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ABSTRACT

The human oral cavity contains highly diverse microbes, including bacteria, fungi, and viruses. Human herpesviruses are
ubiquitous pathogens, and the oral cavity is conducive to the replication, dissemination, and pathogenesis of human herpes-
viruses. Herpesviruses are generally pathogenic in immunodeficient individuals, such as AIDS patients and organ transplant
recipients. Kaposi's sarcoma-associated herpesvirus (KSHV) is the etiological agent of Kaposi's sarcoma and two types of rare
lymphoma, that is, primary effusion lymphoma and multicentric Castleman's disease. Mounting evidence indicates that KSHV
viral load positively correlates with ongoing bacterial infection in the oral cavity, suggesting that bacteria potentially stimulate
KSHV replication. However, the mechanism by which oral bacteria may promote KSHV lytic replication is poorly understood.
In this study, we performed DNA sequencing and 16S ribosomal RNA analysis of saliva samples of AIDS-KS patients. A
correlation analysis identified a panel of oral residential bacteria and uncommon ones that paralleled with KSHV viral load.
Performing functional assays, we discovered that the sexually transmitted Neisseria gonorrhoeae (N.g.) significantly increased
KSHYV lytic replication. Increased KSHYV lytic replication was evidenced by elevated levels of mRNA and proteins of viral lytic
genes. N.g. stimulation increases the expression of RTA that drives viral lytic replication. Metabolomic analysis reveals the
synergistic effect of KSHV and N.g. on cellular metabolism, including the glycolysis and purine and pyrimidine synthesis, that
likely underpins the elevated KSHYV lytic replication. Findings from our study shed light on the molecular detail of bacteria—
virus interaction in the oral cavity and provide references to develop an innovative strategy to treat diseases associated
with KSHV.

1 | Introduction

The human oral microbiome contains highly diverse microbial
communities, including bacteria, fungi, and viruses, which are
the primary source of infectious agents. Human herpesviruses
are ubiquitous pathogens, and the oral cavity is conducive to the
replication, dissemination, and pathogenesis of human her-
pesviruses. Kaposi's sarcoma-associated herpesvirus (KSHV),
also known as human herpesvirus 8, belonging to Gamma-
herpesvirinae subfamily, is the infectious agent of Kaposi's
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sarcoma (KS) [1], which is the most common AIDS-associated
cancer worldwide [2]. KSHV infection tends to be latent in B
cells but can switch to the lytic cycle triggered by host responses
and various environmental factors, such as epigenetic modifi-
cations (e.g., demethylation), oxidative stress, and bacterial
infection [3-7]. KSHYV lytic replication is an integral component
of KSHV-associated tumorigenesis. The oral cavity is the pri-
mary route of KSHV transmission among contagious in-
dividuals, and it is the site where KSHV reactivates in the oral
epithelium and spreads to other cell types [8-10]. The roles of
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oral bacteria in KSHV infection and reactivation have been
increasingly appreciated. For example, Pseudomonas aeruginosa
increased inflammatory cytokines and promoted the prolifera-
tion of KSHV-infected cells by LPS and flagellin [11]. Short-
chain fatty acids (SCFAs), secreted by Porphyromonas gingivalis
(P.g.) and Fusobacterium nucleatum, activated replication and
transcription activator (RTA) for KSHV lytic replication in
BCBL1 cells via inhibiting histone deacetylases, EZH2, and
SUV39H1 [12]. These findings unveil the synergistic role of oral
bacteria in KSHV pathogenesis and tumorigenesis.

Prompted by previous observation that KSHV load positively
correlated with ongoing bacterial replication, we performed a
metagenomic analysis of KS-positive AIDS patient saliva sam-
ples and identified a short list of bacteria that positively corre-
lated with KSHV infection. Functional assays for KSHV lytic
replication pinpointed Neisseria gonorrhoeae (N.g.) as a stimu-
lator of KSHV replication. N.g. is the causative agent of gon-
orrhea, one of the most prominent sexually transmitted diseases
worldwide [13]. In the United States, the prevalence of N.g.
infection is increasing yearly, and it became the second most
common notifiable sexually transmitted infection in 2021. In
addition, oral sex, kissing, and saliva exchange can introduce
N.g. to the oral cavity and cause typical oral gonorrhea [13, 14].
Oropharyngeal gonorrhea is generally asymptomatic, but the
role of N.g. contributing to other oral infections and diseases is
yet to be understood. Here, we report that N.g. in the saliva
samples of KS patients can stimulate KSHV lytic replication.
Interestingly, KSHV and N.g. synergistically reprogram cellular
metabolism, particularly that of the glycolysis and nucleotide
synthesis, to fuel viral lytic gene expression. Findings from this
study advance our understanding of bacteria-virus interaction
and cross-kingdom interaction in diseases associated with viral
infections.

2 | Results
2.1 | N.g. Promotes KSHV Lytic Replication

KSHV was initially identified and isolated from AIDS patients
[1]. Research on the association of AIDS and KS development
primarily focuses on how HIV promotes KSHV replication and
vice versa [15, 16]. In addition, KSHV transmission is not solely
mediated by sexual contact, but also via saliva, transfusion, and
transplant [17]. Human saliva contains diverse microorganisms,
including bacteria, viruses, and fungi, constituting a complex
system for interkingdom microbial interactions. To understand
the possible roles of bacteria in KSHV pathogenesis, we first
sequenced six saliva samples collected from AIDS-KS patients
(Figure S1A), analyzed bacterial 16S ribosomal DNA, and
constructed a list of oral bacterial pathogens that are more
abundant in patient samples compared with those from healthy
controls (Figure 1A and Table S1). KSHV load was confirmed
by gqRT-PCR using primers specific for the poly adenylated
nuclear RNA (PAN) gene (Figure S1B,C). Although the genome
copy number of KSHV varies among these six patients, they
shared a similar spectrum of bacteria, such as Aggregatibacter
actinomycetemcomitans (A.a.), N.g., Streptococcus mitis (S.m.),
Streptococcus pneumoniae (S.p.), and P.g. (Figures 1B and S2).
Using KSHV load and bacteria genome frequency, we built a list

of bacteria that positively correlate with KSHV genome copy
number (Figure 1C). To identify which bacteria promote KSHV
lytic replication, we performed a functional assay in which
RGB-BAC16 KSHYV replication was monitored in HOK cells
with individual bacterium added. Human oral keratinocyte
(HOK) is one of the few human cell lines that support KSHV
lytic replication after de novo infection, although KSHV lytic
replication is limited [18]. We first infected HOK cells with RGB
KSHV at MOI = 30 for 6 h followed by bacterial infection with
OD =1.0 for 12h and removed bacteria by rinsing with fresh
medium. Strikingly, N.g. elevated KSHV lytic replication as
indicated by GFP expression, by approximately twofold
(Figure 1D,E). We next extended bacterial infection time to 18 h
(Figure 1F) and observed more pronounced stimulation as
indicated by GFP expression in all three coinfection groups with
distinct N.g. strains, including F62, MS11, and FA1090
(Figure 1G). To further confirm the elevated KSHV lytic repli-
cation, GFP expression and viral titers in the medium were
quantified at 72, 96, and 120 h.p.i. Indeed, N.g. infection ele-
vated GFP expression as indicated by fluorescence image and
increased infectious KSHV virions in the medium by ~10-fold
(Figures 2A,B and S3A). Furthermore, N.g. stimulated KSHV
lytic replication in a dose-dependent manner as indicated by
GFP expression (Figure 2C).

To explore whether N.g. facilitates KSHV reactivation, HOK
cells were first infected with rKSHV.219 at MOI =5 or 10, fol-
lowed by N.g. infection at 48 h.p.i. for 12 h. KSHV reactivation
as indicated by RFP expression was examined by fluorescence
microscopy at 72 and 96 h.p.i. (Figure S3B). With infection at
MOI =5 and 10, all cells were GFP positive and RFP negative,
indicating that KSHV infection remains latent. At 72 and
96 h.p.i., no RFP-positive cells were observed in either KSHV or
KSHYV plus N.g. groups (Figure S3C). This finding indicates that
N.g. fails to reactivate KSHV in HOK cells. Collectively, these
results show that N.g., an AIDS-associated bacterial pathogen, is
unable to reactivate KSHV but promotes KSHYV lytic replication
in HOK cells.

2.2 | N.g. Induces the Expression of KSHV RTA

KSHV RTA is required to initiate the cascade of viral gene ex-
pression [19]. We reasoned that N.g. increases RTA expression
to promote KSHV lytic replication in the oral cavity. We
therefore examine the changes in KSHV transcripts upon bac-
terial infection, using samples at 18 and 24 h, the early stage of
coinfection. As expected, the expression of genes of immediate
early (PAN and ORF57) and early (ORF59) phases were
increased by approximately 100-fold and sixfold with N.g.
infection (Figure 3A). The expression of RTA and subsequent
RTA-transactivated lytic genes of KSHV was greatly enhanced
by N.g. infection (Figure 3B). These findings support our
hypothesis that N.g. infection increases RTA expression to
promote KSHYV lytic replication.

To determine the effect of N.g. infection on RTA-mediated tran-
scription, we performed a reporter assay using constructs con-
taining RTA-responsive elements in HOK cells and 293T cells. Our
results show that N.g. infection indeed elevated the transcriptional
activation of RTA-responsive promoters, including those of RTA,
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FIGURE 1 | Functional screening of oral bacterial pathogen in promoting KSHV lytic replication. (A) Scheme of screening bacterial pathogen that
promotes KSHV lytic replication. (B) Representation of oral bacterial composition via 16S sequencing in saliva samples from AIDS patients. (C) The list of
selected bacteria for functional assay of KSHV replication. (D) GFP-positive cell counts of KSHV in HOK cells infected with KSHV and bacteria. (E) Images of
HOK cells coinfected with KSHV and oral bacteria. (F) Infection protocol of KSHV and N.g (G) Images of HOK cells infected with KSHV and various
N.g strains, including F62, MS11, and FA1090. Statistical significance was calculated using unpaired two-tailed ¢-tests. Data are presented as mean values + SD.
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FIGURE 2 | N.g. accelerates KSHV lytic replication. (A) Representative images of HOK cells infected with KSHV RGB in the absence and
presence of N.g. infection. (B) Viral titer of KSHV in coinfected HOK cells at 72, 96, and 120 h.p.i. C. N.g. stimulates KSHV replication in a dose-
dependent manner. Statistical significance was calculated using unpaired two-tailed t-tests. Data are presented as mean values + SD.

PAN, and ORF57 (Figure 3C). We also performed the experiment
to examine whether N.g. alone activated the ORF50 promotor in
the absence of RTA in transfected HOK cells. However, N.g.
demonstrated a limited effect on the expression of the ORF50
promoter by a luciferase assay (Figure S3D). Immunoblotting
analysis for major viral antigens showed that RTA, K3, and TK
(ORF21) were greatly increased by N.g. infection, while a modest
increase in ORF75 (VGAT) was only obvious at 48 h postinfection
(Figure 3D). These results demonstrate that N.g. infection can
increase KSHYV lytic gene expression at the protein level.

Bacteria-triggered host immune response was well studied on
Toll-like receptor (TLR) signaling pathways via bacterial-
derived structural components, such as lipopolysaccharides.
Further, activation of TLRs was found to sufficiently reactivate
latent KSHV and increase viral replication [20]. We, therefore,
performed an experiment using heat-inactivated N.g. to explore
the role of bacterial structural components on KSHV lytic rep-
lication. Compared with active N.g. infection, heat-inactivated
N.g. had a limited effect on KSHV lytic replication (Figure 4A).
Heat-inactivated N.g. had marginal or no effect on the
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FIGURE 3 | N.g. infection upregulates KSHV viral transcription and induces RTA expression. (A) Viral transcripts of immediate early and early
genes in infected HOK cells. (B) Viral transcripts of RTA and late genes in infected HOK cells. (C) Reporter assay of RTA in transfected HOK and
293T cells, without KSHV infection. (D) Immunoblot of viral protein expression in mock, KSHV, and KSHV + N.g. groups at 30 and 48 h.p.i.
Statistical significance was calculated using two-way ANOVA between KSHV and KSHV + N.g. Data are presented as mean values + SD.
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FIGURE 4 |

Cellular substances of N.g. have limited potential to stimulate KSHV lytic replication. (A) Representative images of infected HOK

cells using live and dead bacteria. (B) Viral transcripts in KSHV-infected HOK cells stimulated with live and dead N.g.

expression of KSHYV lytic genes, for example, PAN and ORF 59
(Figure 4B). Thus, it is unlikely that lipopolysaccharides of N.g.
or other bacteria-derived metabolites and proteins have signif-
icance in enhancing KSHYV lytic replication.

2.3 | N.g. Promotes MHV68 Replication, But
Inhibits HSV-1 Replication

Murine gammaherpesvirus 68 (MHV68) is genetically related to
human gammaherpesviruses, that is, KSHV and EBV, and serves
as a model for studying in vivo infection of human gamma-
herpesviruses. We performed a similar coinfection experiment
using MHV68-infected HOK cells and examined viral lytic repli-
cation by viral titer and viral lytic gene expression. N.g. coinfection
increased MHV68 replication by ~5-fold (Figure 5A). Consistent
with this observation, N.g. infection elevated the expression of
Orf9, Orf21, and Orf60 by more than 10-fold at MOI = 0.05 and
more than 25-fold at MOI = 0.5 (Figure 5B,C). To further probe
whether the stimulation is specific to gammaherpesviruses, we

examined the impact of N.g. infection on HSV-1, a neurotropic
alphaherpesvirus. Surprisingly, HSV-1 replication was inhibited by
N.g. infection (Figure 5E), which correlated with the down-
regulated expression of the immediate early, early, and late genes
by N.g. coinfection. These findings indicate that N.g. selectively
promotes the lytic replication of gammaherpesviruses.

24 | N.g. Infection Promotes Glycolysis and
Nucleotide Synthesis

As shown in Figure 3A,B, N.g. coinfection dramatically elevated
the expression of KSHV transcripts; thus, we hypothesize that
the production of nucleotides, which is the major supply of
DNA and RNA synthesis, is accelerated due to N.g. coinfection.
To profile the metabolites in infected cells, we performed a
metabolomic analysis of mock-, KSHV-infected, and KSHV and
N.g. coinfected HOK cells using liquid chromatography-mass
spectrometry. This analysis identified 164 metabolites that were
significantly altered among the three groups (Figure 6A).
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in infected cells. Statistical significance was calculated using unpaired two-tailed ¢-tests. Data are presented as mean values + SD.

7 of 12

85UB01 T SUOWIWOD SA1E81D 3(dfedtdde U1 Aq peuienob aJe ol VO ‘8sN JO S9|nJ 10} AReiq 17 8UIUQ A8]IM UO (SUONIPUOD-PUR-SWLIBYW0D A8 |1 Aked||Bul JUo//:Sdny) SUOTPUOD pue SWLB | 8U1 89S *[9202/50/22] Uo Ariqiauliuo A8|im ‘BlusieH Jo AiseAlun Aq #0£0."AW(/Z00T 0T/1I0p/woo" A3 1M Alelqpuljuo//Sdiy wolj pepeojumod ‘v ‘620z ‘TL06960T



Log,FC | [°

Overview of Pathway Analysis - KSHV+N.g. vs. KSHV

@ Control
3.3 4 @ KsHV Purine metabolism
s ® KSHV+Ng. 5
~ Mock  KSHV  KSHV+Ng. S Jp— of ,
— - NAM g o ° KSHV+N.g.
Carnitine & a
ol feAlpha-acetylysi 2 2, 3y . . . :
cumP ~ ° o 8 |Pyrimidine metabolism i _ Taurine and hypotaurine | {:
Ribitol I e |
cGMP & KSHV 2 Glycerolipid metabolism
3-Sulfinoalani LJ
. — Sergzo‘ﬂﬁ? noe -2 D) TCACycle PPP
. ] g{;qw 3 Alanine, aspartate and
Jutamylcysteine
- - - ﬂﬁ';"’ ylcys . glutamate metabolism "
L Phosphoserine
= o
CAMp - = o + o0 7 57 5 o8
_— - OIAX roorotate PC 1 (46.7%) Pathway Impact
qanp,
| Alanine.
Lactate
Histidine E F
sparagine i
Oreidoproplonate Glycolysis
erine
B Arginine Control KSHV KSHV+N.g. GB6P/F6P PEP
. Acetylcarnitine
cine = —T
— s G6P_FeP- L s 7 P < 0.0001
dcop F1-6.8P m 1.5%10 = 1.5%10
Pantothenate 1683 [ P =0.0040 —_—
i Guanidineacetate PEP
4-Guanidinobutanca i =_—
dATP 3PG_2PG - ® ®
-— Kyyenine NAD - Q 1.0x108 Q 1.0x107
UTpP
Beta-alanine ona B 3 3
Cop-Ethanolamine Acetyl-CoA - || = - = -
—_— S NADPH £ 0 5.0x10 a 5.0x10
I g % <
aurine
Creatinine NADH -
Creatine | 0.0 00
Phosphocreatine g d
% Eypegg‘uriqe DHAP - - . INERY Y
stathionine
_?onvcymdine NADP - || @00 %Qs er §00 %\2\ ég
reonine
NADPH Lactate X X
Ve L Y Y
$-Aminovaleric Aci %\Z\ %Q*
Prifie? . ’ N N
ey gg{g?:g\eace(ate -33 -2.0 s 0.0 2.0 331
score
dGTP | G H
ATP
Phenylalanine o '
B acid Pyrimidine metabolism
Hethionine
RSPRUSE Control _ KSHV _KSHV+N.g. Lactate
eucine
| Tsoleucine UDP-glucuronate - [ ]
|| pyficoxine Cytidine -
| Adenine s
] Riboflavin me . .
Lyaine Deoxyuridine -
Ellbose dCMP -
Byrogiutamate Uﬂdine, || - |
racil -
Citrate_Isacitate
Ehosphoethanolamin Uf_’r:'g'u_;‘?se g -
# ymidine -
Glutamate i
= Aconitate Thymine - - .
PEP cve B
pstene comp-
- s ol
: utP B
= -
Maleate CDP-Ethanolamine =
Fumarate Beta-alanine =
Malate Dihydroorotate = |
== UDP-GlcNAC_GNAC dcTp s
Aspartal UDP -
= Fidoxamine
— - e Deoryeymiine
- =5 Beoxycarnitine oxyeytidine B
ulonate
luconate | : ]
alactitol
alactito -33 -2.0 0.0 20 31

-formylmethionine
dGDP

MP
Cytosine
Acetyl-CoA
Methyl-glutamate

2Z-score

Purine metabolism

-_— Aminoadipate Control KSHV KSHV+N.g.
|| ——=OIREOL ——
- DHAP Methyladenosine - |
— ‘ Drine ine [ ] UDP-glucuronate
Beritsnidine Xanthosine = B IMP g
- Thymi GDP - -
- T Unate - o P <0.0001 P =0.1965
GMP - - —_—
-_— . Gragioin Adenosine & 1.5x108 2.5x108
Siare gl
Inosine Xanthine Sl 2.0x108
Fiypoxanthine Inosine = Q 6 Q
Adenosin: Guanine - o 1.0x10' 5] 8
df U . c 5 1.5%x10
= Dimethyl-Arginine GTP | | © © -
- Aminoisobutyrate Adennc - o °
— Goe dIMP - - s 5 & 1.0x108
Xanthosine NADPH = - 8 5.0x10 3
— Lagfose dGMP - - . [ ] < <
- Bterin davp = 5.0x107
— B FAD cGAMP Il :
Alpha-ketoglutarat AMP - - .
3-Hydroxymethyiglu ATP & =i 0.0 0.0
Succinate ADP [ > .
NN N:Trimethyllys NADP = \ 3
36p cAMP - g .
GRRABaiac dATP - OC\:‘" X e@ o(\}" X e(b
MR e dADP @4‘9 X @4_‘5 X
= = — ﬁilltipcolinep ‘3‘4 ‘2‘4
UB-glucuranate | ] - & &
Hsthyiadenasine -33 -2.0 0.0 20 31
- ;AH Z-score
Glutarate

FIGURE 6 |

Metabolic reprogramming in HOK cells infected with KSHV and N.g. (A) Heatmap of metabolites in HOK-infected cells. For

normalization, each biochemical is rescaled to set the median equal to 1. (B) PCA analysis of mock, KSHV, and KSHV + N.g. group. (C) Pathway
analysis of metabolites in KSHV and KSHV + N.g. infected cells. The x-axis represents the degree of change based on the comparison between two
groups, with higher values indicating more significant metabolic alternation. The y-axis shows the value of the —log;o(p value), in which a higher
value suggests greater statistical significance. In the plot, each point's size and color intensity reflect the number of hits (metabolites) detected within
that pathway. (D) Heatmap of metabolites related to glycolysis. (E-H) MS Abundance of G6P/F6P (E), PEP (F), 2-PG/3-PG (G), and lactate (H) in
HOK cells quantified by LC/MS. (I-J) Heatmap of metabolites related to pyrimidine metabolism (I) and purine metabolism (J) in HOK-infected cells.
(K) The abundance of IMP and UDP-glucuronate in HOK cells quantified by LC/MS. For normalization in heatmaps, each biochemical is rescaled to
set the median equal to 1. Statistical significance was calculated using unpaired two-tailed t-tests. Data are presented as mean values + SD.
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Samples were harvested at 30 h.p.i. in which KSHV remains at
the early stage of lytic replication, following the same infection
protocol as previously described (Figure 1D). The principal
component analysis (PCA) plot shows distinct clusters among
each experimental sample and the differentiation of each group
in the multifactorial dataset. In our metabolomic analysis, we
identified three clusters: mock, KSHV, and KSHV + N.g., and
the distinct metabolic shift among these groups (Figure 6B).
Figure 6C is the pathway analysis between KSHV + N.g. versus
KSHV to present the major pathway(s) that were significantly
influenced by N.g. infection, including the glycolysis and purine
and pyrimidine metabolism. The x-axis (Pathway Impact) rep-
resents the degree of change based on the comparison between
these two groups, with higher values indicating more significant
metabolic alternation. The y-axis shows the value of the
—log,o(p value), in which a higher value indicates greater sta-
tistical significance. In the plot, each point's size and color
intensity reflect the number of hits (metabolites) detected
within that pathway. For example, more than 10 metabolites in
the purine metabolism were detected with a significant change
in the KSHV + N.g. group compared with the KSHV group,
suggesting that N.g. infection further promotes purine metab-
olism that may assist KSHV lytic replication. Moreover, con-
sistent with previous findings, KSHV infection induces aerobic
glycolysis, as indicated by increased lactate production
(Figure 6A,B) [21, 22]. The major metabolites of glycolysis,
such as glucose-6-phosphate/fructose-6-phosphate (G-6-P/F-
6-P) and 2-phosphoglyceric acid/3-phosphoglyceric acid (2-
PG/3-PG), were slightly elevated in the KSHV-infected cells
due to the infection stage but significantly increased in the
KSHV and N.g. coinfected cells (Figure 6D-G). Other gly-
colytic intermediates, such as fructose-1,6-biphosphate (F-1,6-
BP) and phosphoenolpyruvate (PEP), were also augmented in
the KSHV and N.g. coinfected cells (Figure 6D,G). These
results agree with the ongoing KSHV replication in the in-
fected cells, as we and others observed previously [22, 23].
However, KSHV coinfection with N.g. decreased the level of
intracellular dihydroxyacetone phosphate (DHAP) and lactate
compared to KSHV-infected cells (Figure 6D,H), suggesting
the alternative regulation by bacterial stimulation in KSHV
infection. In addition to the activation of glycolysis, purine and
pyrimidine metabolism and amino acid metabolism repre-
sented by alanine/aspartate, glutamate, and taurine/hypo-
taurine metabolism were further activated by N.g. coinfection
(Figure 6C,I-K). These findings indicate that N.g. regulates
cellular metabolism, which synergizes to support KSHV lytic
replication.

3 | Discussion

In most infected individuals, KSHV remains in latency and has
limited potential to develop cancer. However, in events such as
immunosuppression (e.g., HIV infection), inflammation, and
coinfection with bacterial pathogens and other viruses, KSHV
will reactivate and develop a productive infection that con-
tributes to sarcomagenesis [24]. It is of great importance to
identify the physiological factors and the underlying mecha-
nism of KSHV reactivation, which will pave the way for
developing antiviral and antitumor therapy against KSHV and
its associated diseases such as KS and lymphoma.

As an obligate intracellular pathogen, KSHV depends on the
cellular machinery for synthesizing macromolecules to support
viral progeny production. Employing metagenomic analysis and
functional assays, we identified that N.g. is capable of promot-
ing KSHV lytic replication. Mechanistically, N.g. infection ap-
pears to upregulate RTA expression as well as RTA-mediated
gene expression. Metabolic profiling showed that N.g.
coinfection accentuates the key biosynthesis pathways under-
pinning KSHV lytic replication. These results highlight a syn-
ergism between a bacterial pathogen and an oncogenic virus. In
the oral cavity, the abundance of each bacterial genus, species,
and stain is distinct and dynamic. However, the local concen-
tration of a relatively low-density bacterial pathogen within a
particular infection site, such as a periodontal pocket, may be
significantly higher than its sampled oral concentration. Our
screening strategy started with an equal concentration of bac-
teria genera to minimize the test variables, but it could exclude
other potential bacterial candidates that may affect KSHV
infection at lower or higher concentrations. Re-examining the
function of other bacteria with varying concentrations should
be considered in future work to further characterize the role of
oral bacteria and bacterial community in KSHV replication and
reactivation.

Both N.g. and KSHV are prominent sexually transmitted agents
in the context of HIV infection, signifying their physiological
interaction in AIDS-associated malignancies. Besides sexual
transmission, kissing, saliva exchange, and oral sex are possible
transmission routes for both N.g. and KSHV [14, 17]. The
presence of viable N.g. in the saliva becomes a stimulator for
KSHV replication by elevating KSHV viral load in the oral
cavity, increasing the risk of KSHV transmission among in-
dividuals, particularly in AIDS patients. N.g. evolved multiple
strategies to adapt to various host conditions during asymptotic
and pathogenic infection [13]. Studies on host immune attack
and antibiotic resistance of N.g. infection were well documented
[13]; however, the mechanism of how N.g. alters the cellular
metabolism remains unclear. By using human promyelocytic
HL-60 cells for N.g. infection, Britigan et al. reported that N.g.
competes for oxygen with human neutrophils and consumes
lactate released from neutrophils, as the carbon source for its
catabolism [25]. Later, three lactate dehydrogenases, p-lactate
dehydrogenase (LdhD), r-lactate dehydrogenase (LIdD), and
NAD™"-dependent p-lactate dehydrogenase were identified [26].
To secure lactate for survival and growth, N.g. stimulates aer-
obic glycolysis but decreases oxidative phosphorylation of in-
fected cells to promote lactate production [27]. In fact, we
observed a significant decrease of cellular lactate in the KSHV
and N.g. coinfected cells, suggesting the consumption of lactate
by N.g. (Figure 6H). The N.g.-mediated removal of lactate may
positively influence KSHV lytic replication via further fueling
aerobic glycolysis. While KSHV is an intracellular pathogen and
directly acquires metabolites from cell machinery, the induction
of aerobic glycolysis and related metabolites by N.g. stimulation
provides extra materials such as energy and nucleotides inside
the infected cell for KSHV lytic replication. Future work on
dissecting which bacterial component(s) regulate the metabolic
enzymes and metabolite transporters in the host cells and
how they interact with the viral factors will advance the
understanding of this pathogenetic collaboration on KSHV
reactivation.

9 of 12

85UB01 T SUOWIWOD SA1E81D 3(dfedtdde U1 Aq peuienob aJe ol VO ‘8sN JO S9|nJ 10} AReiq 17 8UIUQ A8]IM UO (SUONIPUOD-PUR-SWLIBYW0D A8 |1 Aked||Bul JUo//:Sdny) SUOTPUOD pue SWLB | 8U1 89S *[9202/50/22] Uo Ariqiauliuo A8|im ‘BlusieH Jo AiseAlun Aq #0£0."AW(/Z00T 0T/1I0p/woo" A3 1M Alelqpuljuo//Sdiy wolj pepeojumod ‘v ‘620z ‘TL06960T



Our work presents the potent inductive effect of N.g. on KSHV
lytic replication and pinpoints the crosstalk between bacteria
and virus-interfered cellular events. Most importantly, findings
from this study advance our understanding of polymicrobial
interaction and explore a framework for microbial pathogenesis
research.

4 | Materials and Methods
4.1 | Human Saliva Sample Collection

Patients first rinsed with mouthwash, and saliva was collected
in a wide-mouth 50 mL Nalgene tube. A total of 3-5mL of
mouthwash is generally applied. The patients were requested
not to eat or smoke before sample collection. The samples were
transferred to round bottom, screw-cap 1.5mL tubes, in 1 mL
aliquots, and centrifuged at 17000 g for 5min. The pellet was
resuspended in 200 uL PBS for DNA extraction using QIAamp
DNA Mini-kit (Qiagen), and extracted samples were stored at
—80°C for further examination.

4.2 | Cell Culture and Virus Production

HOK cells were provided by Dr. Ren Sun (University of Cali-
fornia, Los Angeles) and cultured in Keratinocyte Basal Medium
(KBM) (Lonza, CC-3101) supplemented with KBM SingleQuots
Supplements and Growth Factors (Lonza, CC-4131) and main-
tained in the humidified incubator with 5% CO, at 37°C. iSLK
219, iSLK RGB, and BACI16 cells were cultured in DMEM
medium containing 10% FBS, 1% penicillin-streptomycin, 10 ug/
mL puromycin, 250 pug/mL G418, and 400 ug/mL hygromycin. To
reactivate KSHV, 60% confluent cells were maintained in the
DMEM with 10% FBS, 1% penicillin-streptomycin, 1 pg/mL
doxycycline, and 1 mM sodium butyrate. At 48 h.p.i., the KSHV-
containing medium was harvested and passed through a 0.45 um
PES filter, followed by concentrating at 8000 rpm, 4°C, for 15 min
to remove cell debris. KSHV virions were pelleted by ultrahigh-
speed centrifugation at 32000 rpm (Beckman rotor Type 45i),
4°C, for 90 min. The viral pellet was washed with PBS and re-
suspended in KBM medium at 4°C overnight. Viral stock was
aliquoted and stored at —80°C for further use.

To titrate KSHV from concentrated stock and infected cells,
each virus-containing suspension and supernatant was subject
to a series of 10-fold dilutions. Diluted samples were used to
infect 293T cells in 12-well plates, as described previously [28].
At 48 h.p.i., RFP- ({KSHV RGB) or GFP-positive (rKSHV219
and BAC16) cells were counted with a fluorescence microscope.
The well containing the least number of fluorescent cells will be
used for titer quantification: number of fluorescent cellsx
dilution factor.

4.3 | Bacterial Growth

N.g. strains were gifted by Dr. Douglas T Golenbock (UMass
Chan Medical School). For cultivation, the N.g. glycerol stock
was plated on the chocolate agar medium (Thermo Scientific)

with sterile cotton sticks for 1-2 days in the humidified incubator
with 5% CO, at 37°C (please see the left image). For infection,
bacterial colonies were harvested from the plate, resuspended in
a KBM medium, and homogenized via vortexing. OD600 was
determined using Nanodrop (Thermo). KSHV-infected HOK
cells were incubated with N.g.-containing KBM medium for a
designated time. OD600 1.0 equals 3.6 x 10® cfu [29, 30].

44 | KSHV and N.g Coinfection

Before KSHYV infection, one well of HOK cells was sacrificed for
cell counting with trypan blue staining. The amount of virus
used for infection with MOI =30 was calculated as 30 X cell
numbers. For coinfection, HOK cells were first infected with
high-titer KSHV (MOI = 30, RGB-BAC16 KSHV expresses RFP
and GFP as indicators for infection and lytic replication,
respectively [31]) with centrifugation infection and stimulated
with N.g (OD600 =1.0) after 6 p.i.h. for an additional 18 h, by
replacing N.g.-contained KGM. At the designated postinfection
time, the supernatant was collected for viral titration, and in-
fected cells were harvested for the analysis of viral transcription
activity, viral protein expression, and metabolomics.

4.5 | DNA and RNA Extraction and RT-PCR

Total DNA was extracted using Quick-DNA Midiprep Plus Kit
(Zymo Research) following the manufacturer's instructions.
Total RNA was extracted using TRIzol reagent (Invitrogen)
following the manufacturer's protocol. DNase I was used to
eliminate the contamination of genomic DNA. Each reverse
transcription reaction (20 w) includes a total of 1 ug RNA as a
template, oligo dT (2uM), dNTP (0.5mM), 5% transcription
buffer, and M-MLV reverse transcriptase (Promega, M1701). In
the quantitative real-time PCR (qRT-PCR) reaction, the cDNA
template, corresponding primer set (Table S1), and SYBR
master mix (Applied Biosystems) were assembled. Cycle con-
ditions were as follows: 95°C for 10 min and 95°C for 15s fol-
lowed by 55°C for 1 min (40 cycles). Fold change of mRNA
expression for each target gene was calculated using the 2744
method, normalized to the human housekeeping gene ACTB.

4.6 | Immunoblotting

Cells were pelleted and solubilized in lysis buffer (50 mM Tris-
HCIL, pH 74, 1mM EDTA, 150mM NaCl, 0.25% Na-
deoxycholate, 1% NP-40, 0.10% SDS, and 1% TritonX-100 on ice
for 30 min). Cell lysates were centrifuged at 12 000 rpm at 4°C
for 10 min, and the soluble fraction was denatured in loading
buffer at 95°C for 10 min. Proteins were separated by SDS-
PAGE and subsequently transferred to nitrocellulose mem-
branes for antibody incubation. Membranes were blocked with
5% skim milk and probed with primary antibodies overnight at
4°C, later incubated with secondary antibodies (IRDye800-
conjugated 1:10000 dilutions, LI-COR Biosciences) for 1h
before exposure on the LI-COR Odyssey infrared imager.
Images were processed using Image Studio Version 4.0 (LI-COR
Biosciences).
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Primary antibodies (diluted 1:1000) were used in this study:
KSHV RTA (ORF50), ORF75 (VGAT), and ORF21 (KTK) poly-
clonal antibodies were produced by Cocalico Biologicals
(Reamstown, Pennsylvania) following standard protocols. The
anti-GFP (sc-9996) was purchased from Santa Cruz, and the
anti-b-actin (MA1-140, mouse monoclonal) from Invitrogen.

4.7 | Luciferase Reporter Assay

HOK and 293T cells seeded in 12-well plates were transfected with
the PAN promoter reporter cocktail (100 ng) with varying doses of
RTA plasmids (0, 8, 32, and 150 ng). N.g. infection was performed
at 24h, and cells were harvested at 48 h by trypsinization. Cell
pellets were further lysed with lysis buffer (Promega) for 30 min at
room temperature. Luciferase activity was determined by a mi-
croplate reader (FLUOstar Omega) using cell-free whole-cell
lysates. 3-Galactosidase was included as an internal control.

4.8 | Microscopy

At the designated time point, live cells were imaged via a Nikon
TI2-D-PD (599378) microscope. All images were processed with
NIS-Elements version 5.11.

4.9 | Mass Spectrometry

For metabolite analysis, mock-, KSHV-, and KSHV + N.g. in-
fected HOK cells (approximately 2 X 10°) were washed with PBS
and ice-cold 150 mM ammonium acetate (NH4AcO, pH 7.3) at
the designated time point. The cold 80% (v/v) methanol (1 mL),
pre-chilled at —80°C, was added to each 6-well for metabolite
extraction, followed by incubation at —80°C for 20 min. Cells
were scraped off after incubation and pelleted at 4°C for 10 min
at 21000 g. The supernatant was transferred into a new cen-
trifuge tube and vacuum-dried at room temperature. The dried
pellet was re-suspended in the HPLC grade ultrapure water and
analyzed on a Q-Exactive Plus hybrid quadrupole-Orbitrap MS
coupled with Vanquish UHPLC system (ThermoFisher Scien-
tific) in polarity switching mode (+3.00 kV/—2.25kV) with an
m/z window ranging from 65 to 975. Mobile phase A: 5mM
NH4AcO, pH 9.9, and mobile phase B: acetonitrile. Metabolites
were separated on a Luna 3um NH2 100 NH2 100 A
(150 X 2.0 mm) column (Phenomenex), with a flow rate of
0.3 mL/min, gradient from 15% A to 95% A in 18 min, followed
by an isocratic step for 9 min and re-equilibration for 7 min.
Based on retention time and standard compound (Sigma), each
metabolite was identified and quantified by peak area integra-
tion using TraceFinder 4.1 (ThermoFisher Scientific). The
heatmap, PCA analysis, and pathway analysis were performed
using MetaboAnalyst, a web-based platform for statistical,
functional, and pathway analysis of metabolomics data [32].
Plots were made with MetaboAnalyst and R programming.

410 | Statistical Analysis

Data represent the mean of three independent experiments, and
error bars denote SD unless specified otherwise. Statistical

analysis was performed with GraphPad Prism 10 for unpaired
two-tailed t-test and two-way ANOVA. A p value less than 0.05
is considered statistically significant.
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