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Abstract
Psychological stress-associated immune dysregulation has been shown to disrupt the steady state
expression and reactivate latent herpes viruses. One such virus is the Epstein Barr virus (EBV), which
is associated with several human malignancies. EBV infects >90% of people living in North America
and persists for life in latently infected cells. Although several studies have shown that
glucocorticoids (GCs) can directly induce reactivation of the latent virus, the mechanism of stress
hormone involvement in the control of EBV gene expression is not well understood. In this study,
we tested the hypothesis that GCs can induce the latent EBV genome to lytically replicate through
the induction of the EBV immediate early gene BZLF1 which encodes the lytic transactivator protein
ZEBRA. We show a dose-dependent upregulation of BZLF1 mRNA expression by hydrocortisone
(HC) and dexamethasone (Dex) in Daudi cells, an EBV genome positive Burkitt’s lymphoma cell
line, and Dex-induction of the early gene products BLLF3 (encoding for the EBV dUTPase) and
BALF5 (encoding for the EBV DNA polymerase). We show that Daudi cells express glucocorticoid
receptors (GR) that mediate Dex-dependent upregulation of BZLF1 mRNA levels. This effect was
inhibited by both the glucocorticoid receptor antagonist RU486 and by cycloheximide. The results
suggest that GCs, in addition to inducing stress-related immune dysregulation, can mediate latent
EBV reactivation through the induction of the BZLF1 gene.
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Introduction
It is now well established that the central nervous system (CNS), the endocrine system, and
the immune system interact with each other and that psychological stress can down-regulate/
dysregulate the immune response by affecting the interplay between these systems. These
interactions are complex, involving both the hypothalamic–pituitary–adrenal (HPA) and the
sympathetic-adrenal medullary (SAM) axes (Glaser and Kiecolt-Glaser, 2005; Rabin, 1999).
Dysregulation of these interactions results in the suppression of immune function, poor
responses to vaccines and in the reactivation of latent herpes viruses including Epstein Barr
virus (EBV).

In a series of studies from our laboratory with medical students, examination stress was
associated with changes in the steady-state expression of latent EBV. Higher titers of anti-EBV
virus capsid antigen (VCA) IgG were observed at the time of examinations compared to
baseline blood samples drawn approximately one month before suggesting that EBV was
induced to replicate (Glaser et al., 1994; Glaser et al., 1991; Glaser et al., 1987). In follow-up
studies using the same model, we examined the impact of stress on two different aspects of
EBV-specific memory T-cell responses. In the first study, we found a significant decrease in
the ability of EBV-specific cytotoxic T-cells (from EBV seropositive students) to kill EBV-
infected autologous B-lymphocytes associated with examination stress (Glaser et al., 1987).
In the second study, peripheral blood leukocytes (PBLs) obtained from medical students at the
time of exams compared to the baseline blood sample showed a decrease in proliferation when
exposed to several purified EBV polypeptides (Glaser et al., 1993). There is a growing literature
showing that different types of psychological stressors can reactivate latent EBV (Esterling et
al., 1992; Lutgendorf et al., 1994; Mehta et al., 2000; Payne et al., 1999; Sarid et al., 2001;
Stowe et al., 2000).

EBV is a human gamma herpesvirus that has been implicated in the pathogenesis of a variety
of human malignancies including African Burkitt’s lymphoma (BL), nasopharyngeal
carcinoma (NPC), Hodgkin’s disease and post-transplant lymphoproliferative disorder. It is
the etiological agent for infectious mononucleosis and has also been associated with chronic
fatigue syndrome (Buchwald et al., 1995; Glaser et al., 2005; Jason et al., 2000; Klimas et al.,
1990). EBV latently infects human B-lymphocytes and epithelial cells in the nasopharynx after
primary infection (Zhang et al., 1989). Studies have shown that EBV genome positive BL cells,
such as Daudi cells, express the glucocorticoid receptor (GR) and that glucocorticoids (GCs)
are able to reactivate the latent virus in vitro (Bauer, 1983; Joncas and Leyritz, 1974; Magrath
et al., 1979). In an earlier study from our laboratory we explored the possibility that other
hormones associated with the HPA axis and that are modulated by psychological stress might
have the ability to induce reactivation of the latent EBV in Daudi cells. We confirmed that GCs
including hydrocortisone (HC) and dexamethasone (Dex) can induce reactivation of the latent
virus using pharmacological and physiological concentrations (Glaser et al., 1995). Other stress
hormones including corticotrophin-releasing hormone and adrenocorticotropic hormone did
not induce reactivation but did enhance the lytic replication of the HR-1 strain of EBV in super-
infected Raji cells (Glaser et al., 1995). The results of these studies suggest that multiple
endocrine interactions may be involved in the stress-induced reactivation/replication of latent
EBV.
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In order to further elucidate the mechanism of stress-associated reactivation of latent EBV, we
examined the impact of autonomic activity and GCs on the steady-state expression of latent
EBV (Cacioppo et al., 2002). We first investigated whether the expression of latent EBV in
vivo differed between women who were high and low sympathetic cardiac reactors determined
by stress-induced changes in cardiac pre-ejection period (Cacioppo et al., 2002). Results
showed that subjects who were high stress reactors had higher anti-EBV-VCA antibody titers
than low stress reactors. High reactors also exhibited greater stress-related increases in cortisol
than low reactors. The study suggested that individuals who respond to psychological stressors
with large increases in cardiac sympathetic activation are also characterized by having high
antibody titers to EBV and therefore greater changes in the steady state expression of the latent
virus.

Although several studies have shown that GCs can directly induce reactivation of latent EBV,
the mechanism of this effect on EBV gene expression is not well understood. In this study we
measured the effects of two GCs, HC and Dex, on the steady state expression of latent EBV.
We focused on the mRNA expression of the EBV immediate early gene BZLF1 that encodes
for the lytic transactivator protein ZEBRA, and the early genes BLLF3 and BALF5, which
encode the EBV dUTPase and EBV DNA polymerase, respectively. Furthermore, we
compared the Dex-dependent modulation of expression of the above genes to that resulting
from the exposure of Daudi cells to 12-O-tetradecanoylphorbol-13-acetate and sodium butyrate
(TPA/NaB), potent inducers of EBV reactivation. The results suggest that GC-mediated EBV
reactivation may result from the induction of BZLF1 which plays a central role in controlling
the switch from latency to lytic replication.

Methods
Cell Lines and Culture Conditions

The EBV genome positive BL cell line Daudi, the EBV positive marmoset B-lymphoblastoid
cell line B95-8, the EBV positive epithelial cell lines C666-1 (an NPC cell line) (Cheung et
al., 1999) and D98/HR-1 (a hybrid cell line) (Glaser and O’Neill, 1972) were utilized in these
studies. The Daudi, B95-8 and C666-1 cells were maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), L-glutamine, and 1X antibiotic-antimycotic
(Invitrogen). D98/HR-1 cells were maintained in complete MEM with 10% FBS, L-glutamine,
1X antibiotic-antimycotic and hypoxanthine, aminopterine and thymidine (HAT). All cells
were maintained at 37°C in a humidified atmosphere with 5% CO2.

Cell Treatments
Daudi and B95-8 cells were seeded (2 × 106 cells/well) in 6-well plates in media containing
10% charcoal-stripped serum and treated with HC or Dex (Sigma-Aldrich) for 6, 12, 24, 48 or
72 hr. Cells were homogenized in TRIzol reagent and stored at −80°C until assayed by real-
time PCR as described below. In order to show the role of GR, Daudi cells were either left
untreated, or treated with 100 nM Dex, 100 nM of the GR antagonist RU486, or 100 nM Dex
and 100 nM RU486 for 6, 12, or 24 hr and prepared for real-time PCR.

In order to compare the kinetics of induction of BZLF1, BLLF3, and BALF5 expression, Daudi
cells were treated with 100 nM HC, 100 nM Dex, or 40 ng/ml TPA and 3 mM NaB (TPA/NaB)
for 3, 6, 12, 24, 48 or 72 hr and samples were collected for real-time PCR and western blot
analyses.

Finally, we examined whether the influence of Dex and TPA/NaB on BZLF1 gene expression
in Daudi cells is prevented by cyclohexamide (CHX), an inhibitor of protein synthesis. Daudi
cells were either untreated or treated with 100 nM Dex, 33 μg/ml CHX plus 100 nM Dex, TPA/
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NaB, or 33 μg/ml CHX plus TPA/NaB for 6, 12, and 24 hr and samples were collected for real-
time PCR.

Real-time PCR Assessment of BZLF1, BLLF3, and BALF5 Gene Expression
Total RNA from cultured cells was isolated using TRIzol following the manufacturer’s
instructions (Invitrogen). First strand cDNAs were synthesized using random primers and
MultiScribe Reverse Transcriptase (Applied Biosystems). Levels of BZLF1, BLLF3, and
BALF5 mRNA were analyzed using Custom Taqman Gene Expression Assays (Applied
Biosystems). Sequences of primers and probes were designed by using Primer Express for Mac
v1.5 (BZLF1 and BLLF3; Applied Biosystems) or derived from previous publications
(BALF5) (Kimura et al., 1999) (Table 1). The housekeeping gene GAPDH was analyzed using
the Taqman Human GAPDH Endogenous Control Reagent (Assay ID: 4326317E, Applied
Biosystems) and was used as an internal positive control. Levels of each target mRNA were
measured with TaqMan fluorogenic probes listed in Table 1, and amplified using the 7300 Real
Time PCR system (Applied Biosystems). Reactions were carried out in a 20 μl volume, and
each sample was run in duplicate. The PCR thermal cycle conditions used were according to
the manufacturer’s recommendations. The levels of expression of BZLF1, BLLF3, and BALF5
mRNA in each sample were normalized to GAPDH mRNA levels. For the assessment of
BZLF1 mRNA levels in B95-8 cells, we utilized the Human ACTB (beta actin) Endogenous
Control Reagent (Assay ID; 4333762F; Applied Biosystems) since it was determined that
GAPDH mRNA levels were modulated by TPA/NaB treatment in these cells. The relative
expression of mRNA species was calculated using the comparative CT method as described
by the manufacturer (see User bulletin #2 Applied Biosystems, P/N 4303859, 1997) (Livak
and Schmittgen, 2001).

Western Blot Analysis of Glucocorticoid Receptor Expression
Proteins were extracted from cell pellets using M-PER (Thermo Fisher) according to the
manufacturer’s instructions. The proteins were denatured in NuPage LDS Sample Buffer
(Invitrogen) containing 2.5% β-mercaptoethanol at 95°C for 5 min. Proteins (10–20 μg) were
loaded onto a Nupage Novex 4–12% bis-Tris acrylamide gel (Invitrogen) and run at 150 V for
1 hr. Proteins were transferred to nitrocellulose membrane and blocked with 5% non-fat dry
milk in TBST for 1 hr at room temperature and then incubated for 1 hr at room temperature
with the primary antibody in 5% non-fat dry milk in TBST. The following primary antibodies
were used; anti-GR (PA1-511A; 0.5 mg/ml; Thermo Fisher), or anti-GR (sc-8992; Santa Cruz;
1:1000). Following incubation with the primary antibody the membrane was washed in TBST
and then incubated for 1 hr at room temperature in Zymax goat anti-rabbit IgG HRP conjugate
(Invitrogen, 1:2000) and signal detected with ECL plus (GE Healthcare).

Western Blot Analysis of EBV ZEBRA, and Early Antigen (EA) Protein Expression
Cell lysates were prepared from 5 × 106 Daudi cells in 200 μl of buffer containing 100 mM
Tris-HCl, pH 7.6; 0.5% Triton X-100, 2 mM PMSF, 1 μl of Protease Inhibitor Cocktail (Sigma-
Aldrich). Proteins were separated on 10% polyacrylamide gels, transferred to Hybond-ECL
membranes (GE Healthcare), and probed for ZEBRA using 1.0 μg/ml of the mouse anti-
ZEBRA antibody (HHV-4 ZEBRA (BZ-1); sc-53904; Santa Cruz) overnight at 4°C. Blots
were then incubated in 1:1000 dilution of goat anti-mouse IgG Peroxidase Conjugate (A0168;
Sigma -Aldrich) for 1 hr at room temperature. To detect total EBV EA expression, blots were
incubated with an EBV seropositive human serum followed by incubation with a 1:10,000
dilution of goat anti-human IgG Peroxidase Conjugate (sc-2907; Santa Cruz). Positive
reactivities were visualized using the Phototope-HRP Western Detection System (Cell
Signaling).
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Transient Transfection of hGR
C666-1 and D98/HR-1 cells were transfected with various amounts of the hGR expression
plasmid (Spanjaard and Chin, 1993) using Lipofectamine LTX (Invitrogen) according to the
manufacturer’s instructions. Successful transfection was determined by western blotting as
described above. Cells were subsequently treated with 100 nM Dex for 24 hr, cells were
homogenized in TRIzol reagent and stored at −80°C until assayed by real-time PCR.

Statistical Analysis
Experiments were performed in duplicate and performed at least four times. Results are
expressed as mean ± SD. Differences in expression levels were evaluated with independent t
test or one-way analysis of variance (ANOVA) with an LSD post-hoc test using PASW
Statistics 17.0.2 for Macintosh (SPSS). Results were considered statistically significant for p
< 0.05.

Results
GCs induce EBV immediate early BZLF1 gene expression in Daudi cells

To test the effect of GCs on the expression of the EBV immediate early BZLF1 gene, Daudi
cells were treated with increasing concentrations of HC and Dex. Induction of BZLF1 mRNA
(normalized to GAPDH mRNA levels) by HC was measured after 6, 12, 24, 48, and 72 hrs
(Fig. 1A). Overall, expression of BZLF1 mRNA increased in response to HC at all time points
(6 hr: F(3, 12) = 6.799, p = 0.006; 12 hr: F(3, 12) = 3.074, p = 0.067; 24 hr: F(3, 12) = 8.002,
p = 0.003; 48 hr: F(3, 12) = 21.04, p < 0.001; 72 hr: F(3, 12) = 8.845, p = 0.002). Treatment
of Daudi cells with physiological concentrations of HC (1 nM) did not result in a significant
increase in BZLF1 expression above that of untreated controls at any time point. However,
cells treated with stress levels (100 nM) and pharmacological levels (10 μM) of HC induced
BZLF1 gene expression, reaching a maximum increase of 3.07 ± 1.28 fold above control levels
(p = 0.001) after treatment with 10 μM HC for 72 hrs.

Daudi cells were then treated with Dex to examine the effect of this synthetic and more potent
glucocorticoid on BZLF1 gene expression. Daudi cells were treated with 1 nM, 100 nM, or 10
μM Dex and collected after 6, 12, 24, 48, and 72 hrs of treatment for analysis of EBV BZLF1
gene expression (Fig. 1B). BZLF1 gene expression in Daudi cells increased in response to Dex
treatment with the greatest increase observed after 72 hrs of treatment with 100 nM Dex (7.31
± 2.59 fold above untreated control levels p < 0.001).

Western blot analysis showed that Daudi cells express GR (Fig. 1C). In order to assess the role
of GR binding in mediating the observed effect described above, Daudi cells were treated with
either 100 nM Dex, 100 nM of the GR antagonist RU486, or co-treated with 100 nM Dex and
100 nM RU486 for 6, 12, and 24 hrs. RU486 efficiently blocked the Dex-induced upregulation
of BZLF1 gene expression in Daudi cells. For example, treatment of cells with 100 nM Dex
for 12 hrs resulted in a significant increase (2.72 ± 0.23 fold above untreated control levels (p
< 0.001)) in BZLF1 expression. Co-treatment with 100 nM Dex and 100 nM RU486 resulted
in the abrogation of the Dex-induced increase in BZLF1 mRNA levels but was still significantly
higher (1.67 ± 0.44 fold; p = 0.016) than untreated control levels (Fig. 1D). Treatment with
RU486 alone did not significantly change BZLF1 gene expression from that observed in
untreated control levels (p=0.099).

Kinetics of GC-mediated EBV reactivation in vitro is different from chemical induction with
TPA/NaB in Daudi and B95-8 cells

Co-treatment with TPA/NaB has been shown to effectively induce reactivation of latent EBV
in Daudi cells through demethylation of the BZLF1 gene (Falk and Ernberg, 1999). We
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therefore examined the expression of genes associated with lytic replication after exposure of
Daudi cells to TPA/NaB compared with treatment with GCs. The expression of BZLF1,
BLLF3, and BALF5 mRNA (Fig. 2A, B, and D) was measured at 3, 6, 12, 24, 48 and 72 hrs
after treatment with Dex (100 nM), HC (100 nM), or the combined treatment of 40 ng/ml TPA
and 3 mM NaB.

A significant increase in BZLF1 mRNA expression was apparent by 6 hrs and remained
upregulated thereafter in GC treated cells. A greater induction of BZLF1 gene expression
resulted from Dex treatment compared to HC that is consistent with the former’s greater
potency. Compared to the effect of treatment with GCs, BZLF1 expression induced by TPA/
NaB occurred later at the 24 hr time point (Fig. 2A). The highest level of BZLF1 mRNA
expression (77.36 ± 29.52 fold higher than control levels; p < 0.001) was observed after 72 hrs
treatment with TPA/NaB in Daudi cells.

To test whether this effect on BZLF1 gene expression is unique to Daudi cells we compared
the effects of HC, Dex, and TPA/NaB on the EBV positive marmoset B-lymphoblastoid cell
line B95-8. Unlike Daudi cells, GCs did not induce BZLF1 gene expression in B95-8 cells.
Similar to Daudi cells, TPA/NaB treatment resulted in increased BZLF1 mRNA levels in B95-8
cells. Significant upregulation of BZLF1 gene expression was observed as early as 6 hrs of
treatment with TPA/NaB resulting in levels 1.91 ± 0.24 fold higher than in untreated B95-8
cells (p = 0.002). Continued treatment for 72 hrs resulted in further increases in BZLF1 mRNA
levels which reached 148.82 ± 14.01 fold higher expression levels than untreated controls (p
< 0.001). This induction was greater than that observed in Daudi cells.

We then tested the effect of GCs on mRNA expression of the EBV early genes downstream
of BZLF1, i.e., BLLF3 and BALF5, which encode for the EBV dUTPase and DNA polymerase,
respectively in Daudi cells (Fig. 2C and D). The greatest significant induction of BLLF3 gene
expression by HC was observed after 6 hrs of treatment (1.64 ± 0.34 fold; p = 0.001) while
peak induction of BALF5 gene expression was observed at the 12 hr time point (1.44 ± 0.20
fold, p = 0.003). As expected, lesser induction of BLLF3 and BALF5 was observed after
treatment with HC compared to cells treated with Dex and TPA/NaB. Treatment with Dex
resulted in significant increase in both BLLF3 and BALF5 levels at the 12 hr time point (2.66
± 0.23 fold above control levels; p = 0.002 and 2.32 ± 0.27 fold above control levels; p < 0.001,
respectively). As was observed for BZLF1 mRNA levels, TPA/NaB-dependent upregulation
of BLLF3 and BALF5 mRNA was observed later (48 hr for BLLF3 and after 24 hr for BALF5)
compared to HC and Dex. A decrease in BLLF3 and BALF5 mRNA levels compared to
untreated controls was initially observed. The highest TPA/NaB-induced expression was
observed after 72 hrs of treatment for BLLF3 mRNA (44.83 ± 11.63 fold increase, p < 0.001)
and after 48 hrs for BALF5 mRNA (9.25 ± 1.09, p < 0.001). This difference in the patterns of
expression following the treatments reflects the difference in magnitude of the stimuli
presented by these inducers of EBV gene expression. Alternatively, these patterns of expression
may suggest that the mechanisms by which the GCs and TPA/NaB modulate BZLF1 gene
expression involve different pathways.

GC-induced ZEBRA expression mediates the differential expression of EBV EAs
We subsequently performed western blot analysis for the kinetic evaluation of the expression
of the BZLF1 gene product ZEBRA at the same time points to compare transcriptional with
translational changes after each treatment (Fig. 2E). Expression of ZEBRA in Daudi cells was
elevated after 6 hrs of treatment with both GCs and remained upregulated thereafter. On the
other hand, increased levels of ZEBRA in Daudi cells was not observed until after 24 hrs of
treatment with TPA/NaB (Fig. 2E).
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We detected the expression of EBV EAs by western blotting using a previously characterized
EBV seropositive human serum that detects total EBV EAs. In HC treated cells, a band at 75
kDa was the only detectable EA (Fig. 2E). This band was detectable at all time points examined
except after 72 hrs of treatment. Dex-treated cells also expressed this 75 kDa band with low
levels after 6 hr of treatment and increasing thereafter. Other EAs migrating at 15 kDa, and 35
kDa, were also expressed after 24 hrs of Dex treatment with low levels of a 250 kDa band
faintly apparent at 48 and 72 hrs (Fig 2E). EBV EA bands migrating at 15 kDa, 35 kDa, 75
kDa and 250 kDa were detectable in TPA/NaB treated cells. The 15 kDa band is present after
3 hrs and decreased thereafter while the larger EAs were detected at lower levels and
upregulated at later time points (e.g., high levels of the 75 kDa band are present at 24 and 48
hrs while the 250 kDa band is abundant at 48 and 74 hrs; Fig 2E). These data show that GCs
induce the expression of EBV proteins with a different kinetic profile than TPA/NaB. The
significance of these differences and the mechanism involved in the modulation of these protein
expressions is not fully understood.

BZLF1 induction in latent EBV infected Daudi cells is prevented by cyclohexamide
Modulation of BZLF1 gene expression in EBV latently infected lymphoblastoid cell lines by
various chemical inducers of EBV reactivation has been shown to depend on de novo protein
synthesis (Laux et al., 1988; Ye et al., 2007). To test whether this is also true for Daudi cells,
we co-treated cells with 33 μg/ml cycloheximide (CHX) and with Dex or TPA/NaB. Treatment
with CHX prevented the Dex- and TPA/NaB-dependent induction of BZLF1 mRNA
expression after 12 and 24 hrs (Fig. 3). Preliminary experiments of Daudi cells treated with
CHX alone showed no significant effect on BZLF1 mRNA expression (data not shown).

Increased GR expression in EBV positive epithelial cells stimulates GC mediated BZLF1
mRNA expression

Because of our long-standing interest in the role of EBV in NPC and the impact of stress on
this disease (Glaser et al., 1989), we further assessed the association between GR expression
and the GC-dependent induction of BZLF1 gene expression in the NPC cell line C666-1 and
the epithelial hybrid cell line D98/HR-1. To this end, we transfected cells with various amounts
of a GR expression plasmid and then measured Dex mediated induction of BZLF1 gene
expression (Fig. 4A & B). Western blotting confirmed increased expression of GR in both
these cell lines. When transfected with increasing amounts of a GR expression plasmid, a
significant increase in BZLF1 mRNA expression was only observed in C666-1 cells transfected
with 3 μg hGR (1.62 ± 0.19 fold increase above control levels, p = 0.002; Fig. 4A). In D98/
HR-1 cells, BZLF1 gene expression significantly increased with the transfection of 1.5 μg of
the hGR plasmid (2.49 ± 1.13 fold increase above control levels, p = 0.021; Fig. 4B). Compared
to cells with 1.5 μg hGR, cells transfected with 3 μg hGR exhibited less of an increase above
untreated control levels (1.75 ± 0.58 fold increase above control levels, p = 0.024).

Discussion
Our lab and others have shown that the hormonal/physiological changes associated with
psychological stress can induce the reactivation of latent herpesviruses such as EBV and herpes
simplex virus (Esterling et al., 1992; Lutgendorf et al., 1994; Mehta et al., 2000; Payne et al.,
1999; Sarid et al., 2001; Stowe et al., 2000). Studies have shown that cortisol is an important
player in this process (Bauer, 1983; Glaser et al., 1995; Joncas and Leyritz, 1974; Magrath et
al., 1979). In this study, we have explored how GCs can reactivate latent EBV. We found that
the treatment of Daudi cells with HC or Dex resulted in a dose-dependent upregulation of
BZLF1 mRNA expression. BZLF1 has been shown to play a pivotal role in the switch from
the latent condition to virus replication. We further show that co-treatment of Daudi cells with
Dex and the GR antagonist RU486 effectively abrogated the Dex-dependent upregulation of

Yang et al. Page 7

Brain Behav Immun. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



BZLF1 gene expression supporting the hypothesis that GR mediates the activation of BZLF1
gene expression. The upregulated BZLF1 gene expression results in the synthesis of the BZLF1
gene product ZEBRA and the expression of downstream genes BLLF3 (dUTPase) and BALF5
(DNA polymerase). Finally, our results show that the GC and TPA/NaB mediated upregulation
of BZLF1 mRNA expression is abrogated by CHX. However, our current study does not
distinguish whether the effect of CHX on the GC-and TPA/NaB-dependent induction of
BZLF1 gene expression is due to inhibition of de novo protein synthesis or prevention of
degradation of labile proteins. Further studies are needed to distinguish between these
possibilities.

To our knowledge this is the first description of the GC-dependent stimulation of the expression
of the EBV BZLF1 gene product ZEBRA, a transcription factor that acts as a transactivator of
viral genes and cellular genes and thus is a key mediator of reactivation from latency to the
viral productive cycle (Speck et al., 1997). Interestingly, we did not observe a GC-dependent
upregulation of BZLF1 gene expression in the marmoset derived B98-5 cells. This is consistent
with the previous observation of GC resistance in New World primates (Chrousos et al.,
1984; Chrousos et al., 1982).

The observations described here provide an explanation for previous studies by our lab and
others showing stress-associated changes in the steady-state expression of latent EBV in
stressed subjects (Cacioppo et al., 2002; Glaser et al., 1995; Mehta et al., 2007; Mehta et al.,
2000; Pierson et al., 2005). In vitro studies have shown that HC and Dex can induce reactivation
of latent EBV in Daudi cells and enhance the number of EBV antigen positive Raji cells
superinfected with the HR-1 strain of EBV (Glaser et al., 1995). It has been further shown that
HC can induce the replication of latent EBV in lymphoblastoid cells (Bauer, 1983; Joncas et
al., 1973; Prachova and Roubal, 1981). Here we further confirm that Dex and HC can reactivate
latent EBV and that Dex can more efficiently induce reactivation by virtue of its greater potency
compared to HC.

We have previously proposed at least three ways that hormones and neuropeptides could
influence EBV latency/lytic replication; 1) the hormone(s) directly reactivate the EBV genome
in latently infected target cells in peripheral blood or in tissue; 2) the hormone(s) enhance EBV
replication after reactivation has taken place, and 3) reactivation/replication takes place as a
result of a down-regulated virus specific memory immune T-cell response (Glaser et al.,
1995). Here we provide evidence to support the first possibility by showing that exposure to
Dex or HC can reactivate latent EBV by enhancing the expression of BZLF1 mRNA. That this
enhanced expression of BZLF1 can lead to full viral replication is supported by our observation
that Dex treatment also stimulates the expression of the downstream genes (expressed after the
reactivation of the latent virus genome) BLLF3 and BALF5, as well as the protein expression
of other EBV EAs. We further showed that both the GR antagonist RU486 and cycloheximide
prevent the Dex-dependent upregulation of BZLF1 gene expression. Further work is needed
to determine if GR directly regulates the BZLF1 gene or if intermediary proteins are involved
that play a role in the overall process of EBV reactivation.

Western blot analysis confirmed that Daudi cells express GR which when bound to its ligand
results in modulation of EBV gene expression. Ligand binding results in the nuclear
translocation of GR where it binds as a homodimer to glucocorticoid response elements (GREs)
in the regulatory regions of genes. This binding leads to the enhancement and/or repression of
gene transcription depending on the promoter sequence (Duma et al., 2006). A functional GRE
has been described in the B95-8 strain of EBV (Kupfer and Summers, 1990; Schuster et al.,
1991). Our results showing that RU486, a GR antagonist, blocked the Dex-dependent
upregulation of BZLF1 gene expression lends support to the role of this receptor in mediating
this effect. However, direct binding of GR to this promoter remains to be shown. The role of
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GR in the Dex-related stimulation of BZLF1 mRNA expression is further supported by our
observation that transfection of C666-1 and D98/HR-1 cells with increasing amounts of a
construct containing the hGR resulted in an enhanced BZLF1 gene expression. The fact that
BZLF1 gene expression peaked with transfection of 0.75 μg hGR in D98/HR-1 cells and no
further increase associated with the addition of 1.5 μg hGR suggests that other co-regulators
may become limiting in these cells.

Comparison of the BZLF1, BLLF3, and BALF5 gene expression in Daudi cells treated with
HC, Dex or with the chemical inducer, TPA/NaB, demonstrated differences in the timing of
expression of these mRNAs indicating differences in the magnitude of the stimuli when Daudi
cells are exposed to these inducers of EBV gene expression. The late induction of BZLF1 by
TPA/NaB is not unique to Daudi cells as a similar, although slightly earlier, induction of BZLF1
by TPA/NaB was seen in B98-5 cells. The different patterns of expression observed above
indicate that expression of EBV EAs is differentially regulated by various inducers of the EBV
lytic cycle. The significance of the difference in expression profiles of EA antigens observed
in western blots under these three conditions is not fully understood and warrants further
investigation. These results further suggest that while the lower BZLF1 mRNA expression
induced by GCs results in limited EA expression (and partial or incomplete reactivation of
EBV) the greater BZLF1 mRNA expression induced by TPA/NaB can result in the expression
of a larger set of EBV EAs that may lead to the complete reactivation of EBV (Glaser et al.,
2005).

The results described here contribute to our understanding of how psychological stressors can
affect the steady-state expression of latent EBV. We, and others, have shown that stress can
induce the HPA and SAM axes resulting in the production of cortisol, which we have shown
in this study (in the form of HC) to induce the latent EBV genome to be activated. Further
studies aimed at elucidating the mechanism(s) involved in the stress-associated reactivation of
latent EBV will enhance our ability to counter the adverse effects of psychological stressors
on EBV latency and EBV-associated diseases.
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Figure 1.
The GC-dependent upregulation of EBV BZLF1 mRNA levels in Daudi cells is mediated by
GR. Real-time PCR quantification of EBV BZLF1 mRNA levels in Daudi cells after treatment
with HC (A) or Dex (B). Cells were collected after 6, 12, 24, 48, and 72 hrs. Total RNA was
isolated and BZLF1 mRNA levels (normalized to GAPDH mRNA levels) were measured using
real-time PCR. (C) Western blot showing the expression of GR in Daudi cells. (D) Real-time
PCR assay measuring EBV BZLF1 mRNA levels in Daudi cells after treatment with Dex,
RU486, or Dex plus RU486 for 6, 12, and 24 hrs to assess the role of GR in the Dex-dependent
modulation of BZLF1 gene expression.
Values are presented as fold change from untreated control levels. Error bars represent the
means ± SD, n = 4; *, p ≤ 0.05; #, p ≤ 0.001.
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Figure 2.
The GCs HC and Dex modulate BZLF1, BLLF3, and BALF5 mRNA expression in Daudi and
B98-5 cells with different kinetics from chemical induction with TPA/NaB. Real-time PCR
quantification of EBV BZLF1 (A), BLLF3 (C), and BALF5 (D) mRNA in untreated Daudi
cells and after treatment with HC, Dex, and TPA/NaB for 3, 6, 12, 24, 48, and 72 hrs.
Modulation of BZLF1 gene expression in Daudi cells was compared to that observed in B95-8
cells after treatment with HC, Dex, and TPA/NaB (B). Values are presented as fold change
from untreated control levels. Error bars represent the means ± SD, n = 4; *, p ≤ 0.05; #, p ≤
0.001. (E) Western blot analysis showing the protein expression of ZEBRA, and EAs in
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untreated Daudi cells and after treatment with HC, Dex, and TPA/NaB for 3, 6, 12, 24, 48, and
72 hrs.
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Figure 3.
Dex- and TPA/NaB-dependent upregulation of BZLF1 gene expression is inhibited by
cycloheximide. Real-time PCR quantification of EBV BZLF1 mRNA in untreated Daudi cells
and after treatment with Dex, Dex plus CHX, TPA/NaB, and TPA/NaB plus CHX for 6, 12,
and 24 hrs. Values are presented as fold change from untreated control levels. Error bars
represent the means ± SD, n = 4; *, p ≤ 0.05; #, p ≤ 0.001.
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Figure 4.
Increased GR expression in EBV positive epithelial cells stimulates Dex-mediated BZLF1
mRNA expression. Western blot showing expression of GR after transfection of 0.75, 1.5, or
3 μg of a GR expression plasmid and real-time PCR quantification of EBV BZLF1 in C666-1
(A) and D98/HR-1 (B) cells after growth for 24 hr in the presence or absence of 100 nM Dex.
Values are presented as fold change from untreated control levels. Error bars represent the
means ± SD, (A) n = 5, (B) n = 6; *, p ≤ 0.05; #, p ≤ 0.001.
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