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ABSTRACT Adenovirus (HAdV) infection is a common cause of illness among young
children, immunocompromised patients, and transplant recipients. The majority of
HAdV infections are self-limited, but recurring infection is frequently encountered in
young children and may require hospitalization. In this study, we surveyed the pres-
ence of HAdV in tonsillectomy samples and investigated epigenetic conditions that
contributed to HAdV reactivation. HAdV DNA was detected from 86.7% donors. The
lymphocytes isolated from the samples failed to produce infectious HAdV after incu-
bation, suggesting the viruses remained in a latent status. To determine whether
epigenetic factors played a role in HAdV reactivation, isolated lymphocytes were
treated with a small compound library. Viral DNA replication and infectious HAdV
production were assayed by PCR and by a secondary infection assay. We identified
several compounds, mainly pan- and selective histone deacetylase (HDAC) inhibitors,
which showed activity to reactivate HAdV from latency. The viruses were isolated
and were determined as species C HAdV. Using a model of HAdV lytic infection, we
showed that the compounds promoted histone-3 acetylation and association with
viral early gene promoters. In addition to demonstrate the palatine tonsils as a reser-
voir of latent HAdV, this study uncovers a critical role of histone acetylation in HAdV
reactivation, linking HAdV latency to recurrent HAdV infection.

IMPORTANCE Respiratory tract infection by adenoviruses is among the most com-
mon diseases in children, attributing to approximately 20% of hospitalizations of
children with acute respiratory infection (ARI). Adenovirus transmits by direct con-
tact, but recurrent infection is common. Ever since its isolation, adenovirus has been
known to have the ability to establish persistent or latent infection. We found 87.7%
tonsillectomy specimens contained detectable amounts of adenoviral DNA. Isolated
lymphocytes did not produce infectious adenoviruses without stimulation. By screen-
ing an epigenetic informer compound library, we identified several histone deacety-
lase inhibitors that promoted adenovirus reactivation that was evidenced by in-
creased viral DNA replication and production of infectious viruses. The human
tonsils are covered with bacterial pathogens that may utilize pathogen-associated
pattern molecules or metabolites to cause epigenetic activation and proinflamma-
tory gene transcription, which may lead to viral reactivation from latency. The study
shows that recurrent adenovirus infection could arise from reactivation of residing
virus from previous infections.
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The human adenoviruses (HAdVs) are a group of double-stranded DNA viruses that
cause respiratory infection of children and adults (1–3). Typical symptoms include

fever, pharyngitis, cough, sore throat, and tonsillitis. Although many infections are mild
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in immunocompetent individuals, the infection may lead to fatal pneumonia in young
children (4–7). It was reported that more than 20% of hospitalized children with acute
respiratory tract infections had HAdV (1, 8, 9), with species C as the unique pathogen
in children with acute bronchiolitis or recurrent wheezing (8). HAdV infection transmits
from person to person directly by coughing and sneezing or close contact, such as
touching contaminated objects or surfaces. HAdV can multiply in the epithelial cells of
the respiratory tract, pharynx, conjunctiva, or small intestine according to the mode of
entry and then spreads to reginal lymph nodes. The virus has the property to establish
persistent infection or latency in lymphoid organs, such as tonsils and Peyer’s patches
(10–12). It is believed that exogenous infections occur in some instances, and the
majority of invasive events appear to arise from viral reactivation from a previous
infection (13). Latent infection can be reactivated in patients with underlying immunity,
and the virus can switch to a lytic phase of replication (14). Adenovirus reactivation is
increasingly being recognized as a significant problem and remains a clinical challenge
in transplantation settings (15–19).

The human tissues, such as tonsils, serve as reservoirs for many medically important
viruses, including Epstein-Barr virus (EBV) and HAdV. Several studies have reported that
adenoviral DNA was detected in over 80% of human tonsil and adenoid lymphoid
tissue samples (6, 20–23). Although HAdV was originally isolated from cultured tonsil
fragments, adenovirus cannot be cultured from adenoids and tonsils immediately after
excision (10). After various periods of cultivation of tonsil fragments or costimulation of
isolated tonsil lymphocytes with anti-CD3 and CD28 antibodies, the specimens were
able to produce infectious virus (10, 24), indicating T cell receptor (TCR) signaling may
be involved in the regulation of HAdV reactivation.

Costimulation of T lymphocytes can promote a number of signaling cascades,
leading to cell survival, proliferation, differentiation, and cytokine production (25).
TCR signaling induces massive changes in histone modifications in human T cells
that may mediate chromatin remodeling and T cell function (26–29). As obligate
intracellular organisms, viruses rely, to a major extent, on the host cell for replica-
tion (30). The HAdV DNA is associated with viral proteins, such as core protein VII
(pVII), but not histone proteins (31). Once in the nucleus, the incoming viral DNA
undergoes remodeling by depositing host histone proteins to the pVII-DNA com-
plex. The newly formed physiologically spaced nucleosomes were detectable within
about 6 h of the infection (22, 32, 33). During the late phases of the infection, the
association with histone-3 was dramatically reduced and the repeating of the
nucleosome-like pattern was no longer evident (34). The adenoviral E1A alters
global patterns of histone modification and regulates transcription and cellular
transformation (35–37). Whether epigenetic regulation is involved in HAdV latency
as well as its reactivation remains uninvestigated.

Accumulating evidence suggests that cellular and viral chromatin proteins are
positive factors in the regulation of viral gene expression during the lytic cycle of
infection (38). Chromatin dynamics may regulate adenoviral gene expression and
infection since histone acetylation is commonly associated with actively transcribed
genes (39, 40). Although human adenoviral DNA associates with nucleosomes contain-
ing histone variant H3.3 during the early phase of infection and chromatin immuno-
precipitation (ChIP) assays also showed that HAdV2 promoters were associated with
acetylated histone-3 during the lytic cycle of infection (33, 41), whether epigenetic
factors play a role in HAdV reactivation remains unknown.

Given the significance of histone modifications in transcription and gene regulation,
we asked if epigenetic factors played a role in HAdV reactivation. We screened an
epigenetic compound library on tonsil samples and identified several histone deacety-
lase (HDAC) inhibitors that caused HAdV reactivation. Here, we report the character-
ization and identification of the compounds important for HAdV reactivation and
infection.
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RESULTS
Adenoviral DNA is common in tonsillectomy samples. Fresh tonsil samples from

patients undergoing routine tonsillectomies for chronic tonsillitis or hypertrophic
tonsils were collected at Nanjing Children’s Hospital. A total of 65 samples from 45
donors (age, 1 to 11 years old) were analyzed by a PCR assay using panhexon-specific
primers. The primers were designed to cover species C, the predominant serotype
detected in human tonsils in previous studies, and species B, D, and E adenoviruses. Of
the 65 tonsil samples, 57 contained detectable levels of the viral DNA, representing a
positive rate of 87.6% of tonsil samples. Of those 57 positive samples, 19 were from
those 25 patients who had 1 tonsil removed, while 38 were from 20 patients who had
both tonsils removed. Of those 20 patients who had both tonsils removed, 18 had
detectable HAdV DNA in both tonsils, while 2 patients had detectable viral DNA in 1 of
their tonsils. Therefore, adenoviral DNA was commonly present in tonsillectomy sam-
ples.

The DNA sequences of the samples were analyzed. All the samples belonged to
species C adenoviruses, including HAdV2 (34/57, 59.6%), HAdV5 (20/57, 35.1%), and
HAdV1 (3/57, 5.3%). No HAdV6 was detected. The distribution of the serotypes was
consistent with results from other studies (1, 23, 42). In addition, no patients had more
than one serotype of HAdV detected.

Table 1 summarizes HAdV distribution information and information of the patients,
including counts of white blood cells, lymphocytes, neutrophils, platelets, hemoglobin,
and C-reactive protein (CRP). The parameters were within normal ranges and were not
significantly different from those of healthy donors.

An informer compound library screening identifies HDAC inhibitors that pro-
mote HAdV reactivation from tonsil lymphocytes. The HAdV was first isolated by the
cultivation of tonsil fragments (10, 43) or identified following TCR activation (23). We
reasoned that epigenetic regulation might have played a role in HAdV reactivation
since TCR signaling has been reported to induce massive changes in histone modifi-
cations that mediate chromatin remodeling and gene activation in human T lympho-
cytes (26, 44). We, therefore, screened an epigenetic compound library on freshly
isolated tonsil lymphocytes. In this regard, freshly isolated, HAdV-positive tonsil lym-
phocytes were vehicle-treated or treated with 50 ng/ml phorbol myristate acetate
(PMA), a compound that previously was reported to reactivate HAdV, or with a test

TABLE 1 The demographic characteristics of the participants and HAdV DNA statusa

Characteristic
Ad-positive samples
(n � 39, 86.7%)

Ad-negative samples
(n � 6, 13.3%)

Gender (n [%])
Male 25 (64.1) 2 (33.3)
Female 14 (35.9) 4 (66.7)

Age range (n [%])
0 to �3 3 (7.7) 1 (16.7)
3 to �6 26 (66.7) 3 (50)
6 to �9 6 (15.3) 2 (33.3)
9 to �12 4 (10.3) 0

Mean � interquartile range 5.06 � 1.76 5.58 � 2.19

Blood test (median � interquartile range)
WBC (109 cells/liter) 9.25 � 2.16 8.36 � 1.90
Leukopenia (�4,000/�l) 56.92 � 11.94 43.82 � 9.42
Lymphocyte (%) 34.70 � 11.55 44.15 � 9.45
Neutrophils (%) 56.92 � 11.72 43.82 � 8.60
Platelets (109 cells/liter) 270.24 � 77.69 258.16 � 43.64
Hemoglobin (g/liter) 127.00 � 9.19 124.00 � 13.94
CRP, �8 mg/liter (n [%]) 6 (15.4) 1 (16.7)

aData shown are from 45 donors. HAdV-positive rates were determined as 86.7% (39/45) in patients or 87.7%
(57/65) of tonsil specimens. Ad, adenovirus; WBC, white blood cells; CRP, C-reactive protein.
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compound at the half-maximal nontoxic concentrations. After treatment for 48 h, the
cells and culture medium were collected. The mixtures were subjected to freeze and
thaw for 3 cycles in liquid nitrogen and a 37°C water bath to release the virus and viral
DNA.

To determine whether the compounds caused latent HAdV reactivation, we first
performed a PCR assay to check for DNA amplification. For this purpose, a portion of
the supernatants was first treated with proteinase K to remove viral DNA-associated
proteins. The samples were tested for HAdV DNA accumulation by PCR assay. We found
that PMA treatment weakly promoted HAdV DNA accumulation. Instead, we identified
several compounds that markedly induced HAdV DNA accumulation (Fig. 1B). The
observation was independently validated on HAdV-positive lymphocytes from 3 differ-
ent patients. Compounds such as abexinostat (PCI24781), belinostat (PXD101), daci-
nostat (LAQ824), trichostatin A (TSA), pan- or selective HDAC inhibitors, and decitabine,
a methyltransferase inhibitor, consistently promoted HAdV DNA accumulation (Fig. 1B).
We also identified vorinostat (SAHA) with moderate activity in promoting HAdV DNA
production (Fig. 1B). A recent study showed that at 10 �M concentration both TSA and
SAHA suppressed human adenovirus-mediated gene expression and replication (45).
We did not follow this course since the concentration used in the study was signifi-
cantly toxic to the system we used.

The effect of the compounds on HAdV reactivation was then confirmed with a
secondary infection assay. To this end, the supernatant (30 �l) from vehicle-treated or
PMA-, PCI24781-, or LAQ824-treated tonsil lymphocytes was used to infect A549 cells
in 96-well plates. The cells and culture medium were collected after 60 h to 72 h of
incubation, and the recovered HAdV was used to infect A549 cells for another round of
amplification. The titers of the viruses in PCI24781- and LAQ824-treated samples were
determined to be approximately 1 � 102 and 7 � 102 PFU/ml, respectively. For com-
parison, no infectious virus was detected in the vehicle-treated samples, while those
treated with PMA did not produce a detectable amount of HAdV. The results together
demonstrated that HDAC inhibitors are a novel class of small compounds that reacti-
vate HAdV from latency.

The dose effect of the HDACi on HAdV reactivation was also tested on freshly
isolated tonsil lymphocytes by measuring HAdV DNA accumulation using qPCR.
PCI24781, LAQ824, or TSA showed potent effects in promoting HAdV reactivation. At
submicromolar concentrations, the compounds dose-dependently promoted HAdV
DNA accumulation (Fig. 1C). The effect of LAQ824 was more potent than the other
compounds tested in both DNA amplification and in virus recovery assays. In subse-
quent studies, we therefore used LAQ824, a pan-HDAC inhibitor, to treat tonsil lym-
phocytes and isolated 15 cultivated viruses. Sequence analysis of those isolates con-
firmed that the viruses were HAdV2 (10/15, 67%) and HAdV5 (5/15, 33%).

Reactivation of HAdV by HDACi in a xenograft mouse model. Next, we tested
whether the compounds were able to reactivate HAdV in vivo using a xenograft model
system. HAdV-positive tonsil fragments were implanted in nude mice. The animals were
then treated with a vehicle, with LAQ824, or with TSA, a well-studied HDACi, on the 3rd,
4th, and 5th day after tonsil implantation. On the 7th day, tonsil implants were removed
and used to extract DNA. HAdV DNA production was determined by measuring viral
DNA production with qPCR. As shown in Fig. 2, HDACi treatment significantly enhanced
viral DNA replication in the xenograft model, indicating epigenetic factors had a role in
HAdV reactivation from latent infection.

Role of histone acetylation in HAdV lytic infection. Since the majority of the
compounds identified in this study were HDAC inhibitors, we therefore studied HAdV
infection on histone-3 modifications. Due to the relatively low abundance of viral DNA
in the primary tonsil lymphocytes and possibly low activity of cell proliferation/
differentiation, we were unable to demonstrate histone modifications in freshly isolated
tonsil lymphocytes by immunoblotting studies. We, therefore, used a lytic infection
model to address whether histone acetylation promoted HAdV infection. We found that
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FIG 1 PCR results from epigenetic compound library screening. (A) The primary categories of the
epigenetic informer compounds tested. (B) Compound screening on isolated tonsil lymphocytes. Tonsil
lymphocytes were first examined for the presence of HAdV DNA using a pair of primers that anneal to
the hexon gene of species B, C, D, and E HAdV. HAdV-positive lymphocytes in 96-well plates were vehicle
treated (0.1% DMSO in culture medium) or treated with a compound for approximately 48 h. The cells
and culture medium were collected and used for the detection of HAdV by PCR. The induction of HAdV
DNA accumulation in the treated samples was demonstrated by PCR analysis and verified using 3
different tonsil samples. The PCR result from a representative experiment is presented, and compounds
that showed more potent effects were listed. �, positive control for the PCR. (C) Dose effect of HDACi
on HAdV reactivation. HAdV2-positive tonsil lymphocytes were treated with various doses of PCI24781,
LAQ824, or TSA. The cells and culture medium were collected 48 h later and used for detection of HAdV2
hexon DNA by qPCR. The data were normalized against GAPDH in the samples and plotted as relative
abundance against vehicle-treated controls.
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HAdV2 infection promoted H3K9 and H3K18 acetylation at the early stages of an
infection (Fig. 3A). At later stages, H3K9 and H3K18 acetylation were reduced. For
comparison, the level of histone-3 phosphorylation (Ser10) remained relatively un-
changed during the course of the infection.

We then tried to determine an optimal multiplicity of infection (MOI) for H3K9 and
H3K18 acetylation since we would like to perform ChIP assays to demonstrate acety-
lated histone association with viral early gene promoters. Since the ChIP assay tends to
require relatively high infection multiplicity to determine the early event of an infection,
we infected A549 cells with HAdV2 at 5 to 15 MOIs for either 3 h or 6 h. At 10 and 15
MOIs, HAdV2 infection caused strong acetylation of H3K9 and H3K18 at 3 h and 6 h
postinfection (p.i.) (Fig. 3B and C).

Association of acetylated histone-3 with viral early genes or gene promoters.
Since both cellular and viral chromatin proteins are positive factors in the regulation of
HAdV gene expression (38), we therefore performed ChIP assays to investigate whether
acetylated histone was associated with viral gene promoters. A549 cells were unin-
fected or infected with HAdV2 at an MOI of 15 for 3 h and 6 h. The samples were then
processed and immunoprecipitated by incubation with anti-Ac-H3K9 or anti-Ac-H3K18.
The presence of E1A, E2, E3, E4, or IVa2, a later gene as a control, in the anti-H3K9 or
H3K18 immunocomplexes was detected by qPCR. As shown in Fig. 4, the acetylated
histones were associated with viral early gene promoters. No presence of gene IVa2
DNA was detected in the immunoprecipitation complexes (data not shown).

LAQ824 on histone acetylation and acetylated histone association with viral
genes or gene promoters. Next, we addressed whether the LAQ824 effect on HAdV
infection correlated with histone modifications. A549 cells were treated with LAQ824
prior to HAdV2 infection. LAQ824 treatment alone promoted Ac-H3K9 and Ac-H3K18
(Fig. 5A, lane 3). In HAdV2-infected samples, the levels of acetylated H3K9 and H3K18
were significantly higher than those in mock-treated samples (Fig. 5A, lane 2), which
were determined by immunoblotting assay and confirmed by immunofluorescence
staining studies (Fig. 5B).

FIG 2 Reactivation of HAdV from tonsil fragments in a xenograft model. Tonsil fragments of approxi-
mately 2 by 2 by 2 mm in size were surgically implanted in the rear flanks of athymic nude mice (3 mice
or 6 pieces per group). The mice were then treated by subcutaneous injection near the sites of the
implants (as the arrows indicated) with a vehicle (10% DMSO in normal saline) or with a test compound
(in 30 �l volume per site) on days 3, 4, and 5. TSA (10 mg/kg), LAQ824 (10 mg/kg), and PMA (30 �g/kg)
as a reference, were tested. The tonsil implants were removed on day 7, and viral DNA was quantitatively
measured by qPCR. The experiments were performed 2 times independently. The data are presented as
mean � SD (n � 6) of one experiment; *, denotes P � 0.05 and **, denotes P � 0.01.
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We then studied LAQ824 on acetylated histone-3 association with viral early gene
promoters. Treatment with LAQ824 resulted in enhanced detection of viral DNA of the
E1A, E2, E3, and E4 regions in the anti-H3K9 immunocomplexes by approximately 34-
to 190-fold (Fig. 5C), while those in the anti-Ac-H3K18 immunocomplexes were in-
creased by 3- to 24-fold compared with those in the dimethyl sulfoxide (DMSO)-treated
controls. As a control of the assay, IVa2 was not detected in anti-Ac-H3K9 nor the
anti-Ac-H3K18 immunocomplexes. These results, therefore, indicated that treatment
with LAQ824 boosted histone modifications and acetylated histone association with
viral early gene promoters. Since histone acetylation tends to be linked to gene

FIG 3 Effect of HAdV infection on histone H3 modifications. (A) HAdV2 infection induces histone-3 acetylation.
Monolayers of A549 cells were infected with HAdV2 at an MOI of 1 for times as indicated. The levels of acetylated
and phosphorylated histome-3 (Ac-H3K9, Ac-H3K18, and p-H3 Ser 10) were determined by immunoblotting studies.
Histone-3 expression and hexon production were also examined as loading and infection controls, respectively.
TSA, Ad2 infected for 24 h in the presence of 150 nM TSA. The experiment was performed 2 times independently.
(B and C) Histone-3 acetylation during HAdV2 infection. Monolayers of A549 cells were uninfected or infected with
HAdV2 at 5 to 15 MOIs for 3 h or 6 h. TSA, Ad2 at 10 MOI for 6 h in the presence of 150 nM TSA. Histone-3
acetylation and phosphorylation was detected by immunoblotting assay using anti-Ac-H3K9, Ac-H3K18, or anti-
p-Histone-3 (Ser10) antibody. (B) The expression of histone-3 and production of hexon was included as controls.
(C) The relative intensities of Ac-H3K9 and anti-Ac-H3K18 were quantitatively measured and plotted.
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activation, this result suggests that HDACi like LAQ824 promoted HAdV reactivation
through epigenetic regulation.

DISCUSSION

The human adenoviruses are members of the Adenoviridae family and Mastadeno-
virus genus that consists of seven species/subgroups (A to G) and over 50 serotypes

FIG 4 Association of acetylated histone-3 and viral early genes or gene promoters. Monolayers of A549
cells were uninfected or infected with HAdV2 (15 MOI) for 6 h. The samples were used to detect
acetylated histone-3 to viral gene promoters by ChIP assay. Adenoviral E1, E2, E3, and E4 early genes as
well as a late gene IVa2 in the anti-Ac-H3K9 and anti-Ac-H3K18 immunocomplexes were determined by
qPCR measurement. Data for IVa2 were not included since they were not detected. The experiment was
performed 2 times independently. The data are presented from a representative experiment.
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known to cause human infection. Adenovirus infections of the upper respiratory tract
are common and often subclinical but may cause common cold symptoms, pharyngitis,
tonsillitis, otitis media, and pharyngoconjunctival fever. The infections are usually mild
and self-limited but can be contagious in close-contact settings and be more serious in
children and in people with weakened immune systems. Among HAdVs, species C
adenoviruses (serotypes HAdV1, 2, 5, and 6) are common pathogens causing childhood
respiratory tract illness. Other serotypes, including HAdV3, HAdV4, HAdV7, and HAdV14,
have also been reported (7). After entry into the human body, the viruses actively
replicate in the epithelial cells to produce lytic effects. In most cases, the symptoms
disappear within 3 to 5 days, but recurrent infection occurs at times, indicating the
existence of persistent or latent infection (14). We reasoned that the human tonsils
could be a reservoir for HAdV that might undergo reactivation. We surveyed 65 tonsil
samples from 45 donors and found HAdV DNA was prevalent in the samples. The
majority of the samples seemed to have HAdV in latent status since cultured lympho-
cytes did not produce infectious viruses without stimulation. Both in vitro and in vivo
stimulation of isolated lymphocytes or tissue fragments with HDAC inhibitors resulted
in HAdV DNA replication, indicating epigenetic factors regulate viral reactivation and
possibly the maintenance of latency.

Despite the frequent detection of significant quantities of adenoviral DNA in tonsil

FIG 5 Effect of HDACi LAQ824 on histone-3 acetylation and association with viral early gene promoters. (A and B) LAQ824 treatment enhances Ac-H3K9
and Ac-H3K18. A549 cells were mock treated or treated with LAQ824 at indicated concentrations prior to HAdV2 infection (MOI, 15). The levels of hexon,
Ac-H3K9, Ac-H3K18, and p-H3 were detected at 6 h p.i. by immunoblotting (A). In parallel experiments, the samples were fixed at 6 h p.i. and were used
to detect histone modification by immunofluorescence (B). The experiments were performed 2 times independently; representative data are presented.
(C) LAQ824 promotes Ac-H3K9 and Ac-H3K18 association with viral genes or gene promoters. A549 cells were uninfected or infected with HAdV2 (15
MOI) for 6 h in the absence or presence of 100 or 300 nM LAQ824. The samples were processed for ChIP assay by immunoprecipitating for Ac-H3K9 and
Ac-H3K18. Adenoviral E1, E2, E3, and E4 early genes and late gene IVa2 in the immunocomplexes were determined by qPCR measurement. Data for IVa2
were not included since they were not detected. The experiment was performed 2 times independently. The data are presented from a representative
experiment.
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and adenoid tissues, infectious virus was rarely present, as measured by coculture with
permissive cells (10, 12, 14, 21). The molecular details by which viral latency and
reactivation are regulated have been less investigated. The adenoviral DNA is wrapped
into a repeating nucleosome-like array containing histone during the early phase of an
infection (33, 46). Garnett and colleagues reported that, following in vitro activation
with PMA/ionomycin along with interleukin-2 (IL-2) and anti-CD3/CD28 antibodies,
infectious virus was produced from purified tonsil T lymphocytes (24), suggesting TCR
activation leads to HAdV reactivation. TCR signaling induces massive changes in histone
modifications that modulates global chromatin remodeling and gene activation in
human T cells. We questioned whether epigenetic factors played a role in HAdV latency
and reactivation and screened an epigenetic compound library. We identified several
compounds that promoted HAdV reactivation from human tonsil lymphocytes at
submicromolar concentrations. The compounds were classified as HDAC inhibitors, or
those that target histone modification and transcription activation. We showed that the
compounds promoted HAdV DNA replication both in vitro and in vivo. In addition, we
demonstrated that acetylated histones were associated with viral early gene promoters,
underlining the importance of histone modifications in HAdV reactivation and lytic
infections. This argues that HAdVs from reactivation could be a contributing factor for
recurrent infection.

Many viruses have both lytic and latent status of infection. Like their cellular host
counterparts, many invading viral pathogens must contend with, modulate, and utilize
the host cell chromatin machinery to promote efficient lytic infection or control
persistent-latent states (32). The adenoviral E1A protein interacts with histone acetyl
transferases p300/CBP and tumor-suppressor retinoblastoma protein (Rb) to repress
select host genes and promote productive virus infection (35, 37). Thus, viruses may
utilize encoded proteins or different immediate early (IE) gene products to drive their
replication in response to cellular signaling, including mitogen-activated protein kinase
(MAPK) in conjunction with the NF-�B pathway activation (47–49). The mechanisms by
which the establishment, maintenance, and reactivation from latency are regulated are
complex and diverse among virus families, species, and strains (50, 51). It is reasonable
to speculate that a possible unifying theme for the molecular trigger from within the
cells may initiate virus reactivation (30). Among the exogenic factors that may cause
virus reactivation, stress almost always seems to be a major factor leading to a
reactivation process. Stress, along with various other growth factors/inflammatory
cytokines, has the propensity to trigger cellular signaling and epigenetic regulation.
Histone acetylation causes destabilization of chromatin, leading to a loose, open
structure of the promoter, so that it becomes easily accessible to basic transcription
factors (52). There exists a complicated set of interactions between these cellular
events, leading to chromatin remodeling and action of transcription, ultimately result-
ing in cell proliferation/differentiation or in viral reactivation.

Recurrent HAdV infection is common among young children. The human tonsils are
exposed to diverse viral and bacterial pathogens (53). For example, bacterial pathogens
such as Streptococcus spp., Neisseria sp., Staphylococcus spp., and Haemophilus influen-
zae are among the tonsillar microbiota and have been shown to be associated with
recurrent tonsillitis (54, 55). The host utilizes pattern-recognition receptors to sense
pattern molecules from Gram-positive and Gram-negative bacteria to trigger proin-
flammatory responses. In addition, the host-adapted bacterial strains may release
glycolysis metabolites, such as succinate, in the airway to promote inflammation
through activation of inflammasome signaling (56, 57). Proinflammatory response leads
to epigenetic modification and gene transcription that may cause virus reactivation (58,
59). Indeed, we found stimulation of tonsil lymphocytes with lipopolysaccharide-
induced HAdV DNA amplification. Another molecular relationship is the so-called cross
talk between microbiota and their metabolites, including the production of short-chain
fatty acids, which are known to exhibit activity as HDAC inhibitors (60). It is possible that
bacterial infection instigates recurrent tonsillitis through the production of metabolites
or bacterial pattern molecules.
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MATERIALS AND METHODS
Cells and viruses. Human lung alveolar epithelial A549 cells (ATCC, CCL-185) and HAdV2 were

purchased from ATCC (Manassas, VA). The cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; high glucose; catalog number 11965-092) supplemented with 10% fetal bovine serum (FBS;
number 10099-141), 10 mM HEPES, sodium pyruvate, nonessential amino acids, and penicillin-
streptomycin (Life Technologies) in a humidified incubator with 5% CO2 at 37°C. Lymphocytes were
cultured in RPMI 1640 (number 670089) with 10% FBS, penicillin-streptomycin, glutamax (number
35030-061), and 10 mM HEPES. The adenoviruses were propagated and titrated in A549 cells.

Tissue samples. The studies were approved by the Ethics Committees of Nanjing Medical University
and Nanjing University Medical School, and informed consent was obtained from legal guardians
involved in this study in accordance with the Declaration of Helsinki. Fresh tonsil samples from patients
undergoing routine tonsillectomies for chronic tonsillitis or hypertrophic tonsils were collected at
Nanjing Children’s Hospital. Laboratory data on admission and during hospitalization were collected
(Table 1). None of the patients had symptoms that would indicate acute adenovirus infection. The tissue
samples were processed within 4 h after surgeries. After being thoroughly rinsed with ice-cold DMEM
medium, the samples were used immediately or stored away after being snap-frozen for further studies.

Reagents and antibodies. A compound library of epigenetics was purchased from Selleck Chemicals
(catalog number L1900; Shanghai, China). The library contains 52 cell-permeable inhibitors targeting the
histone deacetylases (HDACs), histone acetyltransferases (HATs), DNA methyltransferases (DNMTs), and
inhibitors of the epigenetic reader domain or aurora kinase (Fig. 1A). Rabbit polyclonal antibodies to
acetyl-histone H3K9 (A7255) and anti-acetyl-H3K18 (A7257) were purchased from ABclonal (Wuhan,
China), to histone H3 (ab176842) from Abcam, and to phospho-histone H3 (Ser10, number 3377) from
Cell Signaling; a rabbit control IgG (A7016; Beyotime, Shanghai, Chinga) was obtained commercially, and
rabbit anti-HAdV2 hexon (anti-hexon) was prepared by ABmart (Shanghai, China). Horseradish peroxi-
dase (HRP)-conjugated secondary antibodies were purchased from Bio-Rad Laboratories (Shanghai,
China). Alexa Fluor 568-conjugated anti-rabbit IgG and phalloidin 488 (Green) were purchased from Life
Technologies. 4=,6-Diamidino-2-phenylindole (DAPI; C1002) and Protein G agarose beads (P2009) were
purchased from Beyotime. Phorbol-12-myristate-13-acetate (PMA) and PCR grade proteinase K (Roche;
number 3115879001) were purchased from Sigma-Aldrich (Shanghai, China).

Lymphocyte preparation and compound library screening studies. Tissue samples were rinsed in
RPMI 1640 medium supplemented with penicillin-streptomycin and were minced into fine pieces using
razor blades (61). The mix was passed through a Falcon cell strainer, and the cells were then washed
twice with RPMI 1640 before being used for reactivation or for virus recovery studies.

Prior to compound screening studies, the cytotoxicity of the test compounds was determined on
Vero cells using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) method (62).
To get an estimated nontoxic concentration of a test compound, we used the reported 50% inhibitory
concentration (IC50) data of individual compounds as the highest concentration and diluted down the
compound by series dilution. An optical density (OD) reading within 10 percentage points of DMSO
treated-controls was derived as the maximal nontoxic concentration. To reactivate adenoviruses, freshly
isolated tonsil lymphocytes were plated in 96-well plates at 1 � 105 cells/well using complete RPMI 1640
medium. The cells were vehicle-treated (DMSO to a final concentration of 0.1%) or treated with a test
compound and were cultured in a 37°C cell culture incubator for 48 h. At the end, the cells and the
culture medium were collected. After 3 freeze-thaw cycles (frozen in liquid nitrogen and thawed in a 37°C
water bath), the samples were used for PCR studies or for virus recovery studies.

To recover HAdV, a portion of the supernatants from compound-stimulated lymphocytes was first
used to infect the permissive A549 cells in 96-well plates for 2 to 3 days. The samples were used to infect
A549 cells for a second round. During this time, the presence of HAdV DNA in the culture medium was
monitored by PCR, while the cells were monitored for cytopathic effect (CPE). Those with obvious CPE
were harvested for virus characterization and for virus titer determination to preliminarily determine a
relative potency of representative compounds. The isolated viruses were subjected to sequence analysis.

DNA extraction. Freshly removed tonsil tissues (approximately 20 mg) or isolated tonsil lymphocytes
(1 � 107) were lysed in 100 �l buffer containing 150 mM NaCl, 0.5% NP-40, 0.1% SDS, and 20 mM Tris-HCl
(pH 7.6). The lysate was then treated with proteinase K (0.2 mg/ml) at 55°C overnight, followed by heat
inactivation at 95°C for 10 min. DNA was purified by phenol-chloroform extraction, followed by ethanol
precipitation. Total DNA was resuspended in Tris-EDTA (TE) buffer and the concentrations were deter-
mined using a Nanodrop 2000 instrument.

PCR and real-time PCR. For the first-round screening, we used the following pair of primers that
align to the hexon gene of serotypes B, C, D, and E of HAdV: HexF1, 5=-AACTTCCAGCCCATGAGC and
HexR1, 5=-GAAGGGCGTGCGCAGGTA (477 bp; nucleotide position 21274 to 21720 of HAdV2; GenBank
accession number J01917.1). Typically, the PCR was carried out in 25-�l volume using Taq DNA
polymerase (P211-01; Vazyme, Nanjing, China) and 1 �g total DNA for amplification. PCR amplification
started with denaturation for 3 min at 94°C; followed by 30 cycles of 30 s at 94°C, 30 s at 58°C, and 30
s at 72°C; followed by a final extension at 72°C for 10 min. The products were analyzed by electrophoresis
and automated DNA sequencing analysis.

We also designed the following set of primers for serotype analysis of species C HAdV: HexF2,
5=-GACAGCTATGATCCAGATGT and HexR2, 5=-GCTCATGGGCTGGAAGTT. These primers anneal to the
hexon gene of species C HAdV (nucleotide position 20047 to 21291 of HAdV2; GenBank accession
number J01917.1), and generated an amplicon of 1,245 bp (Table 2). The products were sequenced using
automated DNA analyzer (Sangong Biotech, Nanjing, China). The sequences were subjected to a BLAST
search against the GenBank database and aligned using the ClustalW2 program.
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Real-time PCR were carried out using the Applied Biosystems 7300 real-time PCR system with SYBR
green PCR master mix (Q711-02-AA; Vazyme, Nanjing, China). Data analysis was carried out with the with
2�ΔΔCT value method to obtain values of relative abundances. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used for normalization.

Xenograft model and in vivo activation studies. We used a xenograft model to investigate HAdV
reactivation in vivo (63). All experimental procedures were carried out strictly in accordance with the
guide for the care and use of laboratory animals and the related ethical regulations instilled at Nanjing
University Medical School. Female BALB/c athymic mice (catalog number D000521) of 4 to 6 weeks of age
were purchased from Model Animal Research Center of Nanjing University and were housed in microiso-
lator cages under specific-pathogen-free conditions on a 12:12-h light:dark cycle with free access to food
and water.

The tonsils were thoroughly washed with serum-free RPMI 1640 containing antibiotics. The tissue
samples were cut into small cubes of approximately 2 mm in each dimension. Mice were anesthetized
with ketamine. Under aseptic conditions, tissue fragments were surgically implanted in the rear flanks
(one on each side). The surgery procedure resulted in minimal postoperative morbidity and mortality.
Some of the tissue samples were snap-frozen and stored at �70°C as preimplantation controls.

Forty-eight hours after the surgery, mice (3 per group) were randomly grouped into vehicle (10%
DMSO in normal saline), TSA (10 mg/kg of body weight), LAQ824 (10 mg/kg), or PMA (30 �g/kg) groups.
On day 3, the mice were treated by subcutaneous (s.c.) injection near the sites of the implants for 3
consecutive days. The compounds were dissolved in DMSO and were freshly diluted with normal saline
prior to each injection (30 �l; DMSO at approximately 10%). The tissues were removed on day 7 and were
tested for DNA replication by qPCR.

Chromatin immunoprecipitation (ChIP) assay. The ChIP assay was carried out to determine histone
and viral DNA interactions following a previous report (41). Briefly, A549 cells in 10-cm dishes were
uninfected or infected with HAdV2 (MOI, 15) for 6 h. The cells were then rinsed with ice-cold phosphate-
buffered saline (PBS) three times and subsequently fixed with 1% paraformaldehyde for 10 min at room
temperature. After removal of the fixation solution, the cells were then incubated with 10 ml of 125 mM
glycine in PBS for 5 min to quench excess paraformaldehyde, followed by washing with ice-cold PBS. The
cells (1 � 107) were collected into 1 ml cell lysis buffer containing 1% SDS, 1 mM EDTA, and protease
inhibitors with a cell scraper. The mixture was placed on ice for 15 min followed by sufficient sonication
at an amplitude of 30% on a 10-s on-and-off cycle for 20 min to shear DNA. For immunoprecipitation, the
chromatin preparation was diluted with 10� ChIP dilution buffer and precleared with 70-�l protein G
agarose beads coated with sheared herring sperm DNA (SS-DNA) and bovine serum albumin (BSA). The
chromatin preparation was incubated at 4°C overnight with an antibody and protein G beads. The
immune complexes were washed once with low salt wash buffer, a high salt wash buffer, then lithium
chloride, and twice with Tris-EDTA buffer. The complexes were eluted with 1% SDS and 100 mM sodium
bicarbonate (250 �l). After cross-link reversal by incubating at 65°C for overnight, the eluants were
treated with proteinase K (0.2 mg/ml). The DNA was purified by phenol-chloroform extraction and
ethanol precipitation. The recovered DNA was detected by real-time PCR and PCR using primers
targeting the genes or gene promoters of the HAdV early genes and the IVa2 late gene (Table 2).

Western blot. Cell lysates were subjected to SDS-PAGE. The proteins were transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Millipore). After blocking for 1 h with 3% milk in Tris-buffered
saline containing 0.1% Tween 20 (TBS-T), the membrane was incubated with a primary antibody diluted
in TBS-T containing 1% milk. The membranes were then incubated with a corresponding secondary
antibody conjugated with HRP. The blots were detected using an ECL reagent kit (Beyotime) and the
ChemiScope 6000 Touch imaging system (Clinx, China).

Statistical analysis. Statistical analysis was performed by the one-way analysis of variance (ANOVA)
method using the SPSS 17.0 software package. Data were analyzed by Student’s t test. A P value of equal
to or less than 0.05 was considered statistically significant for all statistical tests.
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TABLE 2 List of primers used for HAdV characterization and ChIP assaysa

Primer name Forward sequence Reverse sequence Amplicon size (bp) Amplicon nucleotide position

HexF1/R1 5=-AACTTCCAGCCCATGAGC 5=-GAAGGGCGTGCGCAGGTA 477 21274–21720
HexF2/R2 5=-GACAGCTATGATCCAGATGT 5=-GCTCATGGGCTGGAAGTT 1,245 20047–21291
E1 5=-CCACCTACCCTTCACGAACT 5=-CGCCAACATTACAGACTCGG 102 676–777
E2 5=-AAGCCCAAGAAATCCACAGC 5=-CCTATTTCTAAGCTCGCGGG 96 26840–26935
E3 5=-ACCACTGCTACCGGACTAAC 5=-AAACCACCACATGTCCAAGC 90 29510–29599
E4 5=-CGGTAAACACATCAGGTTGGT 5=-GCTGTAATGTTGTCTCTACGCC 100 35304–35403
IVa2 5=-GGGAGATCAGCTGGGAAGAA 5=-GTTGCAGCCGGTAATAGGTG 92 4857–4948
aThe primers were designed based on the sequence of HAdV2 (GenBank accession number J01917.1). Their relative positions on the sequence with accession number
J01917.1 were given. The E1 and E4 primer pairs anneal to the E1a and E4 gene introns, respectively; E2 and IVa2 to the corresponding gene promoter regions; and
E3 to the E3 gene-coding region. HexF1/R1 refers to the hexon gene and the primers anneal to species B, C, D, and E HAdV, while HexF2/R2 anneal to species C
HAdV. IVa2, DNA encapsidation gene.
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