L] AMERICAN Journal of
SOCIETY FOR . ®
— MICROBIOLOGY Verlogy

PATHOGENESIS AND IMMUNITY

L)

Check for
updates

Endosomal Toll-Like Receptors Mediate Enhancement of
Interleukin-17A Production Triggered by Epstein-Barr Virus

DNA in Mice

Marwa Shehab,® Nour Sherri,>P Hadi Hussein,>P Noor Salloum,2 {2 Elias A. Rahal>®

2Department of Experimental Pathology, Immunology and Microbiology, American University of Beirut, Beirut, Lebanon

bCenter for Infectious Diseases Research, American University of Beirut, Beirut, Lebanon

ABSTRACT We previously demonstrated that Epstein-Barr virus (EBV) DNA increases
the production of the proinflammatory cytokine interleukin-17A (IL-17A) in mice.
This property may contribute to the established association between EBV and auto-
immune diseases. The objective of the present study was to elucidate mechanisms
through which EBV DNA modulates IL-17A levels in mice. To determine whether en-
dosomal Toll-like receptors (TLRs) played a role in this pathway, the expression of
TLR3, -7, or -9 was assessed by real-time reverse transcription-PCR in mouse spleens
after injection of EBV DNA. Moreover, specific inhibitors were used for these TLRs in
mouse peripheral blood mononuclear cells (PBMCs) cultured with EBV DNA and in
mice injected with this viral DNA; IL-17A levels were then assessed using an enzyme-
linked immunosorbent assay. The expression of the endosomal receptors TLR3, -7,
and -9 was increased in mice injected with EBV DNA. When mouse immune cells
were cultured with EBV DNA and a TLR3, -7, or -9 inhibitor or when mice were in-
jected with the viral DNA along with either of these inhibitors, a significant decrease
in IL-17A levels was detected. Therefore, endosomal TLRs are involved in the EBV
DNA-mediated triggering of IL-17A production in mice. Targeting these receptors in
EBV-positive subjects with autoimmunity may be useful pending investigations as-
sessing whether they play a similar role in humans.

IMPORTANCE Epstein-Barr virus is a pathogen that causes persistent infection with
potential consistent viral DNA shedding. The enhancement of production of proin-
flammatory cytokines by viral DNA itself may contribute to autoimmune disease de-
velopment or exacerbation. In this project, we identified that endosomal Toll-like re-
ceptors are involved in triggering proinflammatory mediators in response to viral
DNA. Pathways and receptors involved may serve as future therapeutic targets for
autoimmune diseases such as rheumatoid arthritis, multiple sclerosis, and systemic
lupus erythematosus.

KEYWORDS Epstein-Barr virus, IL-17A, TLR3, TLR7, TLR9, human herpesviruses,
interleukins, Toll-like receptors

pstein-Barr virus (EBV), also referred to as human herpesvirus 4 (HHV-4), is a human

gammaherpesvirus (double-stranded DNA [dsDNA] virus) known as the cause of
infectious mononucleosis (IM), a lymphoproliferative disorder observed in young
adults. It is considered one of the most common viruses in humans, infecting up to 90%
of the population and persisting for the lifetime of an individual (1). The EBV genome
is a linear double-stranded DNA that is approximately 172 kb long and carries more
than 85 genes (2).

EBV is mostly transmitted via saliva, but it could also be transmitted sexually and
through blood transfusions. Primary EBV infection is characterized by a self-limiting
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acute febrile illness where high rates of activated EBV-specific CD8* T cell responses
eliminate virus-infected B cells. It has also been associated with several types of B cell
malignancies, including posttransplant lymphoma, Burkitt's lymphoma, and Hodgkin
lymphoma, in addition to epithelial cell malignancies, which include nasopharyngeal
carcinoma and some gastric carcinomas (1, 3). Moreover, infection with EBV is associ-
ated with a higher risk of certain autoimmune diseases such as systemic lupus ery-
thematosus (SLE), rheumatoid arthritis (RA), and multiple sclerosis (MS) (4). RA patients
have a considerable increase in the EBV DNA load in peripheral blood mononuclear
cells (PBMCs) compared with that in controls (5, 6). Moreover, RA patients have high
numbers of circulating EBV-infected B cells (7) and EBV DNA loads in saliva (8). Antibody
titers against EBV antigens are also elevated in SLE and MS patients compared to those
in healthy controls (9, 10).

One of the most studied theories explaining how infections can be the cause of
autoimmunity is molecular mimicry. This was suggested by Fujinami and Oldstone, who
proposed that similarities between microbial and self-antigens on the molecular or
structural level are the reason behind the cross-reactivity of T cells, B cells, and
antibodies (11, 62). Concerning EBV association with autoimmune diseases, several
studies were conducted to explore the link between EBV infection and autoimmunity.
For example, EBV nuclear antigen 1 (EBNA-1), a viral protein of EBV, seems to share
epitope similarities with multiple human nuclear antigens, and antibodies against
EBNA-1 were shown to cross-react with dsDNA (12). EBNA-1 DNA complexes make a
good source of antigens that may induce cross-reactive antibodies (12). Moreover,
other studies showed a cross-reaction between autoantibodies against epitopes on
SmB’ and SmD1 and different domains of EBNA-1 in SLE (13, 14). This may indicate that
molecular mimicry underlies the association between EBV infection and SLE. Other
studies indicated possible epitope similarities between EBV antigens and myelin basic
protein (MBP), the autoantigen in MS (15, 16). The strongest genetic risk factor for MS
is the HLA class Il allele DRB1*1501. This association has been reported in Caucasian
populations (17). However, in other populations, other HLA associations were de-
tected instead of the DRB1*1501 allele (18-20). There is a strong linkage disequilibrium
between DRB1*1501 and DRB5*0101, where these two alleles may be involved in
molecular mimicry between EBV and MBP. It was reported that the Hy.2E11 T cell
receptor (TCR) from an MS patient cross-recognized a DRB1*1501-restricted MBP
peptide and a DRB5*0101-restricted EBV DNA polymerase peptide (15). Moreover,
Lunemann et al. demonstrated that MS patients have EBNA-1-specific T cells in blood.
These T cells recognize myelin antigens more than other tested autoantigens and
produced both gamma interferon (IFN-y) and interleukin-2 (IL-2) (16). Another candi-
date autoantigen in MS is the small heat shock protein aB-crystallin. It is expressed in
MS lesions but not in normal white matter. Normally, it is not expressed by human B
cells, but upon EBV infection, it was shown to be upregulated in EBV-infected B
lymphocytes (21). Such expression of aB-crystallin in virus-infected human B cells
results in the presentation of the protein via HLA-DR to T cells (21). This contributed to
a hypothesis designated “mistaken self” (22), whereby virus-generated T cells specific
for aB-crystallin cause cross-reactivity with central nervous system (CNS) myelin. Thus,
peripheral EBV infection of B cells activates the human T cell repertoire to microbial
antigens as well as to de novo-expressed aB-crystallin in infected lymphoid cells. Most
RA patients have anti-citrullinated protein antibodies (ACPAs) in their sera. Citrullinated
proteins are products of peptidyl arginine deiminase (PAD), which catalyzes the con-
version of arginine residues into citrulline (23). PAD can be activated in the inflamed
synovium due to high calcium concentrations. Thus, it may act on EBV proteins leading
to posttranslational citrullination and thereby convert them to possible targets for
ACPA. Antibodies specific for a citrullinated EBNA-1 peptide (amino acids [aa] 35 to 58)
were detected in about 50% of RA sera, in comparison to <5% of normal and disease
control sera (24).

In a previous study, we reported that EBV DNA enhances the production of the
proinflammatory cytokine IL-17A as well as IL-23, tumor necrosis factor (TNF-a), and
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FIG 1 IL-17A levels in BALB/c mouse PBMCs treated with EBV DNA, DNase |, and chloroquine. PBMCs
were cultured with EBV DNA (9 X 103 copies), EBV DNA plus DNase |, DNase | alone, EBV DNA plus
different concentrations of the endosomal maturation inhibitor chloroquine (CQ), different concentra-
tions of chloroquine alone, or Staphylococcus epidermidis DNA. Untreated cells were examined as
controls. After a 24-h culture period, IL-17A levels were assessed in the culture medium by an ELISA. ¥,
P < 0.05 compared to nontreated cells; **, P < 0.05 compared to EBV DNA-treated cells.

IFN-y when injected into mice (25, 65). IL-17A plays a role in host defenses against
bacterial and fungal infections (26). Despite this rather beneficial function, IL-17A has a
pathogenic role in several autoimmune diseases such as psoriasis, inflammatory bowel
disease, RA, MS, and SLE, whereby high levels of IL-17A were found in sera and tissues
of patients with these diseases (27). In another study, we found that the average serum
IL-17A levels were higher in RA patients than in non-RA subjects. In addition, we
detected a linear correlation between EBV DNA levels and serum IL-17A levels in RA
patients but not in controls (6).

The genomes of some viruses, such as herpes simplex virus 1 (HSV 1) and EBV, are
rich with CpG motifs, which can activate the immune system, promoting Th1-like
responses (28-30). The EBV genome has the third highest percentage of cytidine and
guanidine (C+G) nucleotides (60%) among other human herpesviruses. It is second to
HSV-1 and HSV-2 in GC percentages (69% and 68%, respectively) (31). Therefore, the
EBV genome possesses a high ability to activate innate immune receptors. We previ-
ously indicated that Toll-like receptor 9 (TLR9), an endosomal receptor known for its
recognition of CpG-rich DNA, may play a role in the modulation of IL-17A levels upon
EBV DNA challenge of immune cells ex vivo (6). Here we examine the involvement of
TLR9 along with TLR3 and -7, other endosomal receptors known to recognize microbial
nucleic acid molecules, in this response both ex vivo and in vivo in mice.

RESULTS

EBV DNA-triggered IL-17A increase from mouse PBMCs is dependent on the
endosome. To assess the mechanism by which EBV DNA triggers IL-17A expression in
mice, we examined the involvement of the endosome in this pathway. The endosome
encompasses receptors capable of recognizing nucleic acids; therefore, we examined
the response of mouse PBMCs to EBV DNA in the presence or absence of chloroquine,
a lysosomotropic agent that prevents endosomal acidification (32). Incubation of
mouse PBMCs with EBV DNA resulted in an 8.21-fold increase (P = 0.0006) in the level
of IL-17A. On the other hand, culturing these cells with EBV DNA after preincubation
with chloroquine led to a significant decrease in IL-17A production, with the highest
fold decrease, 131-fold, observed with 40 uM chloroquine (P = 0.0004) (Fig. 1). Cells
were also cultured with EBV DNA in the presence of DNase to ensure that EBV DNA was
the sole factor in the preparation resulting in increased IL-17A levels. Culturing PBMCs
with the EBV DNA preparation treated with DNase | resulted in a 7.21-fold decrease (P =
0.0031) in IL-17A levels compared to those in cells incubated with EBV DNA alone.
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FIG 2 Relative expression levels of TLR3, -7, and -9 in splenic tissue from BALB/c mice treated with EBV
DNA. BALB/c mice were intraperitoneally injected with sterile distilled water or EBV DNA (144 X 103
copies). Spleens were collected on days 3, 6, and 9 postinjection, and relative gene expression levels of
TLR3 (A), TLR7 (B), and TLR9 (C) were assessed by reverse transcriptase real-time PCR. Levels were
normalized to the level of B-actin. *, P < 0.05 compared to the water-injected group on the respective
day of injection.

These findings indicate that the endosome plays a role in enhancing the production of
IL-17A from mouse immune cells upon treatment with EBV DNA.

EBV DNA enhances the expression of endosomal TLRs in mouse splenic tissue.
To examine whether TLRs were the endosomal component mediating the enhanced
IL-17A response to EBV DNA, we started by assessing whether this viral DNA affected
the gene expression of TLR3, -7, and -9. These were examined in splenic tissues of mice
injected with EBV DNA and in mock-treated mice. TLR3 gene expression was signifi-
cantly increased by 19.5% (P = 0.0173) on day 6 and by 2.63-fold (P = 0.0001) on day
9 postinjection (Fig. 2A) but not on day 3 postinjection. On the other hand, TLR7
expression was increased by 9.43-fold (P = 0.0018), 5.15-fold (P = 0.0012), and 3.48-fold
(P = 0.0079) on days 3, 6, and 9 postinjection, respectively (Fig. 2B). As for TLR9, its
expression was increased by 3.02-fold (P = 0.0206), 2.72-fold (P = 0.008), and 2.93-fold
(P = 0.0015) on days 3, 6, and 9 postinjection, respectively (Fig. 2C).

Endosomal TLR3, -7, and -9 play a role in EBV DNA-triggered IL-17A production
ex vivo and in vivo. To assess the roles of TLR3, -7, and -9 in mediating the response
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FIG 3 IL-17A levels in BALB/c mouse PBMCs cultured with EBV DNA and a TLR3 inhibitor. PBMCs were
cultured with EBV DNA (9 X 103 copies), EBV DNA plus the TLR3 inhibitor (10 wM), the TLR3 inhibitor (10
M) alone, or Staphylococcus epidermidis DNA (1.7 pg). After a 24-h culture period, IL-17A levels were
assessed in the culture medium by an ELISA. *, P < 0.05 compared to nontreated cells; **, P < 0.05
compared to EBV DNA-treated cells.

to EBV DNA, we employed specific oligonucleotides that act as inhibitors of these TLRs.
A 2.31-fold increase (P = 0.0316) in the level of IL-17A was detected in the culture
supernatant upon incubation of mouse PBMCs with EBV DNA. However, when intro-
ducing a specific TLR3 inhibitor in addition to EBV DNA, we detected a decrease in
IL-17A levels by 4.2-fold (P = 0.0048) (Fig. 3). Upon incubation of mouse PBMCs with
EBV DNA along with a specific TLR7 inhibitor, the IL-17A level was decreased by 23%
(P = 0.0493) (Fig. 4). Consistent with our previous observations (6), incubation of mouse
PBMCs with a specific TLR9 inhibitor and EBV DNA led to a significant decrease in IL-17A
levels by 6.18-fold (P = 0.0039) compared to treatment with EBV DNA alone (Fig. 5).
Culturing mouse PBMCs with a nonviral DNA from Staphylococcus epidermidis showed
no significant modulation in IL-17A levels, thus highlighting the specific activity of EBV
DNA in inducing an increase in IL-17A production. Interestingly, culturing cells with a
TLR7 inhibitor alone caused a significant enhancement of IL-17A levels. However, TLR3
and TLR9 inhibitors alone did not result in significant changes.

To rule out that the detected decrease in IL-17A levels from mouse cells treated with
the TLR inhibitors in the presence of EBV DNA was the result of apoptotic processes,
treated cells were stained with annexin and 7-aminoactinomycin D (7-AAD). Early and
late apoptotic cell population levels in the EBV- and TLR inhibitor-treated PBMCs were
not higher than in those treated with EBV DNA alone. This indicates that the decrease
in IL-17A levels seen in our ex vivo experiments is due to the inhibition of TLR3, -7, and
-9 and not due to PBMCs undergoing apoptosis.

To determine whether the assessed TLRs play a similar role in vivo, mice were
treated with EBV DNA in addition to the TLR3, -7, and -9 inhibitors and S. epidermidis
DNA. IL-17A levels were significantly increased in mouse sera upon injection of EBV
DNA; however, upon injection of the specific TLR3 inhibitor in addition to EBV DNA, we
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FIG 4 IL-17A levels in BALB/c mouse PBMCs cultured with EBV DNA and a TLR7 inhibitor. PBMCs were
cultured with EBV DNA (9 X 103 copies), EBV DNA plus the TLR7 inhibitor (2.8 uM), the TLR7 inhibitor (2.8
uM) alone, or Staphylococcus epidermidis DNA (1.7 pg). After a 24-h culture period, IL-17A levels were
assessed in the culture medium by an ELISA. *, P < 0.05 compared to nontreated cells; **, P < 0.05
compared to EBV DNA-treated cells.
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FIG 5 IL-17A levels in BALB/c mouse PBMCs cultured with EBV DNA and a TLR9 inhibitor. PBMCs were
cultured with EBV DNA (9 X 103 copies), EBV DNA plus the TLR9 inhibitor (1.4 uwM), the TLR9 inhibitor (1.4
M) alone, or Staphylococcus epidermidis DNA (1.7 pg). After a 24-h culture period, IL-17A levels were
assessed in the culture medium by an ELISA. *, P < 0.05 compared to nontreated cells; **, P < 0.05
compared to EBV DNA-treated cells.

detected decreases in IL-17A levels by 24.3% (P = 0.0046), 31.5% (P = 0.0057), and
17.4% (P = 0.0421) on days 3, 6, and 9 postinjection, respectively (Fig. 6). A similar
significant decrease in IL-17A levels was observed upon treating mice with the TLR7
inhibitor in addition to EBV DNA; the IL-17A levels were decreased by 19.3% (P =
0.0015), 26.8% (P = 0.0076), and 24.2% (P = 0.0064) on days 3, 6, and 9 postinjection,
respectively, in comparison to the EBV DNA-injected groups (Fig. 7). IL-17A levels were
also significantly decreased upon injection of EBV-treated mice with a specific TLR9
inhibitor; on days 3, 6, and 9 postinjection, IL-17A levels declined by 8.5% (P = 0.0068),
19.3% (P = 0.0139), and 6.6% (P = 0.0373), respectively, compared to the EBV
DNA-injected groups (Fig. 8). No significant modulation of IL-17A levels was observed
in the sera of mice injected with S. epidermidis DNA. TLR3 and TLR7 inhibitors alone did
not result in significant changes. However, there was a remarkable increase in IL-17A
levels in sera from groups injected with the TLR9 inhibitor alone (Fig. 8).

DISCUSSION

EBV is a virus that affects the majority of the population, establishing latency in the
host, with frequent recurrent infection and viral DNA shedding. EBV is thought to be
involved in several autoimmune diseases since it appears to modulate human immune
responses (33). We previously reported that EBV DNA was capable of enhancing the
production of the proinflammatory cytokine IL-17A when injected into mice (25);
moreover, we observed a linear correlation between EBV DNA and serum IL-17A levels
in RA patients (6). Since IL-17A plays a critical role in the pathogenesis of a variety of
inflammatory autoimmune diseases, EBV DNA may thus contribute to autoimmune
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FIG 6 Serum IL-17A levels in BALB/c mice injected with EBV DNA and a TLR3 inhibitor. BALB/c mice were
intraperitoneally injected with sterile distilled water, EBV DNA (144 X 103 copies), EBV DNA plus 250 ug
of the TLR3 inhibitor (ODN2006), the TLR3 inhibitor alone, or Staphylococcus epidermidis DNA (27.2 pg).
Sera were collected on days 3, 6, and 9 postinjection, and IL-17A levels were assessed by an ELISA. *,
P < 0.05 compared to the EBV DNA-injected group on the respective day of injection.
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FIG 7 Serum IL-17A levels in BALB/c mice injected with EBV DNA and a TLR7 inhibitor. BALB/c mice were
intraperitoneally injected with sterile distilled water, EBV DNA (144 X 103 copies), EBV DNA plus 57.5 ug
of the TLR7 inhibitor (IRS661), the TLR7 inhibitor alone, or Staphylococcus epidermidis DNA (27.2 pg). Sera
were collected on days 3, 6, and 9 postinjection, and IL-17A levels were assessed by an ELISA. *, P < 0.05
compared to the EBV DNA-injected group on the respective day of injection.

disease development or exacerbation. Therefore, the objective of this study was to
elucidate the mechanisms through which EBV DNA modulates the levels of IL-17A.

We previously reported that TLR9 inhibition in mouse PBMCs results in a decreased
IL-17A response to EBV DNA (6). The activation of monocytes by TLR9 agonists was
previously reported to result in the secretion of transforming growth factor B (TGF-B),
IL-6, IL-1, IL-23, and IL-21 (30). These factors may then promote IL-17A production.
Moreover, PBMCs from patients with acute IM were reported to have significantly
elevated TLR9 expression compared to cells from controls or subjects in recovery from
acute infection. Acute IM patients also had a higher Th17/CD4* T cell ratio, a higher
Th17/Treg ratio, as well as elevated levels of IL-17A and IL-22 (34).

In this study, we aimed at assessing whether other endosomal TLRs have a role in
this pathway. Examination of endosomal TLR3, -7, and -9 using specific inhibitors,
employed both ex vivo in PBMCs and in vivo, indicated that these mediators play an
essential role in enhancing the production of IL-17A in response to EBV DNA.

Ligands traditionally reported to activate TLR3 and TLR7 are double-stranded RNA
(dsRNA) and single-stranded RNA (ssRNA), respectively; hence, our data may indicate
indirect activation of these receptors or the possibility that EBV DNA itself may directly
interact with TLR3 and -7. A suggested role for TLR3 in recognizing a Herpesviridae
dsDNA was previously described. TLR3 and -9 were shown to be expressed in human
corneal fibroblasts upon HSV DNA transfection; moreover, HSV DNA induction of IL-6
production in mouse corneal cells was dependent on TLR3 and -9 (35). Moreover,
Martin et al. reported that both UV-inactivated and untreated EBV upregulated the
expression of TLR7 in naive B cells (36). These findings indicate that both TLR3 and -7
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FIG 8 Serum IL-17A levels in BALB/c mice injected with EBV DNA and a TLR9 inhibitor. BALB/c mice were
intraperitoneally injected with sterile distilled water, EBV DNA (144 X 103 copies), EBV DNA plus 56 ug
of the TLR9 inhibitor (ODN2088), the TLR9 inhibitor alone, or Staphylococcus epidermidis DNA (27.2 pg).
Sera were collected on days 3, 6, and 9 postinjection, and IL-17A levels were assessed by an ELISA. *,
P < 0.05 compared to the EBV DNA-injected group on the respective day of injection.
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can be activated by viral factors independent of viral replication and RNA transcripts;
our data suggest that viral DNA itself may be this factor.

ODN2088, the TLR9 inhibitor employed in this study, was shown to be a potent
inhibitor specific to TLR9. It could block activation by TLR9 ligands at very low
concentrations (37, 38). Responses to TLR9 ligand induction were completely inhibited
in mouse B cells, macrophages, and dendritic cells (DCs) (38, 39). Oligodeoxynucle-
otides (ODNs) comprising the mouse inhibitory motif for TLR9, like ODN2088 and
others, were reported to be active in human B cells, plasmacytoid DCs (40, 41), as well
as TLRO-transfected HEK cells (42). As for the TLR7 antagonist IRS661, it was developed
by Barrat et al. as the prototypic inhibitor of TLR7-induced innate activation. This ODN
specifically blocked IL-6 secretion by splenocytes induced by the TLR7/8 agonist R848
but was ineffective against TLR9 ligand-induced activation (43, 44). Moreover, the use
of those inhibitory ODNs as well as others developed by different research groups
showed no inhibitory activity against TLR2, -3, -4, and -5, even when using high
concentrations (38, 44). On the other hand, ODN-2006, employed in our study, was
reported to block TLR3-specific activation of the NF-kB reporter gene in cultured
human bronchial epithelial cells and in human PBMCs that express TLR3 (45). ODN2006
has been demonstrated to colocalize with TLR3 in cells. Moreover, ODN2006 has been
demonstrated to have no inhibitory effects on TLR4 and TLR9 (45). In our study, IRS661
interestingly triggered an increase in IL-17A levels upon incubation with mouse PBMCs;
however, no significant changes were detected upon its injection into mice. On the
other hand, ODN2088, the TLR9 antagonist that we used, caused an increase in IL-17A
levels when administered by itself to mice. Conversely, when mouse PBMCs were
incubated with ODN2088 alone, no significant change was observed in IL-17A levels. In
a study conducted by Landrigan et al., ODN2088 was found to induce increases in
IL-17A levels in human CD4+ T cells stimulated with anti-CD3 and anti-CD28 (46). This
observation suggests that ODN2088, while inhibiting TLR9 and the MyD88 pathway,
can stimulate cytokine release by activating other mediators. This observation may be
due to pattern recognition receptor (PRR) cross talk, as proposed by Underhill; hence,
innate immune receptors can collaborate either positively or negatively in regulating
the immune response against a pathogen (47). Research studies conducted in the last
few years demonstrated the existence of multiple receptors that detect DNA viruses in
the cytosol. These receptors include DNA-dependent activator of interferon (IFN)-
regulatory factors (DAI) (DLM-1/ZBP1), a 40-kDa cytosolic protein that binds dsDNA,
resulting in an interferon response involving TANK-binding kinase 1 (TBK1) (48). Other
reports demonstrated the involvement of a 39-kDa DNA-binding protein named absent
in melanoma 2 (AIM2), which has a role in promoting cell death through activating
IL-1B and caspase-1 via apoptosis-associated speck-like protein (ASC) (49-51). Other
signaling proteins that respond to DNA have also been reported, like cyclic GMP-AMP
synthase (cGAS) (52) and the IFN-inducible protein IFI16 (53). These receptors converge
on a common signaling protein called STING (stimulator of interferon genes). STING is
a transmembrane protein expressed on endoplasmic reticulum membranes and the
outer mitochondrial membrane (54). When activated, STING recruits TBK1, an IxB kinase
(IKK)-related kinase that phosphorylates the transcription factors IFN-regulatory factor
3 (IRF3) and IRF7 (54, 55), leading to proinflammatory responses from innate immune
cells. These studies show that DNA-sensing mechanisms are overlapping and reveal the
existence of various DNA sensors. Hence, the complexity of sensors, pathways that
respond to nucleic acids, and types of cells that employ these pathways may underlie
the discordant responses to the above-mentioned TLR inhibitors; however, the consis-
tency in the decrease in the levels of IL-17A in response to EBV DNA both in vivo and
ex vivo upon using these inhibitors confirms the roles played by these TLRs in this
response.

Our data indicate the involvement of TLR-3, -7, and -9 in enhancing IL-17A levels in
response to EBV DNA. These receptors may thus serve as future therapeutic targets for
patients suffering from autoimmune diseases that may be exacerbated or triggered by
an EBV infection. Oligonucleotide-based TLR antagonists referred to as immunoregu-
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latory DNA sequences have already shown potential utility in therapeutic approaches
to autoimmune diseases. One example is IRS954, which has a dual function, targeting
both TLR7 and TLR9. This agent exerted an inhibitory effect on IFN-a production by
human plasmacytoid dendritic cells in response to viral DNA and RNA as well as
immune complexes from SLE patients (44). In addition, it showed a reduction of
autoantibodies and improvement of disease symptoms in lupus-prone mice (43).
IMO-3100, another oligonucleotide TLR7/9 dual antagonist, significantly reduced the
expression of inflammatory genes such as IL-17A, B-defensin, and CXCL1 in a mouse
model of IL-23-induced psoriasis (56). Moreover, this compound had an inhibitory effect
on disease progression in a lupus-prone mouse model (57). Finally, IMO-8400, which is
capable of inhibiting TLR7, -8, and -9, showed high efficacy in preventing inflammation
and disease development in both lupus and psoriasis mouse models (56-58). IMO-3100
and IMO-8400 are currently in phase Il clinical trials in patients with moderate to severe
plague psoriasis, and their efficacy is being evaluated (59).

In conclusion, our findings indicate the involvement of three endosomal receptors in
EBV DNA recognition and the consequent enhancement of IL-17A levels from mouse
immune cells as well as in vivo in mice. Understanding the roles of the plethora of cellular
receptors that may potentially respond to viral DNA, including ones not assessed in the
present study, may aid in designing prophylactic as well as therapeutic approaches to
virally triggered inflammatory diseases, including autoimmune disorders.

MATERIALS AND METHODS

Mice. Female BALB/c mice, 4 to 6 weeks of age, were obtained from the Animal Care Facility at the
American University of Beirut (AUB) and were treated according to the guidelines of the Institutional
Animal Care and Use Committee (IACUC) at AUB.

Evaluation of the role of the endosome in IL-17A level modulation by EBV DNA in mouse
PBMCs. To examine if the endosome is involved in EBV DNA-triggered IL-17A production, mouse PBMCs
from female BALB/c mice, 4 to 6 weeks of age, were separated using the Ficoll-Isopaque method and
then used in culture. PBMCs were cultured in 96 wells whereby each well contained 25 X 104 PBMCs in
250 ul of RPMI 1640 culture medium (Sigma-Aldrich Chemie GmbH, Munich, Germany) supplemented
with 10% fetal bovine serum (FBS) (Sigma-Aldrich Chemie GmbH, Munich, Germany) and 1% penicillin-
streptomycin (Lonza, Basel, Switzerland). Cells were cultured with EBV DNA (9 X 103 copies) (Advanced
Biotechnologies, Columbia, MD), with different concentrations of chloroquine (Sigma-Aldrich, St. Louis,
MO), with both EBV DNA and chloroquine, or with 1.7 pg of S. epidermidis DNA (equivalent to the weight
of 9 X 103 copies of EBV DNA). The EBV DNA used in all experiments is the purified complete genome
of EBV strain B95-8, which is a type 1 EBV strain. Isolated from nascent EBV particles, this genome is linear
and rich in unmethylated CpG motifs. The 172,282 bp of the B95-8 genome were sequenced by Baer et
al. (60). Chloroquine concentrations used were 20 uM, 30 uM, and 40 uM. For double-treatment
conditions, cells were incubated with chloroquine 30 min before the addition of EBV DNA. As a control,
the EBV DNA preparation was treated with a working concentration of 1 mg/ml of DNase | (Sigma-
Aldrich, St. Louis, MO) and cultured with the mouse PBMCs as described above; the DNase by itself was
also incubated with the PBMCs to exclude any effects of this treatment. In addition, untreated cells grown
in culture medium were examined. Triplicates were performed for each treatment. Cells were incubated
for 24 h at 37°C with 5% CO,. Supernatants were then collected and assessed by an enzyme-linked
immunosorbent assay (ELISA) (Abcam, Cambridge, UK) for mouse IL-17A level assessment.

Assessment of gene expression of endosomal TLRs in splenic tissue from EBV DNA-treated
mice. To assess whether EBV DNA alters the expression of the endosomal TLRs, TLR3, -7, and -9, we
conducted gene expression studies. For each TLR, 2 mouse groups were used: one injected with sterile
distilled water as the negative control and the other injected with 144 X 103 copies of EBV DNA. Each
group consisted of 9 mice, which were treated via intraperitoneal injection; 3 mice from each group were
sacrificed on days 3, 6, and 9 after injection. Upon sacrifice, mouse spleens were collected and
homogenized, and splenocytes were isolated for RNA extraction using Qiazol (Qiagen, Hilden, Germany).
cDNA synthesis from the extracted RNA was performed using the QuantiTect reverse transcription kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Real-time PCR was then carried
out on these samples to detect the relative gene expression levels of TLR3, -7, and -9 normalized to that
of B-actin per sample. Primers were obtained from Macrogen (Seoul, South Korea). Primers, annealing
temperatures, and product lengths are detailed in Table 1. Relative expression levels per sample
normalized to that of the water-injected calibrator group on day 3 were then calculated using the AAC;
method (61, 63, 64). Assessments were performed in triplicates.

Examination of the role of endosomal TLR3, -7, and -9 in EBV DNA-triggered IL-17A production
ex vivo and in vivo. We next assessed if endosomal TLRs, which are known to detect nucleic acids, play
a role in EBV DNA detection leading to IL-17A production. Specific oligonucleotide inhibitors were used
to assess the role of TLR3, -7, and -9 in this response to EBV DNA.

Mouse PBMCs from female BALB/c mice, 4 to 6 weeks of age, were incubated with 9 X 10° copies
of EBV DNA, with each of the TLR inhibitors alone, with both EBV DNA and each of the inhibitors, or with
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TABLE 1 Primers used for relative gene expression assessment by real-time reverse
transcription-PCR

Annealing  Product
Gene Primer@ temp (°C) length (bp) Reference

TLR3 F, 5'-GGTGTTTCCAGACAATTGGCAAG-3’ 60.7 217 53
R, 5'-TGGAGGTTGTTGTAGGAAAGATCG-3’

TLR7 F, 5'-CCACAGGCTCACCCATACTTC-3’ 62.4 129 54
R, 5'-GGGATGTCCTAGGTGGTGACA-3’

TLR9 F, 5'-ACTGAGCACCCCTGCTTCTA-3’ 60.8 198 55
R, 5'-AGATTAGTCAGCGGCAGGAA-3’

B-Actin  F, 5'-GGCATTGTTACCAACTGGGACGAC-3’ 58.6 218 56
R, 5'-CCAGAGGCATACAGGGACAGCACAG-3’

aF, forward; R, reverse.

S. epidermidis DNA (1.7 pg, equivalent to the weight of 9 X 103 copies of EBV DNA) as a nonviral DNA
control. PBMCs (25 X 104) in 250 ul of RPMI 1640 culture medium supplemented with 10% FBS and 1%
penicillin-streptomycin were used per treatment. The TLR3 inhibitor ODN2006 was used at a concen-
tration of 10 uM, the TLR7 inhibitor IRS661 was used at a concentration of 2.8 uM, and the TLR9 inhibitor
ODN2088 was used at a concentration of 1.4 uM. These concentrations were selected based on
experiments previously conducted to assess the optimal concentrations to inhibit IL-17A release from
PBMCs challenged with EBV DNA. The sequence of ODN2006 is 5'-TCGTCGTTTTGTCGTTTTGTCGTT-3' (45),
that of IRS661 is 5'-TGCTTGCAAGCTTGCAAGCA-3’ (44), and that of ODN2088 is 5'-TCCTGGCGGGGAAG
T-3" (40). Inhibitory oligonucleotides were designed to resist degradation by nucleases through the
introduction of phosphorothioate linkages instead of the phosphodiester backbone. The TLR inhibitors
were obtained from Integrated DNA Technologies (Coralville, IA). Untreated cells were included in the
analysis as controls. Cells were then incubated for 24 h at 37°C with 5% CO,. After 24 h, cell supernatants
were collected, and an ELISA (Abcam, Cambridge, UK) was performed to determine IL-17A levels. A
duplicate analysis of the experiment was conducted.

To examine whether ex vivo observations could be replicated in vivo, 4- to 6-week-old female BALB/c
mice were injected with EBV DNA in the presence or absence of treatment with the TLR inhibitors. Nine
groups, each containing 9 mice, were used. Group 1 served as the negative control and was injected with
100 wl of sterile distilled water. Group 2 was injected with 144 X 103 copies of EBV DNA in 100 ul of
solution. Groups 3 to 5 were injected with both EBV DNA and a TLR inhibitor. Groups 6 to 8 were injected
with each of the TLR inhibitors alone. Group 9 was injected with 27.2 pg of genomic DNA from S.
epidermidis (equivalent to the weight of 144 X 103 copies of EBV DNA) as a nonviral DNA control. TLR
inhibitor doses were based on the concentrations of inhibitors used in ex vivo experiments. Doses were
calculated depending on mouse weight and the number of cells in the BALB/c mouse strain. For each
injection, 250 g of ODN2006 in 200 wl of sterile water was given. As for IRS661 and ODN2088, the doses
used were 57.5 ug and 56 pg in 100 ul of sterile water, respectively. All injections were performed
intraperitoneally. Three mice per group were sacrificed after 3, 6, and 9 days of injection, their blood was
collected, and the sera were grouped per time point from each group. An ELISA (Abcam, Cambridge, UK)
was then used to assess serum levels of IL-17A. A duplicate analysis of the experiment was conducted.

Apoptosis analysis. Mouse PBMCs were treated with EBV DNA in the presence or absence of the
TLR3, -7, and -9 inhibitors as described above for the ex vivo analysis. Untreated PBMCs were included
as well. After 24 h, cells were harvested, washed, and stained using the eBioscience annexin V apoptosis
detection kit with fluorescein isothiocyanate (FITC) (Invitrogen) to detect early apoptotic cells and
eBioscience 7-AAD viability staining solution (Invitrogen) to detect late apoptotic cells. After staining, live
early and late apoptotic populations were assessed using the Guava Easycyte 8 flow cytometer (Merck
Millipore), and analysis was performed using Guava InCyte software (Merck Millipore).

Statistical analysis. Statistical analysis was performed using GraphPad Prism. Data were analyzed
using two-tailed paired Student’s t test (Wilcoxon) to compare means. P values of <0.05 were considered
statistically significant.
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