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ABSTRACT

Varicella-zoster virus (VZV) is an alphaherpesvirus that causes varicella upon primary infection and zoster upon reactivation
from latency in sensory ganglion neurons. The replication of herpesviruses requires manipulation of cell signaling pathways.
Notably, CREB, a factor involved in the regulation of several cellular processes, is activated upon infection of T cells with VZV.
Here, we report that VZV infection also induced CREB phosphorylation in fibroblasts and that XX-650-23, a newly identified
inhibitor of the phosphorylated-CREB (pCREB) interaction with p300/CBP, restricted cell-cell spread of VZV in vitro. CREB
phosphorylation did not require the viral open reading frame 47 (ORF47) and ORF66 kinases encoded by VZV. Evaluating the
biological relevance of these observations during VZV infection of human skin xenografts in the SCID mouse model of VZV
pathogenesis showed both that pCREB was upregulated in infected skin and that treatment with XX-650-23 reduced infectious-
virus production and limited lesion formation compared to treatment with a vehicle control. Thus, processes of CREB activation
and p300/CBP binding are important for VZV skin infection and may be targeted for antiviral drug development.

IMPORTANCE

Varicella-zoster virus (VZV) is a common pathogen that causes chicken pox and shingles. As with all herpesviruses, the infection
is acquired for life, and the virus can periodically reactivate from latency. Although VZV infection is usually benign with few or
no deleterious consequences, infection can be life threatening in immunocompromised patients. Otherwise healthy elderly indi-
viduals who develop zoster as a consequence of viral reactivation are at risk for postherpetic neuralgia (PHN), a painful and
long-lasting complication. Current vaccines use a live attenuated virus that is usually safe but cannot be given to many immuno-
deficient patients and retains the capacity to establish latency and reactivate, causing zoster. Antiviral drugs are effective against
severe VZV infections but have little impact on PHN. A better understanding of virus-host cell interactions is relevant for devel-
oping improved therapies to safely interfere with cellular processes that are crucial for VZV pathogenesis.

Varicella-zoster virus (VZV) is the causative agent of varicella
(chicken pox), resulting from primary infection, and zoster

(shingles), due to viral reactivation from latency in neurons of the
sensory ganglia (1). The current model of primary infection is
initiation by upper respiratory tract inoculation of the virus and
replication in mucosal epithelial cells, followed by transfer to T
cells in the tonsils or other regional lymph nodes. This leads to a
primary viremia allowing the delivery of the virus to the skin,
where it causes the typical rash associated with varicella, and to
neurons in the sensory ganglia, where latency is established (2).
Virions also gain access to sensory nerve cells in ganglia by retro-
grade axonal transport from the skin (3). Zoster is characterized
by a vesicular rash that usually appears in a dermatomal distribu-
tion and follows the delivery of virions to the skin by anterograde
axonal transport from neurons where VZV has reactivated. In
both varicella and zoster, the vesicular lesions contain high titers
of infectious virions (1), allowing the virus to complete its epide-
miological cycle by transmission to susceptible individuals.

VZV is a large DNA virus belonging to the family Herpesviridae
and the subfamily Alphaherpesvirinae. The VZV genome encodes
at least 71 predicted proteins involved in various processes, in-
cluding viral replication to maintain its epidemiological cycle and
manipulating the host cell in order to delay recognition by the
immune system and clearance from the host (1, 4). VZV is highly

host restricted for human tissue, although it can also infect guinea
pigs (5). For many years, this species specificity of VZV limited
laboratory studies of the virus primarily to in vitro analyses that do
not represent the tissue environment encountered in the human
host. To overcome this challenge, our laboratory has developed a
model of VZV pathogenesis using human tissues engrafted in
mice with severe combined immunodeficiency (SCID) (6). The
absence of any adaptive immune system in SCID mice allows both
the engraftment of human tissue and the analysis of VZV patho-
genesis solely in the context of the presence of innate but not
adaptive immune responses. This model has been successfully
used to unravel the importance and functionality of various VZV
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proteins and protein subdomains during infection of skin, dorsal
root ganglia (DRG), or T cells by VZV (7–10). The contributions
of several host transcription factors to the regulation of VZV gene
promoters and their tissue-specific functions have also been dem-
onstrated in the SCID mouse model (8, 11, 12).

The cyclic AMP (cAMP) response element binding protein
(CREB) is a transcription factor that is crucial for regulating sev-
eral host genes that mediate important cellular processes. CREB is
phosphorylated by various host cell kinases, including PKA; Akt;
and CamK I, II, and IV (13–16). Phosphorylated CREB (pCREB)
translocates to the nucleus, where it dimerizes, forming ho-
modimers or heterodimers, and recruits p300/CREB binding pro-
tein (CBP) to initiate transcription of its numerous target genes
(17). pCREB is an important regulator of apoptosis (18) and is
also involved in modulating several immune processes (19) and
neuronal plasticity (20). p300/CBP is a histone acetyltransferase
and a transcriptional cofactor containing several domains, allow-
ing its interaction with various partners. Importantly, the p300/
CBP KIX domain interacts with the kinase-inducible domain
(KID) found in CREB. The p300/CBP KIX domain also interacts
with the KID domain in ATF-1 and CREM (21), two other mem-
ber of the same family of proteins (22), and binds other important
transcriptional regulators, including c-Myb and c-Jun (23–25).
Recently, we used analysis of VZV-infected T cells by single-cell
mass cytometry to identify cellular factors altered by VZV replica-
tion (26) and demonstrated that VZV induced CREB phosphor-
ylation, among other changes. Similar effects were observed in
VZV-infected melanoma cells (27). These data raise the possibility
that CREB may be involved in the pathogenesis of VZV.

The activation of CREB and its molecular interactions with its
required coactivators have been well characterized (22, 23, 25, 28).
Biophysical and biochemical screenings have facilitated the devel-
opment of small-molecule inhibitors of the CREB-CBP/p300 in-
teraction. These small molecules serve as a useful tool in assessing
the effects of disrupting CREB-driven transcription.

Here, we investigated the role of CREB activation in VZV in-
fection in vitro and in the pathogenesis of VZV infection of human
skin xenografts in vivo. We found that CREB phosphorylation is
increased upon VZV infection of human fibroblasts but that this
increase in phosphorylation was not dependent on the functions
of the two VZV ORF47 and ORF66 serine-threonine kinases.
The importance of pCREB activation and the p300 interaction
through its KIX domain for VZV infection and skin xenografts
was demonstrated using a novel small-molecule inhibitor of
CREB transcription, XX-650-23, to disrupt this event in VZV-
infected cells. Blocking the interaction using XX-650-23 not only
inhibited VZV replication in cultured cells, but also had signifi-
cant antiviral activity against VZV infection of human skin in vivo.

MATERIALS AND METHODS
Cells and viruses. Melanoma cells were propagated in culture medium
(minimal essential Eagle medium [MEM] supplemented with 10% fetal
bovine serum [Gemini Bio-Products, Woodland, CA], nonessential
amino acids [100 �M; Omega Scientific, Inc., Tarzana, CA], penicillin G
[100 units/ml; Omega Scientific, Inc., Tarzana, CA], streptomycin [100
units/ml; Omega Scientific, Inc., Tarzana, CA], and amphotericin [0.5
mg/ml; Omega Scientific, Inc., Tarzana, CA]). Human embryonic lung
fibroblasts (HELFs) were propagated in the same culture medium without
nonessential amino acids. The viruses that were used included recombi-
nant VZV parent Oka (pOka) (29); rOka-ORF10-GFP, which expresses
green fluorescent protein (GFP) as a fusion protein with the ORF10 pro-

tein (30); two VZV kinase mutants, pOkaORF66G102A (31) and VZV-
ORF47D-N (8), which have point mutations that block kinase function;
and VZV-chimera D (VZV-ORF47D-N was generated from this strain)
(32). The viruses were propagated in melanoma cells and HELFs. Inacti-
vated virus preparations were obtained by treating infected fibroblasts for
20 min with UV light at a distance of �10 cm from the lamp. The titers of
untreated control wells were determined to find the amount of virus in the
preparation.

XX-650-23. The inhibitory molecule XX-650-23 was prepared in the
laboratory of Xiangshu Xiao. The specificity and binding characteristics of
this compound have been previously described (33) The compound was
solubilized in dimethyl sulfoxide (DMSO) to a concentration of 20 mg/ml
for use in the in vivo studies and to 50 mM for in vitro studies; stocks were
stored at �20°C. For the in vivo studies, the stock was diluted 10-fold in
sterile normal saline (0.9% NaCl in water) immediately before intraperi-
toneal (i.p.) injection. For the in vitro experiments, the stock was diluted
in tissue culture medium to a concentration of 1 �M. The carrier control
was prepared by replacing the solubilized drug with an equal amount of
pure DMSO.

Infection of skin xenografts in SCID mice. Skin xenografts were pre-
pared in male homozygous C.B.-17 scid-scid mice (Taconic Biosciences,
Oxnard, CA) as previously described (23), using human fetal tissue pro-
vided by Advanced Bioscience Resource (Alameda, CA) and obtained
with informed consent according to federal and state regulations. Four
weeks after engraftment, the xenografts were inoculated with HELFs in-
fected with rOka-R6362FL (34). Infectious-virus titers were determined
for the inoculum at the time of the injection. Xenografts were harvested at
22 days postinfection (dpi); one half of each tissue was homogenized and
resuspended in phosphate-buffered saline (PBS) for viral titration or in
DNAzol for DNA extraction to measure genome copies, and the other half
was fixed in paraformaldehyde (4% in PBS) for histology.

In vivo imaging. Mice with skin xenografts infected with rOka-
R6362FL were injected i.p. with either DMSO or XX-650-23 every day
from 0 to 14 dpi. Mice with mock-infected xenografts were also included
as controls. For imaging, the mice were anesthetized (isoflurane), injected
with D-luciferin (3 mg/mouse) i.p., and imaged after 10 min using a Xeno-
gen IVIS 100 instrument. A standardized region of interest (ROI) was
identified and used to determine the radiance value (photons per second
per square centimeter per steradian) for each xenograft at each time point
(Living Image 4.3.1). A threshold that defined the bioluminescence signal
as positive was determined as the mean bioluminescence of the same ROI
on animals with xenografts that were not inoculated with VZV. Animal
procedures were conducted in compliance with the Animal Welfare Act
and were approved by the Stanford University Administrative Panel on
Laboratory Animal Care.

Plaque analysis, viral titrations, and genome copies. For plaque size
analysis, HELF monolayers were infected with rOka-ORF10-GFP, fixed
after 24 or 48 h with paraformaldehyde (4% in PBS), blocked for 1 h with
PBS-fetal calf serum (10%), and sequentially incubated with a mixture of
monoclonal mouse anti-VZV antibodies (Meridian Lifescience, Memphis
TN; catalog no. C05108MA), biotinylated anti-mouse IgG antibody (Vec-
tor Laboratories, Burlingame, CA; catalog no. BA-9200), and alkaline
phosphatase-conjugated streptavidin (Jackson ImmunoResearch, West
Grove, PA; catalog no. 016-050-084); the signal was developed using Fast
Red substrate (Sigma). Student’s t test was used to compare the numbers
of plaques in treated and mock-treated wells.

Viral titers in skin xenografts were assessed in suspensions of harvested
skin xenograft tissues made in PBS, serially diluted 10-fold, and added to
melanoma cell monolayers prepared in 24-well plates 24 h before use (100
�l per well; triplicate wells for each dilution). The cells were fixed after 4
days and stained as described above.

DNA was extracted from skin xenograft tissue homogenates with
DNAzol as recommended by the manufacturer and tested by qualitative
PCR to detect VZV genomes using 1.25 units of Taq polymerase (NEB,
Ipswich, MA; catalog no. M0273), 0.2 �M each primer, and 0.2 �M
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deoxynucleoside triphosphates (dNTPs). The primers that were used
hybridize to the promoter region of ORF59 were 5=-GAGCTCCGGT
ATCAAACCTCAGCGAG-3= and 5=-CCCGGGTTTCCGGGATATTT
GTGGAA-3=. The PCR cycle was as follows: 95°C for 5 min, followed by
25 cycles of 30 s at 95°C, 30 s at 58°C, and 30 s at 68°C and a final extension
time of 10 min at 68°C. The PCR products were analyzed on agarose gels
to confirm the presence of a fragment corresponding to the expected size.
A positive control (a cosmid fragment containing the ORF59 promoter)
was included, and uninfected samples and water were used as negative
controls.

Western blot analysis. HELFs were infected with VZV and treated
with either DMSO or XX-650-23 (1 �M) at the time of infection. Cyto-
plasmic and nuclear fractions were prepared after 24 h of infection using
a nuclear extract kit (Active Motif, Carlsbad, CA; catalog no. 40010) fol-
lowing the manufacturer’s instructions. The lysates were diluted in Laem-
mli sample buffer (Bio-Rad, Hercules, CA), boiled for 5 min, and loaded
on a precast 4 to 20% SDS-PAGE gel (Bio-Rad). Proteins were transferred
to a polyvinylidene difluoride (PVDF) membrane. For protein detection,
the membrane was blocked in Tris-buffered saline (TBS)–Tween–5%
milk and then hybridized with antibodies against IE62 (purified rabbit
serum), pCREB (Cell Signaling, Danvers, MA; catalog no. 9198), alpha
tubulin (Sigma, St. Louis, MO; catalog no. T5268), or lamin A/C (Cell
Signaling; catalog no. 4777).

Flow cytometry. HELFs were collected in cold PBS-EDTA, fixed with
1.5% paraformaldehyde, and permeabilized with cold methanol before
staining. Detection of VZV-infected cells was done either by infecting
them with rOka-ORF10-GFP or using mouse antibodies to VZV glyco-
protein E (gE). Antibody binding was detected with anti-mouse Alexa-
488 (Life Technologies, Carlsbad, CA; catalog no. A11001). pCREB was
detected using pCREB(pS133)/ATF-1(pS63) conjugated to Alexa-647
(BD Biosciences, San Jose CA; catalog no. 558434). The data were ana-
lyzed with FlowJo software (TreeStar, Ashland, OR). Quantification of
living cells was done with LIVE/DEAD fixable violet dead staining (Life
Technologies; catalog no. L3595) following the manufacturer’s instruc-
tions. As a control for this experiment, cells were heat treated (1 h at 50°C)
and mixed with untreated cells at each time point to validate the staining
and to determine the baseline for positive staining.

Immunofluorescence. HELFs were seeded on glass coverslips 24 h
prior to infection, infected with rOka-ORF10-GFP virus for 24 h, and
treated with XX-650-23 for 24 h before fixation with 2% paraformalde-
hyde. The cells were treated with PBS-0.3% Triton X100-5% donkey se-
rum for 1 h prior to probing with rabbit anti-pCREB (Cell Signaling) or
rabbit anti-CREB (Cell Signaling) antibody overnight at 4°C. The anti-
body binding was detected using donkey anti-rabbit antibody conjugated
to Alexa 647 fluorophore (Life Technologies), and nuclei were stained
with Hoechst.

Immunohistochemistry and immunofluorescence analysis of skin
sections. Skin xenograft tissues fixed in paraformaldehyde (4% in PBS)
were embedded in paraffin before sectioning (10-�m/section). The sec-
tions were deparaffinized, rehydrated, and treated for antigen retrieval
(antigen-unmasking solution; H-3300; Vector Laboratories). The sec-
tions were stained for VZV with mouse monoclonal anti-VZV glycopro-
tein E antibody (monoclonal antibody [MAb] 81612; Millipore), bio-
tinylated secondary anti-rabbit and anti-mouse IgG (Millipore; 20775),
and horseradish peroxidase (HRP)-conjugated streptavidin (Millipore;
20774). VZV protein expression was detected with a peroxidase-HRP kit
(Vector Laboratories; SK-4100), and sections were counterstained with
hematoxylin. For immunofluorescence, sections were stained with the
mouse anti-VZV glycoprotein E antibody (MAb 81612; Millipore) and
rabbit anti-pCREB antibody (Cell Signaling). Antibody binding was de-
tected using donkey anti-rabbit antibody conjugated to Alexa 647 and
donkey anti-mouse antibody conjugated to Alexa 488.

RESULTS
VZV infection induces CREB phosphorylation in fibroblasts in
vitro. Since human fibroblasts are permissive for VZV replication
in vitro, we analyzed these cells for CREB phosphorylation levels.
When rOka-ORF10-GFP-infected fibroblasts were stained for
pCREB and analyzed by flow cytometry, the level of pCREB was
shown to be increased (Fig. 1A). To further investigate the
increase in pCREB induced by VZV infection, the localization
of CREB and pCREB in fibroblasts was analyzed by confocal
microscopy. CREB and pCREB both showed a nuclear pattern

FIG 1 CREB and pCREB expression in VZV-infected fibroblasts in vitro. (A) Fibroblasts were infected for 24 h with rOka-ORF10-GFP virus and then fixed and
probed for pCREB before analysis by flow cytometry. The levels of pCREB in control cells (shaded), bystanders (dotted line), and infected cells (solid line) are
shown; the x axis shows the intensity of fluorescence, and the y axis shows the number of cells. (B to E) Fibroblasts were infected for 24 h with rOka-ORF10-GFP
virus and then fixed and probed with antibodies to CREB (B) or pCREB (C). Binding was detected using Alexa-647 (red), and nuclei were stained with Hoechst.
The intensity of red fluorescence indicating the level of CREB (D) or pCREB (E) was quantified in the nuclei after distinguishing infected, bystander, and
uninfected populations using Velocity 6.3 software (PerkinElmer). Quantification was done on 4 to 6 fields of view, including at least 200 nuclei for each
condition. The results from the different fields of view were plotted and analyzed using a Mann-Whitney test. **, P � 0,005. The error bars indicate standard
errors.
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in infected and uninfected cells (Fig. 1B and C). The intensities
of nuclear expression of CREB and pCREB were quantified
from images of uninfected and infected samples, distinguish-
ing three populations of cells: uninfected, bystanders (unin-
fected cells in an infected sample), and infected cells, identified
by GFP expression using Volocity software. The quantification

showed that CREB levels were comparable in the three popu-
lations (Fig. 1D). However, pCREB was increased significantly
in infected cells compared to either bystanders or uninfected
cells (Fig. 1E), and pCREB localized primarily to the nuclei of
infected cells.

We also compared the levels of pCREB in infected and unin-

FIG 2 Analysis of pCREB expression in VZV-infected fibroblasts and effects of inhibition of pCREB transcriptional activity. (A) HELFs were infected with VZV
and treated with either 0.1% DMSO or 1 �M XX-650-23 at the time of infection. Twenty-four hours postinfection, cytoplasmic and nuclear fractions were
prepared. The lysates were analyzed by Western blotting with antibodies against VZV IE62 (control for infection), pCREB, alpha-tubulin (cytoplasmic protein
control), and lamin A/C (nuclear protein control). Whole-cell lysates from forskolin-treated SK-H-MC human neural cells (Sigma) were included as a control
for the detection of pCREB. Quantification was done using ImageJ software; the intensities of the bands detected with anti-pCREB antibody were collected and
normalized to the intensities of the bands detected with anti-alpha-tubulin for cytoplasmic extracts and with anti-lamin A/C for nuclear extracts. (B) Fibroblasts were
left uninfected or inoculated with VZV or UV-inactivated VZV. Extracts were prepared 24 h postinfection and analyzed by Western blotting to detect IE62, pCREB, and
alpha-tubulin as a control. (C) Lysates prepared at 24 h were analyzed by Western blotting for cyclin D1 and cyclin D2. Alpha-tubulin was used as a control for cell
proteins and IE62 as a control for infection. UI, uninfected; I, infected; ctrl, control. Numbers to the left of each blot are molecular masses (in kilodaltons).
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fected fibroblasts by Western blotting of cytoplasmic and nuclear
protein fractions collected 24 h postinfection. pCREB was largely
present in the nuclear fraction and was induced about 2-fold in the
nuclei of VZV-infected cells compared to uninfected fibroblasts
(Fig. 2A). VZV replication was needed to induce CREB phosphor-
ylation in infected cells, as shown by an absence of increased
pCREB in cells infected with UV-inactivated VZV compared to
VZV-infected cells (Fig. 2B). When 1 �M XX-650-23 was added to
HELFs, pCREB was slightly decreased in uninfected fibroblasts.
However, an increase in CREB activation following VZV infection
was maintained in the presence of the drug.

Since XX-650-23 is known to affect the cell cycle by inducing
arrest at the G1/S phase (33), we investigated whether VZV infec-
tion altered the expression of cyclin D1 and cyclin D2 by using
Western blots comparing infected and uninfected cells. Indeed,
we hypothesized that the drug might alter the cell cycle in a way
that counteracted the alteration led by VZV infection. Cyclin D1
was decreased in infected cells compared to uninfected cells, and
cyclin D2 might have been slightly decreased in infected cells (Fig.
2C). Investigating the levels of the two proteins in VZV-infected
cells in the context of the drug treatment would have been of
interest, but the inhibition of infection in the presence of the drug
was so extensive that we were unable to retrieve enough infected
cells treated with the drug to evaluate the combined action of the
two factors on cyclin levels.

VZV kinases are not required for CREB phosphorylation.
The VZV genes ORF47 and ORF66 both encode viral serine/thre-
onine kinases. The transcriptional activity of CREB requires phos-
phorylation of serine residue S133 prior to binding CBP (35, 36).
To determine if the viral kinases were responsible for CREB phos-
phorylation, we infected HELFs with mutant loss-of-function vi-
ruses. VZV ORF47D-N contains a point mutation in the DYS
region of the kinase domain (8), and pOkaORF66G102A contains
a point mutation causing the replacement of the guanine at posi-
tion 102 by an alanine; these mutations abolish kinase function
(31). Cells were infected with parental or mutant viruses or left
uninfected, collected after 24 h, stained for VZV gE and pCREB,
and analyzed by flow cytometry. pCREB was increased to equiva-
lent levels in HELFs infected with each of the viruses (Fig. 3).
These results indicated that the increased phosphorylation of
CREB in infected cells is related to cellular mechanisms triggered
by VZV infection rather than being caused directly by VZV-en-
coded kinases.

Inhibiting the interaction of pCREB with p300/CBP by XX-
650-23 limits VZV spread in vitro. Although the absence of tox-
icity of XX-650-23 has been proven for various normal human
bone marrows (33), no data were available regarding fibroblasts.
Consequently, before testing whether disrupting pCREB-CBP in-
teractions in VZV-infected cells affected viral growth, we evalu-
ated the effects of the CREB inhibitor on uninfected HELFs. Cells

FIG 3 Analysis of involvement of VZV kinases in CREB phosphorylation upon infection. Fibroblasts were infected with VZV-pOka, VZV-ORF66G102A,
VZV-chimera D, or VZV-ORF47-DN 24 h prior to fixation and staining with mouse anti-gE and rabbit anti-pCREB antibodies and analysis by flow cytometry.
Shown are the levels of pCREB in uninfected control cells (shaded), bystanders (dotted lines), and infected cells (solid lines) for the indicated viruses.
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were treated with either DMSO or XX-650-23 (1 �M) for 24 and
48 h before counting the cells for viability or staining them with a
LIVE/DEAD fixable fluorophore. The LIVE/DEAD staining re-
agent binds to amine groups present at the surface of the cell and
inside permeabilized cells. Dead cells are more permeable, and
thus, the fluorescent molecule can enter the cytoplasm, while liv-
ing cells are resistant to intracellular staining. In the presence of
the drug, we observed a slight increase in fluorescence (Fig. 4A),
indicating a modification of the amine groups at the surfaces of the
cells or an increase in membrane permeability, allowing some of the
dye to enter the cells. However, the fluorescence signal detected was
lower than that detected in dead cells from the control samples pre-
pared at the same time points. Although cell growth was also slightly
slower, cell counts increased over the 48-h time period in the presence
of the drug, indicating that cellular division occurred (Fig. 4B). These
data showing that cell toxicity was limited established that the drug
was suitable for investigating effects on VZV replication when
pCREB-p300/CBP binding was inhibited.

To determine the effect of XX-650-23 on VZV spread in vitro,

fibroblasts were treated with XX-650-23 at a concentration of 1
�M or with DMSO (carrier) at the time of the infection and fixed
at 24 or 48 h postinfection (hpi). At both 24 and 48 hpi, the size of
the plaques was decreased significantly in the presence of the drug
(Fig. 4C and D). These results indicate that VZV spread in cul-
tured cells is defective when the binding of pCREB to p300/CBP
via the KIX domain is prevented.

Inhibiting the interaction of pCREB with p300/CBP limits
VZV infection in skin xenografts. To determine the biological
relevance of blocking pCREB function by interfering with its in-
teraction with p300/CBP via the KIX domain, we investigated the
effects of treatment with XX-650-23 on VZV infection of skin
xenografts in SCID mice in vivo. Two xenografts per mouse in two
groups of five mice each were inoculated with rOka-R6362L ex-
pressing the firefly luciferase. The mice were treated daily from the
day of inoculation through 14 dpi with either DMSO (carrier) or
XX-650-23 (20 mg/kg of body weight per day) by i.p. injection.
Uninfected control mice were included to determine a baseline of
bioluminescence and to test for drug effects on the skin xenografts

FIG 4 Inhibition of pCREB interaction with the p300/CBP KIX domain does not significantly affect cell survival or growth but limits VZV spread in vitro. (A)
Fibroblasts were seeded 24 h prior to treatment with DMSO (carrier) or XX-650-23 (1 �M) for 24 or 48 h. The cells were stained with a violet LIVE/DEAD stain
to evaluate cell death. A heat-treated control aliquot was tested at each time point. Curves with shading are DMSO treated; open curves are cells treated with two
different batches of XX-650-23. (B) Cell growth was assessed by counting cells that were DMSO or XX-650-23 treated for 24 or 48 h. The results are representative
of two different lots of XX-650-23. (C and D) Cells were infected with rOka-ORF10-GFP and treated with DMSO or XX-650-23 (1 �M) for 24 h or 48 h. Cells
were fixed at each time point and stained for VZV antigens with a mixture of monoclonal antibodies. (C) The images on the right show magnifications of specific
areas in the wells represented on the left. (D) Plaque sizes were determined from photographs by using ImageJ software (at least 35 plaques per condition). Shown
are means � standard deviations (SD); statistical significance was determined using unpaired Student t tests to compare the groups at each time point. ****,
P � 0.0001.
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in the absence of VZV infection. The mice were imaged every 2
or 3 days between 7 and 14 dpi (Fig. 5). The daily treatment
dose was given after imaging to avoid interference with the
imaging process.

At day 7 postinfection, 8/10 skin xenografts in the DMSO-
treated group had a bioluminescence signal above the baseline
versus 4/10 in the XX-650-23-treated group (P � 0.894; compar-
ison of bioluminescence intensities) (Fig. 6A). By day 9, 10/10

xenografts were positive in the DMSO-treated group compared to
6/10 in the XX-650-23-treated group (P � 0.748). By day 21, 8/10
xenografts in the XX-650-23-treated animals were positive while
10/10 xenografts in those given DMSO remained positive (P �
0.196). When the signal intensities were compared, biolumines-
cence was significantly lower (P � 0.003) only at 14 dpi for the
xenografts in the XX-650-23-treated group.

In addition to the delay in the detection of a positive signal in

FIG 5 Inhibition of pCREB interaction with p300/CBP interferes with VZV infection of skin xenografts as shown by in vivo imaging. Two xenografts per mouse
were infected with VZV expressing firefly luciferase (rOka-R6362FL; 5.7 � 105 PFU/ml) 4 weeks after engraftment and were treated with either DMSO (left) or
XX-650-23 (right) daily from 0 to 14 dpi. Mice were imaged from day 7 to day 21 postinfection at the indicated time points. Radiance units (photons per second
per square centimeter per steradian) were used to compare the images. The results shown are from one experiment representative of two independent experiments.
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the treated animals, the antiviral activity of XX-650-23 was further
demonstrated by the increase of the bioluminescence signal in
skin xenografts after discontinuing the treatment (day 14 and
later) in the XX-650-23 group, indicating an increase in viral rep-
lication. In contrast, the bioluminescence signal was relatively
constant between 14 and 21 days postinfection in xenografts of the
DMSO-treated group, indicating a relatively constant level of in-
fection. This seems to indicate that the treatment inhibits the rep-
lication of VZV without clearing the viral infection for at least 14
days in this experimental setting.

By 22 days postinfection, infectious VZV was recovered and
VZV genomic DNA was detected (data not shown) from 10/10
xenografts in DMSO-treated animals compared to only 5/10 xe-
nografts from animals treated with XX-650-23. The VZV titers in
the skin xenografts from animals treated with the inhibitor that
yielded virus were also significantly lower than those in skin xeno-
grafts from DMSO-treated animals (Fig. 6B).

CREB phosphorylation is increased in VZV skin lesions, and
inhibiting pCREB interaction with p300/CBP impairs lesion
formation. Skin sections prepared from xenografts recovered 22
dpi were stained by immunochemistry to detect VZV gE. The skin
xenografts recovered from DMSO-treated mice showed the ex-
pected typical VZV lesions, whereas those recovered from XX-

650-23-treated mice showed smaller, more localized lesions (Fig.
7A). The effects of either the inhibitor alone or DMSO treatment
on skin morphology was examined by hematoxylin-eosin staining
of skin sections (22 dpi) and showed no differences between the
groups (Fig. 7B).

To determine if the increase in pCREB in HELFs infected with
VZV in vitro was also observed in vivo, immunofluorescence dual
staining was done on skin sections from infected and uninfected
xenografts. pCREB was readily detected in sections of infected
skin xenografts primarily in cells within the lesion area and was
not detectable, or only at very low levels, in the noninfected areas
of the skin tissue (Fig. 8A and B). No or very little pCREB was
detected in uninfected skin (Fig. 8C). pCREB was identified pre-
dominantly in cells at the margins of the skin lesions, where gE
expression was lower. Since gE is expressed most abundantly at
late times, cells at the centers of the lesions are likely to be in the
end stage of lytic infection, when nuclear membranes have been
disrupted or the cells are nonviable. Lack of pCREB detection by
immunofluorescence does not exclude the presence of some low
levels of pCREB in uninfected cells surrounding the lesions or in
more distant, unaffected areas, but VZV infection increased levels
to where they were readily detected in cells within skin lesions.

DISCUSSION

The purpose of this study was to investigate the consequences of
disrupting pCREB transcriptional activity on VZV infection, us-
ing fibroblasts in vitro and human tissue xenografts in SCID mice
as an in vivo system to study requirements for VZV skin patho-
genesis. As part of its natural infectious cycle, VZV must infect
several different cell types (6), and although similar modifications
of the cellular environment are expected to occur in these different
cell types, some of the remodeling of the cells is also expected to be
cell type specific. In addition, pCREB has target genes involved in
many cellular processes, and the consequences of an increase in
pCREB could be cell type specific. Here, we determined that CREB
phosphorylation is upregulated in fibroblasts, as well as in T cells
(31), and together, this suggests that CREB phosphorylation is a
common mechanism designed to modulate the cellular tran-
scriptional program of VZV-infected cells. VZV encodes two
viral serine/threonine kinases (ORF47 and ORF66) (37, 38). As
CREB activation is mostly regulated by phosphorylation on the
serine 133 residue (13, 35) and pCREB is increased upon infec-
tion, we hypothesized that one or both viral kinases could be re-
sponsible for this modification. However, measurement of the
levels of CREB phosphorylation in cells infected by wild-type VZV
and by mutant viruses lacking the active kinases (8, 31) showed
that the viral kinases are not responsible for the increase in CREB
phosphorylation. Since no other viral kinases have been identified
in VZV, these observations indicate that VZV infection triggers
one of the cellular pathways involved in CREB phosphorylation.
CREB activation can be triggered by several signals, leading to the
activation of various signaling cascades and ultimately several
CREB kinases, including calmodulin kinase, PKA, and Akt, all of
which are in turn involved in several regulatory pathways (39–41).

Since the phosphorylation of CREB increases following VZV
infection, we hypothesized that CREB participates in a transcrip-
tional program important in establishing VZV infection. To test
this hypothesis, we used XX-650-23, which disrupts the binding of
CREB to CBP, its required coactivator. This approach facilitated a
direct study of the importance of CREB function regardless of

FIG 6 Inhibition of pCREB interaction with p300/CBP interferes with
VZV replication in skin xenografts. (A) The bioluminescence signal was
quantified by measuring the average radiance inside a region of interest
standardized for size over each skin xenograft. The average radiance was
plotted against the day postinfection. Treatments received by the mice are
indicated on the x axis, and the arrows indicate the last day of treatment.
The values obtained at each day were analyzed with unpaired Student t
tests, and significantly different values are indicated with asterisks. Shown
are means � SD. (B) Xenografts were harvested 22 days postinfection, and
titers were determined by plaque assay. Shown are means � SD; P � 0.001
(Mann-Whitney, unpaired, nonparametric test).
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which kinase cascades participate in its activation. Previous data
had shown that this molecule has minimal toxicity to nonmalig-
nant cells, and indeed, our data also show that this small molecule
similarly had little effect on cell viability and fibroblast growth. We

observed a decrease of pCREB when the drug was added to fibro-
blasts as opposed to what is observed when the drug is added to
acute myeloid leukemia (AML) cells (33); however, AML cells are
cancer cells, and the biology and the regulation seen in this type of

FIG 7 The progression of VZV skin lesion formation is limited by inhibition of pCREB interaction with p300/CBP. Human skin xenografts were harvested at 22
days postinfection, and sections were stained with anti-VZV-gE antibodies to show the foci of VZV infection (A) or with hematoxylin-eosin (B). (A) Dark-brown
staining indicates DAB-positive areas, revealing VZV lesions in skin tissue. Given the size of lesions in DMSO-treated samples, images are a composite of several
images (Adobe Photoshop; automated photomerge). Two different lesions are shown for each experimental condition. (B) Skin sections stained with hematox-
ylin-eosin show the integrity of the xenograft tissue in the absence of treatment, when treated with DMSO, or when treated with XX-650-23.

FIG 8 Detection of pCREB in lesions in VZV-infected skin xenografts. Human skin xenografts were harvested 22 days postinfection, and sections were stained
with mouse anti-VZV-gE antibody (Alexa-488; green) and rabbit anti-pCREB antibodies (Alexa-647; red). Nuclei were detected using Hoechst staining. (A) Skin
section from a mouse treated with DMSO for 14 days. (B) Skin section from a mouse treated with XX-650-23 for 14 days. (C) Skin section from a mouse that
uninfected, left untreated. (D) Skin section stained with secondary antibodies and Hoechst only.
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cell is often not relevant to normal cells. Mice treated with up to 60
mg/kg intraperitoneally demonstrated no adverse effects (33), and
in this study, there was no measurable dermal toxicity.

CREB inhibition dramatically decreased VZV propagation in
vitro. Although the observation of a small-plaque phenotype
in tissue culture usually predicts the outcome of VZV infection in
differentiated human tissues in vivo, we have observed exceptions.
Therefore, we confirmed the biological relevance of in vitro obser-
vations in the SCID mouse model of VZV pathogenesis in vivo
(42). The effects on VZV infection of human skin associated with
XX-650-23 treatment of the mice confirmed the phenotype ob-
served in vitro. VZV pathogenicity was reduced significantly, as
documented by reduced lesion size and lower VZV titers in xeno-
grafts when binding of p300/CBP to its partners through the KIX
domain was prevented. Moreover, the results obtained by in vivo
imaging were confirmed by viral titration, PCR, and immunohis-
tochemistry, all of which showed a significant drug effect.

While these results show that VZV infection induces CREB
phosphorylation and that disrupting the interaction of pCREB
with its cofactor, CBP, leads to a dramatic decrease in VZV patho-
genicity, further investigation will be required in order to unravel
the precise mechanisms and cellular pathways involved in the pro-
cess. Several hypotheses, not mutually exclusive, can be suggested.
First, the pCREB/CBP complex could be required to ensure the
necessary level of transcriptional activity of one or several crucial
viral and/or cellular promoters. Indeed, the pCREB interaction
with CBP has been demonstrated to be an important event during
infection by several viral pathogens. Notably, the function of the
human T-cell leukemia virus protein Tax as an activator of tran-
scription is strictly dependent on the presence of pCREB and its
association with p300/CBP (43). Along the VZV genome, CREB
binding elements have been found in at least 11 viral promoters.
Cellular proteins that are necessary for VZV pathogenesis may
also be transcribed under the control of pCREB. Second, CREB is
involved in several crucial cellular processes, such as apoptosis,
cell growth and differentiation, and immune response. We
showed that cyclin D1 and D2 were decreased in VZV-infected
cells. It is possible that the drug used here induced opposite effects
and consequently limited VZV spread. Also, CREB regulates the
transcription of the antiapoptotic proteins, including Bcl-2, in
various cell types, including T cells (18, 44). Although it has been
shown that Bcl-2 transcription is not increased in human fibro-
blasts upon VZV infection (12) and that no variation in the levels
of Bad and Bax, two other important apoptosis regulators, is ob-
served (data not shown), the possibility that this mechanism could
be relevant for T cells is not excluded. Also, other downstream
targets involved in apoptosis inhibition, like Bcl-XL, should be
investigated in the different cell types considered.

Immune evasion mechanisms are a hallmark of herpesviruses.
Indeed, as persistent pathogens establishing lifelong latent infec-
tion and potentially sporadically reactivating, herpesviruses have
evolved numerous immunoevasion strategies, and VZV is cer-
tainly no exception (45). In this context, it can be hypothesized
that the requirement for an intact p300/CBP-pCREB interaction
for the formation of skin lesions is linked to the disruption of the
normal immune innate response. Indeed, the Toll-like receptor
(TLR)-triggered proinflammatory response involves at least ele-
ments of the NF-	B pathway that recruits p300/CBP and interacts
in the same domain as pCREB. Consequently, it has been sug-
gested that the presence of high levels of pCREB could inhibit the

proinflammatory response by competing for the recruitment of
p300/CBP (19, 46, 47). Without excluding other mechanisms,
CREB phosphorylation could therefore support VZV infection by
its involvement in immunoevasion strategies. It is most likely that
the increase in pCREB upon infection has several molecular con-
sequences. Identifying the targets of pCREB that are important for
VZV infection will be of interest in the future.

It has recently been suggested that p300/CBP could have a role
in modulating the reactivation from latency of herpes simplex
virus 1 (HSV-1) (48), and pCREB is also well known to be impor-
tant for neuron survival (21). As VZV, like HSV, establishes la-
tency in neurons, it will be interesting to evaluate the role of
pCREB in VZV infection of neurons, both latent and lytic, which
can be done in our SCIDhu mouse model of human DRG xeno-
graft (49), to determine the effects of interfering with p300/CBP-
pCREB at different stages of the in vivo infection.

Finally, current antiherpesviral therapies, like acyclovir and va-
lacyclovir, are designed to interfere with the viral thymidine kinase
and DNA polymerase (50–52), preventing viral replication. This
study shows that an alternative approach may be to interfere with
cell signaling pathways that are required for viral pathogenesis.
The expected downside of such “cell-directed” antiviral therapies
is the risk of dysregulating and potentially killing uninfected cells,
as occurs during cancer chemotherapy. However, here, we showed
that such a candidate drug has limited toxicity while still limiting
VZV pathogenesis. Also, it can be expected that therapies directed
toward cellular components required for viral infection might be
less at risk for viral adaptation and resistance development. Iden-
tifying the upstream molecule(s) involved in pCREB increase will
be a challenge, as several of the pathways are intricate. However,
determining the critical pathway(s) involving CREB that is essen-
tial to VZV pathogenesis will be of interest for further understand-
ing of host-pathogen interactions and also to develop new antivi-
ral strategies.
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