mock- and SVV.EGFP-

66�infected BSC-1 cells (72 h p.i.) were stimulated with medium or 1000Uml�1 IFNg for 20min in the presence or absence of phos-

phatase inhibitors phosSTOP (Roche) and sodium orthovanadate (Na3OV4). Intracellular phosphorylated STAT1 (pSTAT1) expression

was determined by flow cytometry and presented as the median fluorescence intensity (MFI) ratio of cells stained for pSTAT1 and cells

stained using isotype control antibodies. (f) Mock- and SVV.EGFP-66�infected BSC-1 cells were lysed at 72 h p.i. and probed with anti-

bodies specific for STAT1 and b-actin by Western blotting. The arrowheads indicate bands of the appropriate size corresponding to

STAT1 (two bands, STAT1a=91 kDa and STAT1b=84 kDa). (g) The signal intensity of STAT1 protein was quantified and normalized to

the corresponding b-actin protein abundance (STAT1/b-actin ratio). (h–i) Flow cytometric analysis of GFP fluorescence intensity of

BSC-1 cells transiently transfected to express STAT1-GFP and mock- and SVV-infected (48 h p.i.). The frequency of STAT1-GFP-

expressing cells (h) and the MFI of STAT1-GFP (i) are shown. (j) Transiently transfected BSC-1 cells expressing STAT1-GFP (green)

were mock- or wild-type SVV (SVV.wt)-infected (48 h p.i.), incubated with medium or 1000Uml�1 IFNg for 20min and stained for

pSTAT1 (red) and SVV (orange). Nuclei were counterstained with DAPI (blue). Representative confocal microscopy images from two

independent experiments are shown. Magnification: 400�. (d, e, g, h) Data represent average values ± SEM from three (d, e, h) and four

(g) independent experiments. *P<0.05, **P<0.01, ***P<0.001 by unpaired Student’s t-test.
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mock-infected cells (on average 35% reduction; Fig. 2c, d).
Thus, SVV infection reduced IFNg-induced STAT1 phos-
phorylation in BSC-1 cells.

Vaccinia virus and HCMV antagonize IFNg-induced STAT1
phosphorylation by inducing the expression of cellular and
viral tyrosine phosphatases in infected cells [24, 25]. To deter-
mine whether SVV-mediated inhibition also involves phos-
phatases, mock- and SVV.EGFP-66�infected BSC-1 cells
(72 h p.i.; 8 : 1 ratio of uninfected to SVV-infected cells) were
treated with the phosphatase inhibitors PhosSTOP (Roche) or
1mM sodium orthovanadate (Na3SOV4; Sigma) [24, 25], and
then stimulated with IFNg and finally analysed for pSTAT1
by flow cytometry. Similar to our previous experiments
(Fig. 2a, b), SVV.EGFP-66 infection reduced the frequency
and median fluorescence intensity (MFI) of pSTAT1-positive
cells upon IFNg stimulation (Fig. 2e). While phosphatase
inhibition increased the frequency and MFI of pSTAT1-
positive cells after IFNg stimulation, treatment with phospha-
tase inhibitors did not affect SVV.EGFP-66�mediated
inhibition of STAT1 phosphorylation (Fig. 2e).

To determine whether SVV affects the protein levels of
STAT1 in infected cells, lysates from mock- and SVV.EGFP-
66–infected BSC-1 cells (72 h p.i.; 8 : 1 ratio of uninfected to
SVV-infected cells) were probed for STAT1 (rabbit anti-
STAT1; Aviva Systems Biology) by Western blotting. SVV
infection significantly reduced STAT1 protein levels, by 44
±14% (average±SD) compared to mock-infected cells (Fig. 2f,
g). Next, we investigated whether the observed SVV-mediated
STAT1 downregulation and reduction in IFNg-induced
pSTAT1 are directly linked or are separate processes. For this,
BSC-1 cells were transiently transfected with a plasmid
expressing STAT1-GFP [26], infected with wild-type SVV
(SVV.wt; 8 : 1 ratio of uninfected to SVV-infected cells; 48 h
post-transfection) and at 48 h p.i. analysed by flow cytometry.
Alternatively, transfected and SVV-infected cells were stimu-
lated with IFNg (1000Uml�1) for 20min, fixed and stained
using mouse anti-pY701-STAT1 (clone ST1P-11A5; Thermo
Fisher Scientific) and rabbit anti-SVV nucleocapsid serum
[22] as primary antibodies, and Alexa Fluor 555 (AF555)-
conjugated goat anti-mouse IgG2a and AF633-conjugated
goat anti-rabbit Ig as secondary antibodies. Flow cytometric
analysis of GFP expression revealed that SVV infection did
not reduce the frequency of STAT1-GFP-expressing cells or
the STAT1-GFP protein levels in infected cells, suggesting that
SVV infection affects the expression of endogenous STAT1 at
the transcriptional level (Fig. 2h, i). Confocal microscopy
demonstrated that IFNg stimulation induced phosphorylation
and nuclear translocation of endogenous STAT1 and STAT1-
GFP in uninfected cells (Fig. 2j). By contrast, only very low
amounts of endogenous STAT1 and ectopically expressed
STAT1-GFP were phosphorylated in response to the IFNg
stimulation of SVV-infected cells (Fig. 2j). Thus, SVV infec-
tion reduces STAT1 protein levels and blocks IFNg-induced
STAT1 phosphorylation via distinct mechanisms.

Finally, we analysed whether SVV targets components of
the IFNg signalling pathway upstream of STAT1, i.e. the

IFNg receptor, composed of two homodimers of IFNgRa
and IFNgRb subunits, JAK1 and JAK2 [12]. Expression of
the IFNgRa (clone GIR-208; BioLegend) and IFNgRb
chains (clone 2HUB-159; BioLegend) was analysed by flow
cytometry on mock- and SVV.EGFP-66�infected BSC-1
cells (72 h p.i.; 8 : 1 ratio of uninfected to SVV-infected
cells). However, SVV did not reduce the expression of either
of the IFNg receptor subunits on infected cells (Fig. 3a, b).
Next, we investigated JAK1 (rabbit anti-JAK1; clone HR-
785; Santa Cruz Biotechnology) and JAK2 (rabbit anti-
JAK2; clone C-20; Santa Cruz Biotechnology) protein levels
in lysates from mock- and SVV.EGFP-66�infected BSC-1
cells (72 h p.i.) by Western blotting. SVV infection signifi-
cantly reduced JAK1 protein levels by 14±3.6% and JAK2
protein levels by 19±10% (Fig. 3d, e), implying that SVV
targets multiple proteins to inhibit IFNg signalling.

The extensive co-evolution of herpesviruses with their hosts
resulted in a delicate balance between host immunity and
viral immune evasion [7, 8] This ensures generally mild dis-
ease and lifelong latent infections in the natural host, and
facilitates virus dissemination in the population. Compared
to those for human herpesviruses, the immune evasion
strategies employed by the nonhuman primate alphaherpes-
virus SVV remain ill-defined. Recently, it was shown that
SVV inhibits type I interferon (IFNa/b) signalling by reduc-
ing STAT2 and IRF9 protein levels in infected cells [27].
Furthermore, SVV impaired NFkB signalling by preventing
the ubiquitination and degradation of the NFkB inhibitor
IkBa [28]. Herein, we have extended these findings by dem-
onstrating that SVV also blocks type II IFN (IFNg) signal-
ling in infected cells.

We demonstrate that SVV infection downregulates STAT1
protein levels and prevents IFNg-induced STAT1 phos-
phorylation and nuclear translocation. STAT1 is shared
between the IFN-a/b and IFNg signalling pathways,
thereby providing an ideal target for immune evasion [12].
Similarly, previous studies reported that VZV – the human
homologue of SVV – reduced STAT1 protein levels in
infected human foreskin fibroblasts and brain-derived vas-
cular adventitial fibroblasts [18, 29]. Interestingly, others
did not detect SVV- or VZV-induced reduction of STAT1
protein level in rhesus macaque and human lung fibroblasts
[27], possibly due to a cell-type specific effect. Although
HCMV and vaccinia virus infection block phosphorylation
of STAT1 via the induction of cellular or viral tyrosine
phosphatase expression [24, 25], we showed that SVV-
induced inhibition of IFNg-induced STAT1 phosphoryla-
tion did not involve active dephosphorylation by phospha-
tases. Our data suggest that SVV infection does not induce
degradation of STAT1 protein, suggesting that the virus
may reduce STAT1 mRNA expression levels, as was recently
demonstrated for VZV [29]. Moreover, we demonstrate that
SVV utilizes distinct mechanisms to reduce STAT1 protein
levels and block IFNg-induced phosphorylation of STAT1.

In addition, JAK1 and JAK2 protein levels were decreased
in SVV-infected BSC-1 cells. By contrast, VZV infection has

Ouwendijk et al., Journal of General Virology 2017;98:2582–2588

2585



been reported to downregulate JAK2, but not JAK1 protein
levels [18]. The closely related HSV-1 reduces JAK1 tran-
script levels via the virion host shutoff factor (vhs; UL41)
[13], a gene involved in generalized degradation of cellular
mRNA [30 ]. Likewise, the SVV homologue of vhs, ORF17,
may be involved in downregulation of JAK1 and/or JAK 2
transcription. JAK1 and JAK2 are tyrosine kinases interact
with a wide panel of type I and II cytokine receptors [11,
31]. Consequently, SVV-mediated downregulation of JAK1
and JAK2 may have a broad range of effects on the signal-
ling of various hormones, interleukins and colony-stimulat-
ing factors [31].

Robust antiviral immune responses are mounted by NK
and T-cells during primary SVV infection, resulting in
high amounts of IFNg in bronchoalveolar lavage and
serum samples [32, 33]. The inhibition of IFNg signalling

by SVV may enable the virus to replicate at sufficient lev-
els to establish latency and reactivate later in life. The in

vivo relevance of IFNg signalling blockade during zoster
is exemplified by the absence of MHC-II and intercellular
adhesion molecule 1 (ICAM-1) in VZV-infected keratino-
cytes, but not the surrounding uninfected keratinocytes,
in the presence of IFNg-producing infiltrating leukocytes
in the skin of human zoster patients [34]. Additionally,
we previously reported abundant expression of the ISG,
and NK- and T-cell-recruiting chemokine CXCL10 in
uninfected, but not SVV-infected neurons and/or infiltrat-
ing cells, in the ganglia of monkeys during primary and
reactivated SVV infection [21, 35].

In conclusion, SVV evades the antiviral effects of IFNg by
downregulating three essential proteins in the IFNg signal
transduction pathway: STAT1, JAK1 and JAK2. Because

Fig. 3. SVV infection downregulates JAK1 and JAK 2 protein expression. (a) Histograms showing the expression of the IFNg receptor

alpha (IFNgRa) and beta (IFNgRb) subunits in mock- and SVV.EGFP-66-infected BSC-1 cells (72 h p.i.) as determined by flow cytome-

try. Filled (virus-infected) and open (mock-infected) solid lines indicate cells stained with the indicated antibodies. Dashed grey (virus-

infected) and black (mock-infected) lines indicate cells stained with isotype control antibodies. (b) The MFI ratio of cells stained for

IFNgRa or IFNgRb, and cells stained using isotype control antibodies, is presented. Data represent average values ± SEM from two

independent experiments. (c) Mock- and SVV.EGFP-66�infected BSC-1 cells were lysed at 72 h p.i. and probed with antibodies specific

for JAK1, JAK2 and b-actin by Western blotting. The arrowheads indicate bands of the appropriate size corresponding to JAK1

(130 kDa) and JAK2 protein (128 kDa). (d) Signal intensities of JAK1 and JAK2 proteins were quantified and normalized to correspond-

ing b-actin protein abundance (e.g. the JAK1/b-actin ratio). Box plots indicate the average intensity ratios from four independent

experiments. *P<0.05 and **P<0.01 by paired Student’s t-test.
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these proteins are shared between several signal transduc-
tion pathways, SVV is anticipated to affect the signalling of
various other cytokines. Given the parallels between the
pathogenesis of VZV in humans and SVV in nonhuman
primates [36], comparative analysis of immune evasion
strategies may identify conserved essential host targets for
the development of new intervention strategies.
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