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Introduction: The Epstein-Barr virus has been associated with a considerable
number of autoimmune diseases. We have previously demonstrated that EBV
DNA enhances the production of IL-17A, a pro-inflammatory cytokine, via
endosomal Toll-like receptor signalling.

Methods: We used RNA-seq to analyze the transcriptional profile of mouse
immune cells treated with EBV DNA.

Results: We observed that EBV DNA upregulates an IL-17A-centric network of
mediators. Ensemble Gene Set Enrichment Analysis (EGSEA) showed enriched
expression of sets involved in inflammatory responses including IFNγ and TNF-α-
associated pathways as well as proinflammatory diseases. On the other hand,
while macrophages and B cells were somewhat able to induce an IL-17A
response from T cells to EBV DNA, they were less potent than dendritic cells.
EBV virions were also capable of eliciting the production of inflammatory
mediators from dendritic cell-T cell cultures largely mirroring responses to the
viral DNA.

Conclusions: Given the wide prevalence of EBV in the population, our analyses
reveal a network of mediators and cell types that may serve as therapeutic targets
in a large proportion of people affected by autoimmune diseases.
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1 Introduction

The Epstein-Barr virus (EBV) is known to be a potent modulator of immune processes.
This virus establishes a lifelong latent infection with frequent reactivations in the host
(Lunemann et al., 2007). Due to its ubiquitous nature, frequent reactivation potential and
immune response modulation, EBV is thought to be involved in several autoimmune
diseases. The general consensus is that EBV acts as an inflammatory trigger providing
innate and adaptive activation signals (Iwakiri, 2014). EBV has been associated with
autoimmune diseases including systemic lupus erythematosus (SLE) (James et al.,
1997), rheumatoid arthritis (RA) (Lotz and Roudier, 1989), Sjorgen’s syndrome (SS)
(Fox et al., 1987), and multiple sclerosis (MS) (Ascherio and Munger, 2010).
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Ninety-nine percent of young SLE patients are seropositive for EBV
compared to 70% of age-matched controls (James et al., 1997).
Moreover, increased levels of IgA antibodies against the EBV viral
capsid antigen (VCA) were detected in sera of SLE patients (Chen et al.,
2005). On the other hand, several sero-epidemiological investigations
reported a higher incidence of MS in EBV infected patients (Lunemann
et al., 2007) and some studies have described increased titers of
antibodies against EBV antigens in RA patient sera (Shirodaria
et al., 1987). Higher levels of Epstein-Barr nuclear antigen 1 (EBNA-
1) antibodies have also been observed in SLE, MS and RA patients
(Petersen et al., 1990; Lunemann et al., 2008; Draborg et al., 2012).

An increase in latently infectedmemoryB cells is believed to underlie
an elevated EBV genome load in SLE patients compared to healthy
controls (Kang et al., 2004; Gross et al., 2005; Larsen et al., 2011).
Furthermore, there a direct association between the number of EBV
infected B cells and SLE disease activity (Gross et al., 2005). A high EBV
load has also been observed in RA patients (Tosato et al., 1984; Blaschke
et al., 2000; Balandraud et al., 2003; Lunemann et al., 2008). In MS
patients, inconsistent data regarding the EBV viral load has been
reported; Wandinger et al. (2000) detected higher levels of EBV
DNA in patient sera during disease exacerbation periods and Wagner
et al. (2004) described an association between EBV DNA in plasma and
an increased risk of MS. Other studies did not detect any differences in
EBV DNA levels between blood samples fromMS patients and controls
(Lunemann et al., 2006; Lindsey et al., 2009; Lucas et al., 2011).

Given that EBV DNA is rich in immunostimulatory CpG motifs
(Kieff et al., 1982; Fiola et al., 2010), we previously assessed its
contribution to autoimmune disease and proinflammatory pathways.
We observed not only increased levels of EBV DNA in blood from RA

patients, but also a correlation between EBV DNA levels and those of
IL-17A, a proinflammatory mediator produced by T helper 17 (Th17)
cells and highly associated with autoimmune processes (Salloum et al.,
2018). Administration of EBV DNA to mice and treatment of mouse
peripheral blood mononuclear cells with the viral DNA also enhanced
the production of IL-17A via endosomal Toll-like receptor (TLR)
signalling (Rahal et al., 2015; Shehab et al., 2019). In the study at
hand, we sought to examine the network of mediators involved as well
as determine the cell types that play a role in this response.

2 Methods

2.1 RNA-seq and transcriptional
profile analyses

To assess the effect of EBV DNA on the transcriptional profile of
mouse PBMCs, RNA-seq was used. Study protocols were approved by
the Animal Care and Use Committee (IACUC) at the American
University of Beirut (AUB). BALB/c mouse PBMCs were isolated
from 4 to 6 week old female mouse blood using Histopaque®

(Sigma-Aldrich, Saint Louis, Missouri) and then were cultured in a
96-well plate whereby each well contained 25 × 104 PBMCs in 250 μL of
the RPMI 1640 culture medium (Lonza, Basel, Switzerland)
supplemented with 10% FBS (Sigma-Aldrich, Saint Louis, Missouri)
and 1% penicillin-streptomycin (Lonza, Basel, Switzerland). Cells were
cultured for 12 h at 37°C with 5% CO2 in the presence or absence of 9 ×
103 copies of EBV DNA. Triplicates of each treatment were performed.
Cells were then collected and total RNA was extracted using Qiazol

FIGURE 1
Transcriptional profile of mouse peripheral bloodmononuclear cells (PBMCs) cultured in the presence of EBV DNA. Mouse PBMCs were cultured in
the presence of viral DNA and their transcriptional profile was analyzed by RNA-seq compared to that of control PBMCs that were not treated with EBV
DNA. (A) Volcano plot indicating significant differentially expressed genes (DEGs); red dots represent upregulated genes and blue dots represent
downregulated ones. (B)Heatmap representing the expression pattern of significant DEGs in samples ofmouse PBMCs treatedwith EBVDNA; color
shade indicates the Z-score with red representing increased expression and blue representing decreased expression.
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(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The isolated RNA was subsequently sequenced by
Macrogen Inc. (Seoul, Korea) using the NovaSeq 6000 S4 Reagent
Kit and an Illumina NovaSeq 6000 System (Illumina Inc., San Diego,
CA, United States). Reads were trimmed with Trimmomatic and the
trimmed reads were mapped to the Mus musculus mm10 reference
genome usingHISAT2; featureCounts was then used to assign sequence
reads to genomic features and Limma-Voom was subsequently
employed for differential expression (DE) analysis.

To visualize and analyse functional association network
interactions involving the DEGs, GeneMANIA (Warde-Farley
et al., 2010) using Cytoscape v3.8.2 was employed setting the
max resultant genes to 20 and max resultant attributes to 10.
Gene set enrichment (GSE) was conducted using EGSEA
(Alhamdoosh et al., 2017) which combines data from
12 enrichment algorithms allowing analyses across multiple gene
set collections. EGSEA v1.10.0 and EGSEAdata v1.10.0 were used
with the Wilkinson p-value combining method employed for
this analysis.

2.2 Isolation of immune cell-populations
and flow cytometry analyses

Four to 6 week-old female BALB/c mice were used to isolate
immune cell populations. For isolation of DCs, B cells and T cells,

mouse spleens were each digested in 10 mL of a digestion mix
consisting of 10 mg/mL collagenase IV (Roche) and 10 mg/mL
DNAseI (Sigma-Aldrich, Saint Louis, Missouri) for 1 h at 37°C
with gentle shaking. Splenocytes were then passed through
Corning® 70 μm cell strainers and washed with 1X PBS (Sigma-
Aldrich, Saint Louis, Missouri). Cells obtained per spleen were
then incubated with 5 mL of RBC lysis buffer (Qiagen, Hilden,
Germany) for 10 min at room temperature. After two additional
washes with 1X PBS, cells were incubated in T25 flasks in complete
RPMI for 24 h at 37°C in 5% CO2. Cells were subsequently washed
with 1X PBS and enumerated using a TC20™ Automated Cell
Counter (Bio-Rad). To isolate elicited macrophages from
peritoneal compartments, mice were each injected with 2.5 mL of
3% Brewer’s Thioglycolate medium (Scharlau, Barcelona, Spain) in
the peritoneal cavity. After 4 days, mice were sacrificed and a small
incision along the mouse midline was introduced with sterile scissors.
The intact peritoneal wall was exposed and about 10 mL of cold sterile
1X PBS per mouse was injected in the cavity. The compartment was
massaged for 5 min and the peritoneal fluid was then aspirated and
centrifuged at 400 g for 10 min at 4°C. After two washes with 1X PBS,
cells were resuspended in DMEM/F12-10 medium (Lonza, Basel,
Switzerland) supplemented with 10% FBS (Sigma-Aldrich, Saint
Louis, Missouri) and 1% penicillin-streptomycin (Lonza, Basel,
Switzerland) and enumerated. A total of 107 cells per well were
cultured in 6-well plates in 2 mL of DMEM/F12-10 medium
(Lonza, Basel, Switzerland) supplemented with 10% FBS and 1%

FIGURE 2
Gene interaction network analysis of differentially expressed genes (DEGs) in mouse peripheral blood mononuclear cells (PBMCs) cultured in the
presence of EBV DNA. Mouse PBMCs were cultured in the presence or absence of viral DNA and their transcriptional profile was analyzed by RNA-seq. A
gene interaction network for the DEGs was constructed and analyzed with GeneMANIA using Cytoscape.
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penicillin-streptomycin (Lonza, Basel, Switzerland) then incubated
overnight at 37°C in 5% CO2.

To isolate T cells, B cells, DCs, and macrophages, Fluorescence
Activated Cell Sorting (FACS) was performed using a BD FACSAria™
II-SORP (BD Biosciences, San Jose, CA). For total leukocytes, an anti-
mouse CD45 labelled with APC/Cy7 (BioLegend Inc. San Diego, CA)
was employed. Then, for total T cells, an anti-mouse CD3 labelled with
Alexa Fluor® 647 (BioLegend Inc. San Diego, CA) was used. For B cells,
PE-labelled anti-CD19 (BioLegend Inc. San Diego, CA) was employed
and an anti-CD11c labelled with Brilliant Violet 421™ (BioLegend Inc.
San Diego, CA) was used to collect pan DCs including plasmacytoid
andmyeloid DCs. The antibodies used for sorting of macrophages from

the peritoneal exudate included anti-mouse CD11b and F4/80 labelled
with PE and Brilliant Violet 421™ (BioLegend Inc. San Diego, CA)
respectively.

2.3 Cell cultures and treatments

Isolated mouse B cells, DCs and macrophages were cultured
each alone or with T cells in 96-well plates. Each APC population
was co-cultured with T cells at a ratio of 1:10 which was found to be
an optimal ratio in preliminary experiments for DCs. A similar ratio
was then used for the other APC types to allow potency comparisons

TABLE 1 Node characteristics of the EBV DNA gene response network identified with GeneMANIA ranked by degree.

Gene name Degree Log score Neighborhood connectivity Score Stress Topological coefficient

Myd88 33 −4.088 15.529 0.017 184 0.555

Ifng 32 −0.610 14.350 0.543 226 0.513

Ifngr1 31 −2.984 17.063 0.051 46 0.609

Il12b 31 −0.350 16.500 0.705 76 0.589

Il12rb1 30 −3.029 15.882 0.048 100 0.567

Il17ra 30 −3.211 15.263 0.040 218 0.545

Tnf 30 −0.550 14.571 0.577 242 0.538

Il2rg 29 −3.854 16.056 0.021 96 0.573

Il12a 29 −4.250 15.368 0.014 174 0.549

Il12rb2 27 −3.790 16.882 0.023 54 0.603

Tlr3 24 −0.394 14.824 0.675 256 0.529

Tlr9 22 −0.541 14.077 0.582 124 0.521

Il18 22 −3.659 16.059 0.026 132 0.574

Il17a 21 −0.524 15.529 0.592 176 0.555

Il23a 20 −0.325 16.786 0.723 40 0.646

Il21r 20 −3.256 15.615 0.039 62 0.558

Fyn 19 −4.307 16.063 0.013 74 0.574

Prox1 16 −4.182 15.600 0.015 96 0.557

Ctla4 14 −0.384 17.727 0.681 10 0.682

Il17rc 9 −2.618 14.000 0.073 4 0.700

Il21 6 −0.314 16.800 0.731 6 0.730

Il17f 6 −3.602 13.333 0.027 0 0.702

Ralbp1 6 −4.209 18.200 0.015 2 0.728

Irak2 5 −3.978 17.000 0.019 0 0.895

Atp2a2 5 −2.468 14.400 0.085 14 0.576

Ager 4 −3.813 12.750 0.022 10 0.568

Kpna2 3 −3.543 13.333 0.029 0 0.606

Tmem115 2 −4.035 12.500 0.018 4 0.575

Rnf216 2 −3.618 15.000 0.027 0 0.714
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across cell types assessed. Thus, 15,000 of each APC type was
cultured with 150,000 T cells per well in a total volume of 250 µL
of complete RPMI. Mouse PBMCs (25 × 104 per well) were also
examined. Cells were either left untreated or cultured in the presence
of 9 × 103 copies of EBVDNA or 9 × 103 EBV virions. The viral DNA
was isolated from a P3HR-1 strain of EBV, which was also the strain
used for testing the effects of the EBV viral particles. S. epidermidis
DNA (1.7pg, equivalent to the weight of 9 × 103 copies of EBVDNA)
was used as a non-viral control DNA. Transcriptional analyses were

conducted after 12 h of culture while supernatant levels of mediators
were assayed 24 h after incubation.

For flow cytometry analysis of IL-17A positive cells, 25 × 104

PBMCs were treated with 9 × 103 copies of EBV DNA, 1.7 pg of S.
epidermidis DNA, or mock treated (with culture medium). After
24 h of incubation cells were stained with anti-mouse CD3 labelled
with Alexa Fluor® 647 (BioLegend Inc. San Diego, CA) and anti-
mouse IL-17A labelled with Brilliant Violet 605™ (BioLegend Inc.
San Diego, CA) then analyzed by flow cytometry.

FIGURE 3
Gene set enrichment (GSE) analysis of differentially expressed genes (DEGs) in mouse peripheral blood mononuclear cells (PBMCs) cultured in the
presence of EBV DNA. GSE was conducted using Ensemble Gene Set Enrichment Analysis (EGSEA). Summary plots based on gene set rank and size are
indicated for sets in the Human MSigDB c5 gene ontology (A) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (B) collections.
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FIGURE 4
Relative expression of IL-17A (A), IL-21 (B), IL-23a (C), IFNγ (D), TNF-α (E), IL-12b (F), TLR9 (G), TLR3 (H) and CTLA4 (I) in mouse peripheral blood
mononuclear cells (PBMCs) cultured with EBV DNA. Mouse PBMCs were cultured in the presence or absence of viral DNA and relative expression levels
were assessed with real-time PCR. The effects of bacterial control DNA from S. epidermidis and viral control DNA from human adenovirus type 1 C were
assessed as well. * indicates p < 0.05 compared to non-treated PBMCs.
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2.4 Enzyme-linked immunosorbent
assay (ELISA)

Mouse IL-17A, IFNγ and TNF-α ELISA Kits (Abcam,
Cambridge, United Kingdom) were used to determine culture

supernatant levels of these mediators. Kits were used as per the
manufacturer’s instructions.

2.5 Real-time PCR

To determine the relative expression of the IL-17A, IL-21, IL-
23a, IFNγ, TNF-α, IL-12b, TLR9, TLR3, and CTLA4 genes, total
RNA was isolated using Qiazol (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. cDNA was
synthesized employing the QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany) and then real time RT-PCR was carried
out using iTaq Universal SYBR Green Supermix (Bio-Rad) and
employing the Bio-Rad CFX96 Real Time PCR Detection System
(Bio-Rad). β-actin expression was used for expression normalization
per sample. Previously published primers for IL-21 (Pesce et al.,
2006), IL-23a (Teng et al., 2014), IL-12b (Sun et al., 2017), IL-17A,
IFNγ, TNF-α, TLR9, TLR3, CTLA4, and β-actin (Andari et al., 2021)
were used; primers were obtained from Macrogen Inc.

2.6 Statistical analysis

Statistical analyses for ELISA and real-time PCRwere performed
using GraphPad Prism. Means were compared using the two-tailed
paired Student’s t-test. p-values less than 0.05 were considered
statistically significant.

3 Results

3.1 Transcriptional profile of EBV DNA-
treated mouse peripheral blood
mononuclear cells

To examine the effect of EBVDNA on the transcriptional profile
of mouse peripheral blood mononuclear cells (PBMCs), cells were
cultured in the presence or absence of the viral DNA then subjected
to RNA extraction followed by RNA-seq. Analysis of differentially-
expressed genes (DEGs) revealed a total of nine genes whose
expression was significantly altered by the EBV DNA treatment.
The expression of eight genes, including IL-17A, IFNγ, IL-21 and
TNF-α, was significantly increased in the EBV DNA-treated group
and one gene, CTLA4, showed a significant decrease in expression.
Figure 1A is a volcano plot representing gene expression
comparisons and Figure 1B is a heat map of the DEGs.

Constructing an interaction gene network with GeneMANIA
using Cytoscape to predict interactions between DEGs and other
genes resulted in a network of 29 genes and 264 interaction edges
(Figure 2). Node degrees were calculated to identify hub genes in the
network; this analysis indicated that MyD88 followed closely by
IFNγ were hub genes with the highest degree of connectivity in this
module (Table 1).

To assess the enrichment of gene sets detected to be differentially
expressed in mouse PBMCs across human gene sets, Ensemble Gene
Set Enrichment Analysis (EGSEA) was conducted (Figure 3) first
using the HumanMSigDB c5 gene ontology collection. We observed
enrichment of gene sets involved mainly in inflammatory pathways

FIGURE 5
IL-17A levels in supernatants from co-cultures of mouse T cells
and dendritic cells (A), macrophages (B) or B cells (C) in the presence
of EBV DNA. Peripheral blood mononuclear cells (PBMCs) cultured
alone or in the presence of EBV DNA were included. * indicates
p < 0.05 compared to non-treated PBMCs.
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such as those involved in positive regulation of IL-17 production,
regulation of granulocyte macrophage colony stimulating factor
production, positive regulation of myeloid leukocyte
differentiation, and positive regulation of tissue remodelling. On
the other hand, analysis using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) collections revealed enrichment of gene sets
involved in proinflammatory diseases such as inflammatory
bowel disease, rheumatoid arthritis, and type 1 diabetes mellitus,
all of which are diseases associated with EBV infections.

To validate the RNA-seq differential expression signature
observed, the expression of all 9 DEGs was assessed in PBMCs
treated with EBV DNA (Figure 4). Results paralleled the RNA-seq
observations with enhanced expression of IL-17A, IL-21, IL-23a,
IFNγ, TNF-α, IL-12b, TLR9 and TLR3 but a decreased expression of
CTLA4. Culturing PBMCs with the virus itself also resulted in a
similar expression pattern. Treatment with control bacterial DNA
from S. epidermidis was able to enhance the expression of IFNγ and
IL-12b, albeit not to the extent induced by EBV DNA; the bacterial
DNA was not able to increase the expression of the other genes
assessed. To examine the effects of another mammalian DNA virus,
we assessed those of human adenovirus type 1 subgroup C; this viral

DNAwas also not able to replicate the expressional signature of EBV
DNA. It was able to enhance the expression of IFNγ, TNF-α and IL-
12b but to a much lesser extent compared to EBV DNA and it was
not able to increase the expression of the other genes. This indicates
that this IL-17A-centric signature is not induced by just any type of
DNA and is likely more unique to EBV, and possibly to other
herpesviruses as well.

3.2 Dendritic cell-T cell interactions drive
the IL-17A-centric response to EBV DNA

Analysis of the proinflammatory network of genes triggered by
EBV DNA indicated IL-17A to be one of the most highly
upregulated genes with MyD88 seemingly a hub gene in this
interaction network. With MyD88 being an adapter protein
integral to TLR signalling, the role we observed for endosomal
TLRs in the response to EBV DNA and the types of cytokines
observed to be upregulated, T cell stimulation by innate immune
responses to the viral DNA was a likely scenario. Hence, we sought
to determine whether professional antigen presenting cells (APCs)

FIGURE 6
Flow cytometry analysis for CD3+IL-17A + cells in mouse peripheral blood mononuclear cells (PBMCs) cultured with EBV DNA. (A) Cells were
cultured in the presence or absence of EBV DNA or control bacterial DNA from S. epidermidis then analyzed by flow cytometry. (B) Percent of CD3+IL-
17A+ in PBMCs after treatment with the microbial DNA.
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mediate such a stimulation. Therefore, we examined the three types
of professional APCs, B cells, dendritic cells (DCs) and
macrophages; these cells were cultured alone or with T cells in

the presence or absence of EBV DNA. This was followed by IL-17A
level assessment in culture supernatants.

IL-17A levels were found to be significantly increased by
4.28 folds (p = 0.0001) in supernatants from mouse DCs and
T cells co-cultured in the presence of EBV DNA compared to
co-cultures of DCs and T cells without EBV DNA (Figure 5A).
This co-culture of DCs and T cells with EBVDNA had a level similar
to that of PBMCs cultured with EBV DNA; this PBMC control
culture showed a 2.46-fold increase (p = 0.0006) in IL-17A levels
compared to PBMCs cultured in the absence of the viral DNA.
Mouse peritoneal elicited macrophages co-cultured with T cells
showed a 3.12-fold increase in IL-17A levels upon treatment with
EBV DNA compared to elicited macrophages and T cells co-
cultured without EBV DNA (p = 0.0095) (Figure 5B). However,
this increased level was 47.5% less than that observed in
supernatants from PBMCs cultured in the presence of EBV DNA
and hence not significant when compared to it (p = 0.0715). On the
other hand, B cells co-cultured with T cells in the presence of EBV
DNA resulted in some increase in IL-17A levels compared to a co-
culture of these cell populations in the absence of EBV DNA;
however, the level was 73% less than that of PBMCs treated with
EBV DNA (Figure 5C). This indicates that DCs are the most potent
in inducing an IL-17A response from T cells in the presence
of EBV DNA.

To examine whether the increased production of IL-17A upon
EBV treatment of mouse immune cells was due to enhanced
differentiation of T cells into Th17 cells, PBMCs were treated
with EBV DNA, S. epidermidis DNA or mock treated with
culture medium. Cells were subsequently analyzed by flow
cytometry (Figure 6). We observed no marked differences
between the different treatments which indicates that there is
increased production of IL-17A from the EBV DNA-stimulated
cells rather than enhanced differentiation into Th17 cells.

3.3 EBV virions trigger an IL-17A
proinflammatory response from dendritic
cell-T cell cultures

To examine whether EBV particles are capable of triggering IL-
17A production from DC and T cell co-cultures similar to the viral
DNA, mouse cells were cultured with the viral particles.
Subsequently, IL-17A levels were determined in culture
supernatants (Figure 7A). We observed a 4.43-fold (p = 0.0017)
increase in IL-17A levels from supernatants of DCs and T cells co-
cultured in the presence of EBV compared to a co-culture of these
cells in the absence of the virus. An increase of 2.42 folds (p = 0.0026)
in IL-17A levels was also observed when PBMCs were cultured with
the virus. Hence, the IL-17A response to the virus itself largely
paralleled that to the viral DNA. On the other hand, control bacterial
DNA from S. epidermidis was incapable of enhancing the
production of IL-17A from PBMCs or DC-T cell co-cultures.

We also assessed whether other proinflammatory mediators
observed to be triggered by EBV DNA were also triggered by the
virus itself. Hence, IFNγ (Figure 7B) and TNF-α (Figure 7C) levels
were examined in culture supernatants. A 41.43% increase in the
level of IFNγ (p = 0.0383) was detected in supernatants fromDC and
T cell co-cultures in the presence of the virus compared to cells

FIGURE 7
Proinflammatory mediator levels in supernatants from co-
cultures of mouse T cells and dendritic cells in the presence of EBV.
Cells were cultured with EBV, its DNA or with bacterial control DNA
from S. epidermidis. Responses from mouse Peripheral blood
mononuclear cells (PBMCs) were also assessed. Levels of IL-17A (A),
IFNγ (B) and TNF-α (C) were assessed in supernatants. * indicates p <
0.05 compared to respective non-treated cells.
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grown in the absence of the virus; PBMCs, on the other hand,
showed a 32.92% (p = 0.0024) increase in IL-17A levels when
cultured with EBV. EBV DNA was similarly capable of
significantly increasing IFNγ from these cell types. Worth noting,
is that unlike its inability to enhance production of IL-17A from
PBMCs or DC-T cell co-cultures, S. epidermidis DNA was able to
significantly increase IFNγ levels from these cells. Levels of TNF-α
were also significantly elevated upon culturing PBMCs or DCs and
T cells with the virus; similar observations were made in cultures of
these cells with EBV DNA but not with S. epidermidis DNA.

4 Discussion

Infection with EBV has often been associated with autoimmune
diseases including RA, SLE, MS, SS, mixed connective tissue disease,
dermatomyositis/polymyositis and systemic scleroderma (Draborg
et al., 2013). Various mechanisms have been proposed for how EBV
infection potentiates autoimmune diseases. For example, multiple
human nuclear antigens share epitope similarities with the EBV
protein EBNA-1 and antibodies directed against EBNA-1 have been
shown to cross react with double stranded DNA (Yadav et al., 2011)
and with Ro, a component of several human ribonucleoprotein
complexes (McClain et al., 2005). EBNA-1 was also shown to harbor
epitopes that share similarities with myelin basic protein, the
implicated autoantigen in multiple sclerosis, and with La antigen,
which may trigger Sjögren’s syndrome, in addition to Sm (the small
nuclear ribonucleoprotein) which may play a role in SLE (Poole
et al., 2006; Kakalacheva et al., 2011; Carter, 2012). On the other
hand, persistent inflammatory responses in infectious
mononucleosis, caused by EBV, have been also been suggested to
accidently result in the activation of auto-reactive lymphocytes
hence resulting in autoimmunity (Lossius et al., 2012).

We have previously observed that EBV DNA, which is rich in
immunostimulatory CpG motifs, enhances the production of IL-17A
frommouse cells via endosomal TLR signaling (Shehab et al., 2019). IL-
17A is a pro-inflammatorymediator that is prominently associated with
autoimmunity. IL-17A is mostly produced by Th17 T-lymphocytes
(Huber et al., 2013; Li et al., 2013). This cytokine was shown to increase
T cell proliferation, antibody production from B cells and IL-1 and
TNF-α secretion from macrophages (Bettelli et al., 2007; Iwakura et al.,
2008). Furthermore, IL-17A can promote the release of
myeloperoxidase from neutrophils (Zelante et al., 2007) and enhance
expression of major histocompatibility complex II (MHC II) molecules
on DCs (Banwell et al., 2007). In addition, IL-17A stimulates the release
of IL-6 as well as IL-8 from keratinocytes and enhances the expression
of these two cytokines by epithelial cells (Bettelli et al., 2007; Iwakura
et al., 2008). Additionally, IL-17A is involved in neutrophil proliferation,
maturation and chemotaxis processes. By stimulating the expression of
inflammatory factors such as IL-6, IL-8, TNF-α and granulocyte-
macrophage colony-stimulating factor (GM-CSF), chemokines like
KC, MCP-1 and MIP-2 and matrix metalloproteases, IL-17A
appears involved in enhancing tissue inflammation (Bettelli et al.,
2007; Costa et al., 2010). IL-17A also triggers the expression of
antimicrobial peptides such as β-defensin 2 (Liang et al., 2006). In
Candida albicans infections IL-17A acts on epithelial cells inducing
them to produce IL-8, a chemotactic factor for neutrophils which then
counteract this fungal infection. In mice with a knocked out IL-17A

receptor, a high fungal burden and a low survival rate were observed
(Aggarwal and Gurney, 2002; Huang et al., 2004; Zelante et al., 2007).
Contrary to its potentially beneficial effects in counteracting bacterial
and fungal infections, IL-17A is believed to be involved in the
pathogenesis of various autoimmune diseases. Mice with IL-17A or
IL-17A receptor deficiency are less predisposed to experimental
autoimmune encephalomyelitis (EAE) induction; these mice develop
milder symptoms compared to non-deficient mice (Li et al., 2013; Qu
et al., 2013). In autoimmune diseases, IL-17A seems to be often
associated with another cytokine, a Th17 inducer, IL-23. Mice
deficient in IL-23 or in IL-23 receptor are also not susceptible to
EAE induction (Cua et al., 2003; McGeachy et al., 2009; Qu et al., 2013).
IL-23 is essential for the survival and expansion of Th17 (Langrish et al.,
2005; Bettelli et al., 2007; Burgler et al., 2009; McGeachy et al., 2009;
Torchinsky et al., 2009; Qu et al., 2013). The differentiation of naïve
T cells to Th17 requires RAR-related orphan receptor gamma (thymus)
(RORγT), IFN-regulatory factor 4 (IRF4), aryl hydrocarbon receptor
(AHR) and STAT3 in addition to TNF-α and IL-6 (Iwakura et al., 2008;
Burgler et al., 2009; Costa et al., 2010; Qu et al., 2013). On the other
hand, Th17 differentiation is negatively regulated by IFN-γ, IL-4, IL-2,
type I IFN, IL-27 (Iwakura et al., 2008) and retinoic acid (Mucida et al.,
2007). Although Th17 cells are known for their production of IL-17A,
these cells can also express IL-22, IL-21, GM-CSF and potentially TNF-
α and IL-1β (Qu et al., 2013). Hence, the network of proinflammatory
mediators we detected to be involved in the response to EBV DNA
involves ones that are associated with mediating IL-17A responses or
that play a role in its regulation. On the other hand, we observed the
downregulation of CTLA4 which is an immunoregulatory marker that
suppresses T cell responses (Walker, 2013).

On the other hand, we observed upregulation of TLR3 and
9 with MyD88 detected to be a hub gene in our network analyses.
TLRs are receptors that recognize pathogen-associated molecular
patterns (PAMPs) and MyD88 is an adaptor protein that relays TLR
signaling to downstream mediators. The TLR-MyD88 pathway has
been implicated in autoimmune diseases (Devarapu and Anders,
2018; Zheng et al., 2019). Various pattern recognition receptors
(PRRs) have been documented to respond to viral DNA; prominent
among these are the Toll-like receptors (TLRs), but multiple other
cellular receptors are potentially capable of detecting viral nucleic
acids and these include DAI, RIG-I and AIM2 among many others
[34]. We did not observe these to be transcriptionally upregulated in
response to EBV DNA.

Expression of TLR9, the main TLR to respond to CpG rich
DNA, in plasmacytoid DCs (pDCs) is the highest among other
TLRs, Similarly, B cells and monocytic cells express TLR9; however,
when compared to pDCs, they have lower TLR9 expression levels
(Hornung et al., 2002). TLR9 was shown to be restricted to pDCs
and not expressed in monocyte-derived DCs and CD11c+ DCs
(Jarrossay et al., 2001; Kadowaki et al., 2001; Krug et al., 2001). In
mouse secondary lymphoid tissues there are various DC types
including CD11chi subsets like CD8α+, CD4+, the double-
negative DCs, and the pDCs which are CD11clow (Vremec et al.,
2000; Bjorck, 2001; Nakano et al., 2001). Endosomal TLRs are
expressed by all these DC subsets with no significant differences
between conventional CD11chi DCs and pDCs. In the study at hand,
murine splenic DCs were sorted according to presence of the CD11c
marker since we aimed at collecting all DC subsets. Splenic DCs co-
cultured with T cell populations mirrored murine PBMC responses
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to EBVDNA. Hence, the high level of endosomal TLR expression by
DCs likely underlies the potency of these cells to induce an IL-17A
response from T-cells. While elicited peritoneal macrophages and
splenic B cells were somewhat able to induce a response to EBV
DNA, they were less potent in inducing T-cells to produce
prominent levels of IL-17A.

On the other hand, our EGSEA analyses predict possible
involvement of EBV DNA in IBD. We previously used a
Drosophila melanogaster model to assess immune responses to
EBV DNA (Sherri et al., 2018) and observed that this viral DNA
enhances gut inflammatory responses in the fly model (Madi et al.,
2021). We also observed enhanced IMD signaling in these flies; the
IMD pathway is comparable to TNF receptor signaling in
mammalian symptoms. We have similarly reported that EBV
DNA exacerbates colitis in a mouse model of IBD (Andari et al.,
2021). Hence, the roles played by this viral DNA in exacerbating or
triggering inflammatory processes in IBD as well as other
proinflammatory disease is worth further investigation.

Owing to the persistent nature of an EBV infection and its ability
to cause recurrent infections, viral DNA that is shed would contribute
to autoimmune processes on a more or less consistent basis. The EBV
DNA cellular sensors along with downstream mediators and cells
involved in the proinflammatory response unveiled by our study may
serve as therapeutic targets in autoimmune and proinflammatory
diseases. Very few studies have attempted to assess the burden of the
more than 80 known autoimmune diseases. Conservative estimates in
the United States indicate that 5%–8% of the population have an
autoimmune disease (Autoimmune Diseases Coordinating Comittee,
2002).Withmore than 90% of the population being EBV seropositive,
such therapeutic targets may be useful for the majority of people
affected by an autoimmune disease.
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