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Summary
Background HIV/SIV-associated periodontal disease (gingivitis/periodontitis) (PD) represents a major comorbidity
affecting people living with HIV (PLWH) on combination anti-retroviral therapy (cART). PD is characterized by
chronic inflammation and dysbiosis. Nevertheless, the molecular mechanisms and use of feasible therapeutic strate-
gies to reduce/reverse inflammation and dysbiosis remain understudied and unaddressed.

Methods Employing a systems biology approach, we report molecular, metabolome and microbiome changes
underlying PD and its modulation by phytocannabinoids [delta-9-tetrahydrocannabinol (D9-THC)] in uninfected
and SIV-infected rhesus macaques (RMs) untreated (VEH-untreated/SIV) or treated with vehicle (VEH/SIV) or D9-
THC (THC/SIV).

Findings VEH- untreated/SIV but not THC/SIV RMs showed significant enrichment of genes linked to anti-viral
defense, interferon-b, NFkB, RIG-1, and JAK-STAT signaling. We focused on the anti-microbial DUOX1 and
immune activation marker IDO1 that were reciprocally regulated in the gingiva of VEH-untreated/SIV RMs. Both
proteins localized to the gingival epithelium and CD163+ macrophages, and showed differential expression in the
gingiva of THC/SIV and VEH/SIV RMs. Additionally, inflammation-associated miR-21, miR-142�3p, miR-223, and
miR-125a-5p showed significantly higher expression in the gingiva of VEH/SIV RMs. In human primary gingival
epithelial cells, miR-125a-5p post-transcriptionally downregulated DUOX1 and THC inhibited IDO1 protein expres-
sion through a cannabinoid receptor-2 mediated mechanism. Interestingly, THC/SIV RMs showed relatively
reduced plasma levels of kynurenine, kynurenate, and the neurotoxic quinolinate compared to VEH/SIV RMs at 5
months post SIV infection (MPI). Most importantly, THC blocked HIV/SIV-induced depletion of Firmicutes and
Bacteroidetes, and reduced Gammaproteobacteria abundance in saliva. Reduced IDO1 protein expression was associ-
ated with significantly (p<0.05) higher abundance of Prevotella, Lactobacillus (L. salivarius, L. buchneri, L. fermentum,
L. paracasei, L. rhamnosus, L. johnsonii) and Bifidobacteria and reduced abundance of the pathogenic Porphyromonas
cangingivalis and Porphyromonas macacae at 5MPI.

Interpretation The data provides deeper insights into the molecular mechanisms underlying HIV/SIV-induced PD
and more importantly, the anti-inflammatory and anti-dysbiotic properties of THC in the oral cavity. Overall, these
translational findings suggest that phytocannabinoids may help reduce gingival/systemic inflammation, salivary
dysbiosis and potentially metabolic disease/syndrome in PLWH on cART and those with no access to cART or do
not suppress the virus under cART.
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Research in context

Evidence before this study

HIV-associated periodontal diseases (PD), together with
other oral infections, are serious comorbidities that
affect people living with HIV on combination anti-retro-
viral therapy (cART). Despite viral suppression by cART,
HIV-induced immunosuppression may facilitate the
development of chronic periodontal disease and other
oral infections. The ensuing chronic inflammation can
induce salivary dysbiosis, which can disrupt the oral epi-
thelial barrier leading to translocation of oral microbial
and microbial by-products resulting in systemic
immune activation and inflammation-driven comorbid-
ities. The pathogenesis of HIV-associated periodontal
diseases is an understudied area, especially, with
regards to its molecular mechanisms. Further and more
importantly, the impact of feasible therapeutic strate-
gies to reverse gingival inflammation and dysbiosis in
the context of HIV infection remains unknown and
unexplored.

Added value of this study

Here, we demonstrate the molecular mechanisms by
which HIV/SIV induces gingival mucosal dysfunction
and how long-term controlled daily dosing of delta-9-
tetrahydrocannabinol (THC) to cART-naive chronically
SIV-infected rhesus macaques (RMs) successfully
reversed gingival inflammation without producing any
adverse effects. More importantly, we show that chronic
THC can effectively suppress activation of the Indole-
amine-2,3-Dioxygenase-1 (IDO1) pathway via a cannabi-
noid receptor 2 mediated mechanism. The suppressive
effects of THC on IDO1 expression were systemic and
not restricted to the gingiva as metabolomic profiling
revealed significantly reduced plasma concentrations of
the IDO1 catalyzed metabolite kynurenine and its
downstream metabolites kynurenate and quinolinic
acid. Finally, chronic THC successfully ameliorated HIV/
SIV induced salivary dysbiosis of Firmicutes and Bacteroi-
detes, and reduced Gammaproteobacteria abundance in
saliva. Further, chronic THC preserved the relative abun-
dance of the commensal Prevotella, Lactobacillus and
Bifidobacteria and reduced the relative abundance of
the periodontal pathogens Porphyromonas cangingivalis
and Porphyromonas macacae. These findings for the first
time suggest that cannabinoids can exert a probiotic-
like effect by suppressing inflammation.

Implications of all the available evidence

The induction and maintenance of IDO1 protein expres-
sion has been reported as an important triggering event
in maintaining a persistent inflammatory state in pro-
gressive HIV/SIV infection. Accordingly, our findings
highlight the potential of a feasible cannabinoid-based
IDO1 inhibition strategy to mitigate/reduce not only
chronic inflammation in both HIV and non-HIV patients
but also metabolic disease/syndrome as IDO1 inhibition
has been shown to increase insulin sensitivity, decrease
endotoxemia, and chronic inflammation, and positively
regulate lipid metabolism in liver and adipose tissues. In
addition, by inhibiting oral inflammation, cannabinoids
may reduce or prevent major alterations in the oral
microbial populations. These translational findings pro-
vide novel insights into the mechanism of action of phy-
tocannabinoids like THC and its potential for
ameliorating HIV/SIV-induced PD and salivary dysbiosis.
Introduction
With the introduction of modern combination antiretro-
viral therapy (cART), people living with HIV (PLWH)
can now achieve a near-normal life expectancy, provided
cART is started early in infection. Nevertheless, PLWH
are at increased risk for HIV infection-associated comor-
bidities such as periodontitis, salivary gland adenitis,
etc. that affect the oral cavity.1�3 These are thought to be
the adverse consequence of a persistent inflammatory
state that is not fully resolved by cART despite success-
ful suppression of plasma viremia.

Periodontitis is a chronic inflammatory condition
caused by a complex interaction between the microbial
biofilm and host immune responses that begins as a
clinically manageable gingivitis. When left untreated,
gingivitis can cause the gums to separate from the teeth
leading to injury to periodontal connective tissue and
bone and, in severe cases, tooth loss. Bacterial patho-
gens including Porphyromonas gingivalis, Fusobacterium
nucleatum, Prevotella intermedia, and various other bacte-
rial species in the subgingival biofilm or dental plaque
have been identified as critical etiological agents that
drive gingival/periodontal inflammation and tooth loss.
While periodontal disease affects about 46% of the
adult population, HIV infection can act as a disease
modifier as it is frequently associated with the
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occurrence of severe necrotizing gingivitis, linear gingi-
val erythema, and worsening of existing perio-
dontitis.1�3 More importantly, periodontal disease has
been linked to increased risk for systemic illnesses,
such as cardiovascular disease, diabetes, and cancer4,5,
all of which are significant comorbidities affecting
PLWH.

Despite periodontal disease being a serious oral
comorbidity affecting PLWH, the underlying molecular
changes and mechanisms associated with its pathogene-
sis remain unknown. From a research perspective, sim-
ian immunodeficiency virus (SIV)-infected rhesus
macaques (RMs) develop oral lesions such as gingivi-
tis6,7 and serves as a suitable model for studying HIV/
SIV-induced periodontal disease. This model, in addi-
tion to uncovering the molecular changes longitudi-
nally, also provides an unparalleled platform to test the
effects of feasible and safe pharmacological strategies to
inhibit damaging gingival/periodontal inflammation.
HIV/SIV-induced chronic oral inflammation, and the
consequent oral dysbiosis can synergistically increase
the risk for developing periodontitis and salivary gland
disease. Previously, we showed that chronic administra-
tion of delta-9-tetrahydrocannabinol (D9-THC) [FDA
approved (Dronabinol; Marinol�) potent anti-inflamma-
tory cannabinoid8 for stimulating appetite and weight
gain9,10 and found effective for symptom relief in
inflammatory bowel disease patients11�14 to SIV-
infected RMs suppressed intestinal proinflammatory
miRNA/gene expression, T-cell activation/exhaustion,
and lymph node fibrosis.15,16 More recently, we showed
that chronic THC administration protected minor sali-
vary gland acini by inhibiting the expression of proin-
flammatory genes and preserving the expression of
AGR2, WFDC2, and TSC22D3.6

It is important to note that there is growing interest
within the dental community for more research to
explore the potential beneficial effects of non-smoking
related use of cannabinoids on the oral commensal bac-
teria and periodontal disease.17 Accordingly, based on
our recently published findings in the intestine16 and
oral mucosa6, we hypothesized that long-term low dose
THC may reduce gingival immune activation and pre-
vent salivary dysbiosis in chronic HIV/SIV infection.
Here, we provide significant new knowledge on gene
and microRNA expression in the gingiva using the
chronically SIV-infected rhesus macaque model. We
further characterized dual oxidase-1 (DUOX1) and indo-
leamine 2,3-dioxygenase-1 (IDO1) protein expression in
gingival tissues for a couple of reasons. First, DUOX1
produces hydrogen peroxide (H2O2) that is utilized by
lactoperoxidase to convert thiocyanate to the anti-bacte-
rial/anti-microbial hypothiocyanite in mucosal surfaces.
Second, IDO1 is an important anti-microbial enzyme
that functions to limit tryptophan availability to oral
pathogenic bacteria by converting tryptophan to kynure-
nine and its persistent upregulation has been reported
www.thelancet.com Vol xx Month xx, 2021
to trigger and maintain a persistent inflammatory
state in progressive HIV/SIV infection18. Accord-
ingly, we further investigated the regulation and func-
tional significance of both proteins using
immunofluorescence, miRNA/endocannabinoid
receptor-mediated mechanisms, metabolomic and
metagenomic profiling. Briefly, chronic THC admin-
istration maintained the expression of DUOX1 and
blocked the upregulation of the immune activation
marker IDO1 in the gingiva. Reduced IDO1 gene and
protein expression was associated with markedly
reduced plasma levels of kynurenine and the neuro-
toxic quinolinate. Using primary gingival epithelial
cells, we provide a mechanism by which miR-125a-5p
directly targets and downregulates DUOX1 in the gin-
giva. More importantly, we demonstrate that THC
downregulates interferon-gamma (IFNg) induced
IDO1 expression in primary human gingival epithelial
cells mainly via a cannabinoid receptor-2 mechanism.
Finally, suppression of IDO1 upregulation in THC/
SIV RMs was associated with significantly reduced
alterations in salivary microbiota composition and,
more importantly, maintenance of commensal Prevo-
tella, Lactobacillus, and Bifidobacteria species.
Methods

Animal care, ethics and experimental procedures
All experiments using rhesus macaques were approved
by the Tulane Institutional Animal Care and Use Com-
mittee (Protocol No-P0308). The Tulane National Pri-
mate Research Center (TNPRC) is an Association for
Assessment and Accreditation of Laboratory Animal
Care International accredited facility (AAALAC
#000,594). The NIH Office of Laboratory Animal Wel-
fare assurance number for the TNPRC is A3071�01. All
clinical procedures, including administration of anes-
thesia and analgesics, were carried out under the direc-
tion of a laboratory animal veterinarian. Animals were
anesthetized with ketamine hydrochloride for blood col-
lection procedures. Animals were pre-anesthetized with
ketamine hydrochloride, acepromazine, and glycopyrro-
late, intubated and maintained on a mixture of isoflur-
ane and oxygen. All possible measures were taken to
minimize the discomfort of all the animals used in this
study. Tulane University complies with NIH policy on
animal welfare, the Animal Welfare Act, and all other
applicable federal, state and local laws.
Animal model and experimental design
A total of forty-four age and weight-matched Mamu-
A0�1�/B08�/B17� specific-pathogen-free (free of SIV,
D retrovirus, STLV and Herpes B) male Indian rhesus
macaques were randomly assigned to four experimental
groups (Table 1). Out of the five group 1 vehicle-
untreated chronically SIV-infected (VEH-untreated/
3



Animal ID SIV Inoculum Duration of
Infection

Plasma viral
loads 106/mL

Gingival viral
loads 106/mg RNA

Opportunistic
Infections

Chronic SIV-Infected and Vehicle Untreated (Group 1) for microRNA, gene expression and Immunofluorescence studies

IN30%,* SIVmac239 246 NA 6.2 Gingivitis

LB06#,*,%,* SIVmac239 120 0.7 2.7 ND

LB49#,*,%,* SIVmac239 120 3.6 4.3 ND

LF29#,*,%,* SIVmac239 120 1.6 8.3 ND

KM98#,*,%,* SIVmac239 120 NA 0.11 ND

Chronic SIV-Infected and Vehicle treated (Group 2) for microRNA, gene expression and Immunofluorescence studies

JH47#,%,*,,^ SIVmac251 180 2 2.4 ND

JR36%,^ SIVmac251 180 0.5 0.05 ND

JD66#,%,*,^ SIVmac251 180 0.04 2.9 ND

IV95^ SIVmac251 180 0.04 NA Gingivitis

Chronic SIV-Infected and D9-THC treated (Group 3) for microRNA, gene expression and Immunofluorescence studies

JI45#,%,*,^ SIVmac251 180 3 1.8 ND

JT80#,%,*,^ SIVmac251 180 1 0.58 ND

IV90#,%,*,^ SIVmac251 180 0.02 ND ND

JC85^ SIVmac251 180 0.02 NA ND

Uninfected Controls (Group 4) for microRNA and gene expression studies

KK15* NA NA NA NA NA

JT95* NA NA NA NA NA

JB84#,* NA NA NA NA NA

JB61#,* NA NA NA NA NA

II28#,* NA NA NA NA NA

IG78# NA NA NA NA NA

Table 1: Animal IDs, SIV inoculum, duration of infection and viral loads in vehicle or delta-9-tetrahydrocannabinol (D9-THC) treated
chronic SIV-infected and uninfected rhesus macaques.
NA- Not available, ND- None detected.

* Denotes animals used for gene expression (RNA-seq) studies.
# Denotes animals used for microRNA expression studies.
% Denotes animals used for DUOX1 and IDO1 immunofluorescence studies.
^ Denotes animals used for microbiome studies.
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SIV) male Indian RMs, all were used for RNA-seq, while
four were used for global microRNA expression studies
(Table 1). An additional eight age and weight-matched
RMs (Table 1) were randomly assigned to two groups.
One group (n = 4; Group 2) received twice daily injec-
tions of vehicle (VEH/SIV) (1:1:18 of emulphor: alcohol:
saline) and second (n = 4; Group 3) received twice-daily
injections of D9-THC (THC/SIV) beginning four weeks
prior to SIV infection until 6 months post-SIV infection.
In group 2, two animals each were used for both RNA-
seq and microRNA expression studies. In group 3, three
animals each were used for both RNA-seq and micro-
RNA expression studies. All eight animals in groups 2
and 3 were used for salivary microbiome studies. Out of
the six uninfected control (Group 4) RMs (Table 1) five
and four animals were used for RNA-seq and global
microRNA expression studies, respectively. A separate
set of twenty-five male Indian RMs comprising four
VEH/SIV and five THC/SIV previously published16 and
sixteen uninfected control macaques were used to quan-
tify plasma tryptophan metabolites (kynurenine,
kynurenate and quinolinic acid).
Chronic administration of VEH (group 2) or D9-THC
(group 3) was initiated four weeks before SIV infection at
0.18 mg/kg as used in previous studies.15,16,19,20 This dose
of D9-THC was found to eliminate responding in a com-
plex operant behavioral task in almost all animals20. All
macaques were infected intravenously with 100TCID50

dose of the CCR5 tropic SIVmac251 or SIVmac239. Begin-
ning the day of SIV infection, the THC dose was increased
for each subject to 0.32mg/kg, over a period of approxi-
mately two weeks when responding was no longer affected
by 0.18 mg/kg on a daily basis (i.e., tolerance developed),
and maintained for the duration of the study. The optimi-
zation of the THC dosing in RMs accounts for the devel-
opment of tolerance during the initial period of
administration. Because in previously published stud-
ies19,20 this dose of THC showed protection, the same
dose was used in this study. SIV levels in plasma and gin-
giva were quantified using the TaqMan One-Step Real-
time RT-qPCR assay that targeted the LTR gene.15,16 At
necropsy, gingival tissue segments were collected in RNA-
later (Thermo Fisher Scientific) and Z-fix for total RNA
extraction and embedding in paraffin blocks.
www.thelancet.com Vol xx Month xx, 2021
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Global microRNA (miRNA) profiling
Micro-RNA expression profiling was performed using
TaqMan OpenArray Human MicroRNA panels
(Thermo Fisher Scientific) as described previously.15,16
RNA-seq library construction, clustering and
sequencing
Transcriptome profiling by RNA-seq and data analysis
were performed by Novogene (Sacramento, CA). cDNA
library construction and sequencing were performed by
Novogene Co. Ltd, Beijing, CA (http://www.novogene.
cn/). For library construction, »3 mg of total RNA from
each sample was used to enrich mRNA with the poly-T
oligo-attached magnetic beads. The purified mRNA was
then randomly cleaved into small fragments using NEB-
NEXT RNA fragmentation buffer (NEB, MA) following
the manufacturer’s instructions. First-strand cDNA was
synthesized using random hexamers and M-MuLV
Reverse Transcriptase (RNase H-). Second-strand cDNA
synthesis by nick translation was subsequently per-
formed using E coli DNA polymerase I and RNase H.
Remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. The final cDNA
library was prepared after a round of purification, termi-
nal repair, A-tailing, ligation of sequencing adapters,
size selection and PCR enrichment. The cDNA frag-
ments of preferentially 250�300 bp in length were
selected using with AMPure XP system (Beckman Coul-
ter, Beverly, U.S.A.) and PCR amplified using Phusion
High-Fidelity DNA polymerase (NEB, Beijing, China),
Universal PCR primers and Index (X) Primer. PCR
products were then purified using AMPure XP system
(Beckman Coulter, U.S.A.), and library quality was
assessed on the Agilent Bioanalyzer 2100 system (Agi-
lent Technologies, U.S.A.). The clustering of the index-
coded samples was performed on a cBot Cluster Gener-
ation System, using TruSeq SR Cluster Kit v3-cBot-HS
(Illumina), according to the manufacturer’s instruc-
tions. After cluster generation, the library preparations
were sequenced on an Illumina Novaseq 6000 platform
and 150 bp paired end reads were generated.
Cloning of 30-UTR of DUOX1 mRNA and Dual-GLO
luciferase reporter gene assay
The 30 UTR of the rhesus macaque DUOX1 mRNA con-
tains a single predicted miR-125a-5p binding site (Tar-
getScan 7.2).15,16 Accordingly, two separate short 34
nucleotide sequences containing the predicted miR-
125a-5p site on the 30 UTRs of DUOX1 (50- AUGGUCA-
GUCACCAGGUAUGGGCUCAGGGACCU-30) were
synthesized (IDTDNA Technologies Inc., IA) for clon-
ing into the pmirGLO Dual-Luciferase vector (Promega
Corp, Madison, WI). Two separate oligonucleotides
with the miR-125a-5p binding site deleted (n = 7 nucleo-
tides) on the 30 UTR sequence of DUOX1 (50- AUGGU-
CAGUCACCAGGUAUGGGCCCU �30) were also
www.thelancet.com Vol xx Month xx, 2021
synthesized to serve as a negative control. Cloning of
the pmirGLO vector and luciferase reporter assays was
performed as described previously.15,16 Experiments
were performed using HEK293 cells (ATCC, Manassas,
VA) in 6 replicates and repeated thrice.
Immunofluorescence for cellular localization of IDO1
and DUOX1 in gingival tissues
Immunofluorescence studies for the detection of
DUOX1 (1 in 100 dilution) (Abcam, Cat No: ab227584),
IDO1 (1 in 100 dilution) (Sigma Life Sciences, Cat No:
HPA023072), CB1R (1 in 50 dilution) (Abcam, Cat No:
ab2373) and CB2R (1 in 50 dilution) (Abcam, Cat No:
ab3560) was performed as described previously15.
Expression of DUOX1 and IDO1 protein by macro-
phages was confirmed using the CD163 (1 in 50 dilu-
tion) (Biorad, Cat No: MCA1853).
miR-125a-5p overexpression studies
To determine the impact of miR-125a-5p on DUOX1, we
overexpressed FAM-labeled locked nucleic conjugated
miR-125a-5p mimics (Qiagen Inc) in primary human
gingival epithelial cells pooled (HGEPp) (CELLnTEC
Advanced Cell Systems AG, 3014 Bern, Switzerland) as
DUOX1 protein expression was intense in the gingival
epithelium. HGEPp cells were first cultured in CnT
Prime medium (CnT-PR, CELLnTEC Advanced Cell
Systems AG, Bern, Switzerland) in 8 well chamber
slides (Thermo-Fisher Scientific Waltham, MA USA) at
37 °C in a humidified atmosphere with 5% CO2. At 95%
confluency, CnT-Prime medium was replaced with
CnT-Prime epithelial 2D differentiation medium (CnT-
PR) and cultured for seven days to induce cellular differ-
entiation. On day 8 of culture, cells were transfected
with two different concentrations (20 and 30 nM) of
FAM-LNA-miR-125a-5p or FAM-LNA-negative control
mimic using the Lipojet transfection reagent (Signagen,
DE). Cells were fixed with 2% paraformaldehyde at
96 h post-transfection and immunostained with
DUOX1 and later with DAPI for nuclear localization.
Endocannabinoid control of IDO1 expression in
primary human gingival epithelial cells
To identify an endocannabinoid mechanism regulating
IDO1 expression, HGEPp cells (cultured as described in
the previous section) were treated with either DMSO or
3 µM THC only or challenged subsequently with 50 U
of recombinant human interferon-gamma (rIFN-g) and
incubated for 18 h. In separate experiments, HGEPp
cells were preincubated with the 10 µM cannabinoid
receptor 1 inverse agonist AM251 (Tocris Bioscience,
Minneapolis, MN) or the cannabinoid receptor 2 antag-
onist AM630 (Tocris Bioscience, Minneapolis, MN)
alone or in combination for 1 h followed by 3 µM THC
treatment for 1 h and then challenged with 50 U of
5
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rIFN-g and incubated for 18 h. At the end of the incuba-
tion period, cells were fixed with 2% paraformaldehyde
in PBS for IDO1 immunofluorescence staining.
Quantitative image analysis of gingival sections
Briefly, two slides containing gingival tissue sections
from each animal were stained with antibodies specific
for DUOX1, IDO1 and CD163. No differences in stain-
ing intensity were detected between slides for each
macaque. A total of ten bright-field sections for each of
the eleven rhesus macaques (Groups 1, 2 and 3) scanned
using a Zeiss LSM700 confocal microscope (Carl ZEISS
Microscopy, LLC) at 20X objective was imported as digi-
tal images into HALO software (Indica Labs) for image
quantitation analysis. Since whole/intact gingival tis-
sues (containing all regions, namely epithelial, lamina
propria, submucosal, muscular and serosal) were used
for mRNA and microRNA profiling, we decided to use
the area quantification module available on HALO v3.2
(Indica Labs) to quantify DUOX1 and IDO1 (green sig-
nal/Alexa-488) and CD163 (red signal/Alexa-568) fluo-
rescence from the entire gingival tissue section. In this
new computational method, the artificial intelligence
driven software identifies all cells that express DUOX1
or IDO1 in green, CD163 in red and nuclei in blue and
also categorizes the cells based on predefined fluores-
cence intensity levels. Specifically, the HALO software
normalizes the threshold across all images and enables
quantification of the number of cells, and relative inten-
sity of fluorescence per cell, of single channel fluores-
cence (green or red) corresponding to the expression of
DUOX1, IDO1 and CD163 that was intensely expressed
in the gingival epithelial cells and lamina propria resi-
dent mononuclear cells. The output values (total area
and average positive intensity) were used to calculate
the total DUOX1, IDO1 and CD163 fluorescent inten-
sity/tissue area. The data were graphed using Prism v8
software (GraphPad software).
Quantification of kynurenine and its metabolites in
plasma
Sample preparation was performed at Metabolon Inc
(Morrisville, NC). Briefly, individual samples were sub-
jected to methanol extraction and then split into aliquots
for analysis by ultrahigh performance liquid chromatog-
raphy/mass spectrometry (UHPLC/MS). The global bio-
chemical profiling analysis comprises four unique arms
consisting of reverse phase chromatography positive
ionization methods optimized for hydrophilic com-
pounds (LC/MS Pos Polar) and hydrophobic com-
pounds (LC/MS Pos Lipid), reverse phase
chromatography with negative ionization conditions
(LC/MS Neg), as well as a HILIC chromatography
method coupled to negative (LC/MS Polar). All of the
methods alternated between full-scan MS and data-
dependent MSn scans. The scan range varied slightly
between methods but generally covered 70�1000 m/z.

Metabolites were identified by automated compari-
son of the ion features in the experimental samples to a
reference library of chemical standard entries that
includes retention time, molecular weight (m/z), pre-
ferred adducts, and in-source fragments, as well as,
associated MS spectra and curated by visual inspection
for quality control using software developed at Metabo-
lon. Identification of known chemical entities was based
on comparison to metabolomic library entries of puri-
fied standards.
Quantitation of mucosal viral loads
Total RNA samples from all SIV-infected animals were
subjected to a quantitative real-time TaqMan One-step
RT-qPCR analysis to determine the viral load in plasma
and gingival tissue. Briefly, primers and probes specific
to the SIV LTR sequence were designed and used in the
real-time TaqMan PCR assay. Probes were conjugated
with a fluorescent reporter dye (FAM) at the 50 end and
a quencher dye at the 30 end. Fluorescence signal was
detected with a Quantstudio 5 Real-Time PCR system
(Thermo Fisher). Data were captured and analyzed with
QuantStudio Design & Analysis Software (Thermo
Fisher). Viral copy number was determined by plotting
CT values obtained from gingival samples against a
standard curve (y= �3.32x + 40.4) (r2=0.999) generated
with in vitro transcribed RNA representing known viral
copy numbers.
Metagenomic sequencing of salivary microbiota
Saliva was collected using weck-cel sponges before and
at 5-months post-SIV infection. DNA was isolated from
the weck-cel sponge using the cell-free DNA purifica-
tion kit (Norgen Biotek Corp, ON, Canada) following
the manufacturer’s protocol. Shotgun metagenomics
sequencing and data analysis was performed by LC Sci-
ences, Houston, Texas. DNA library was constructed
using TruSeq Nano DNA LT Library Preparation Kit
(FC-121�4001) and following the manufacture’s proto-
col. Briefly, DNA was fragmented by dsDNA Fragmen-
tase (NEB, M0348S) by incubating at 37 °C for 30 min.
Library construction begins with fragmented genomic
DNA (gDNA). Blunt-end DNA fragments are generated
using a combination of fill-in reactions and exonuclease
activity, and narrowly size selected with sample purifica-
tion beads. An A-base is then added to the blunt ends of
each strand, preparing them for ligation to the indexed
adapters. Each adapter contains a T-base overhang for
ligating the adapter to the A-tailed fragmented DNA.
These adapters contain the full complement of sequenc-
ing primer hybridization sites for single, paired-end,
and indexed reads. Single-index adapters were ligated to
the fragments and the ligated products were amplified
with reduced-bias PCR. Quality control analysis and
www.thelancet.com Vol xx Month xx, 2021
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quantification of the DNA library were performed using
agarose gel and KAPA Library Quantification Kits.
Paired-end 2 £ 150 sequencing was performed on
Illumina’s NovaSeq sequencing system.
Data analysis and availability
For RNA-seq analysis, raw reads were first processed
through perl scripts to remove reads containing adapter
or -N or with a base quality score lower than 20. At the
same time, the Q20, Q30 and GC contents of the clean
data were calculated. The clean reads were aligned to
the genome assembly of Macaca mulatta 10 (https://
www.ncbi.nlm.nih.gov/genome/215?genome_assem
bly_id=468623) using TopHat2,21 and read numbers
mapped to each gene were calculated using the HTSeq
program22. The fragments per kilobase of transcript
sequence per million base pairs of each gene were deter-
mined by the length of the gene and read counts
mapped to this gene. Differential expression analyses of
VEH or THC-treated SIV-infected RMs and control
groups were performed using the DESeq R package
(1.18.0).23 Genes with a P-value <0.05 and |log2 fold
change| > 0.585 were defined as differentially
expressed.

QuantStudioTM run files from all groups were
imported into ExpressionSuite software v1.0.2 (Thermo
Fisher) and simultaneously analyzed using the unin-
fected control group as the calibrator to obtain relative
gene expression values. MiRNA expression data were
normalized using the global normalization method. In
all experiments, the CT upper limit was set to 28. A p-
value of less than 0.05 (<0.05) was considered signifi-
cant. OpenArray TaqMan miRNA (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE181541) and
Novogene RNA-seq data (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE181487) have been
deposited with GEO. Metagenomics data (https://data
view.ncbi.nlm.nih.gov/object/26651245) has been sub-
mitted to the SRA.

DUOX1, IDO1 and CD163 immunofluorescence
image and RT-qPCR (DUOX1 and miR-125a-5p) data
were analyzed using nonparametric Mann Whitney “U”
test available on GraphPad using Prism software (v5).
Shapiro-Wilk test (GraphPad Prism) was used to test for
normality. While DUOX1 was found to be normally dis-
tributed (no significant p values), one group each for
IDO1 (THC/SIV) and CD163 (Uninfected controls) had
significant P values suggesting that the data were not
normally distributed. Therefore, to maintain unifor-
mity, we used the non-parametric Mann-Whitney test to
compare statistical significance for all three datasets.
Firefly/Renilla ratios and in vitro endocannabinoid regu-
lation of IDO1 assays were analyzed using one-way
ANOVA and post hoc analysis using Tukey’s multiple
comparison test.
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For metabolite data analysis, after log transformation
and imputation of missing values, if any, with the mini-
mum observed value for each compound, Welch’s two-
sample t-Test was used as significance test to identify
biochemicals that differed significantly (p < 0.05)
between experimental groups. Imputation for replacing
missing values in the metabolite data analysis was per-
formed by replacing the missing values with its
observed minimum (performed after batch normaliza-
tion). Imputing with the minimum was chosen based
on Metabolom’s internal simulation studies comparing
this to other methods with regards to the Type I error
and power for the two-sample t-test. No imputation was
performed for RNA-seq, microbiome and microRNA
data analysis.

For metagenomic sequencing, raw sequencing reads
were processed to obtain valid reads for further analysis.
First, sequencing adapters were removed from sequenc-
ing reads using cutadapt v1.9. Secondly, low-quality
reads were trimmed by fqtrim v0.94 using a sliding-
window algorithm. Thirdly, reads were aligned to the
host genome using bowtie2 to remove host contamina-
tion. Once quality-filtered reads were obtained, they
were de novo assembled to construct the metagenome
for each sample by IDBA-UD. All coding regions (CDS)
of metagenomic contigs were predicted by MetaGene-
Mark v3.26. CDS sequences of all samples were clus-
tered by CD-HIT v4.6.1 to obtain unigenes. Unigene
abundance for a certain sample was estimated by TPM
based on the number of aligned reads by bowtie2 v2.2.0
[2]. The lowest common ancestor taxonomy of unigenes
were obtained by aligning them against the NCBI NR
database by DIAMOND v 0.7.12. To determine the
abundance profile of unigenes, differential analysis was
carried out at each taxonomic level by Fisher's exact test.
Unigenes with a P-value <0.05 and |log2 fold change|
> 0.585 were defined as differentially expressed.

Although hypothesis-driven, due to the small sample
size, particularly in the THC/SIV group (n = 3), we have
reported genes, microRNA, plasma kynurenine path-
way metabolites, and bacterial taxa that showed statisti-
cal significance at the level of p<0.05 without applying
multiple comparison testing (False discovery rate). It is
important to note that significant changes in mRNA
expression (p and q values <0.05) do not always guaran-
tee concurrent changes in protein expression. Similarly,
differential miRNA expression does not provide infor-
mation about their functional significance. For these
reasons, we used the dual-labeled immunofluorescence
technique to confirm changes in protein expression of
three genes of interest (DUOX1, IDO1 and CD163) in
the same gingival tissues. In addition, we used the RT-
qPCR assay to confirm miR-125a-5p expression (Open-
Array data) and then followed up with dual luciferase
and miRNA overexpression assays to validate DUOX1 as
a direct target of miR-125a-5p.
7
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The funding agency (NIH) had played no role in the
study design, data collection, data analyses, interpreta-
tion, or writing of the manuscript.
Results

Plasma viral loads, CD4+ and CD8+ T cell status, and
oral histopathology
All SIV-infected RMs (groups 1, 2, and 3) had a wide
range (0.02 £ 106 to 3.6 £ 106/mL) of viral RNA copies
in the plasma during chronic SIV infection (Table 1).
Plasma viral loads for animal IN30 were not available.
However, animal IN30 and most other SIV-infected
RMs had substantial viral loads in the gingiva
(0.05 £ 106 to 8.3 £ 106/mg total RNA). Gingival viral
loads were not available for animals IV95 and JC85, and
no SIV RNA was detected in the gingiva of animal IV90
(Table 1). Longitudinal peripheral blood viral loads,
CD4+ and CD8+ T cell dynamics from the four VEH/
SIV (JH47, JR36, JD66, IV95) and THC/SIV (JI45,
JT80, IV90, JC85) RMs were recently published16.
Marked depletion of CD4+ T cells in the intestine and
peripheral blood was detected in these eight animals16.
CD4+ T cell depletion was accompanied by a concomi-
tant increase in CD8+ T cell percentages16. No differ-
ence in plasma and gingival viral RNA copies were
detected between the two groups16. Histopathological
evidence of mild to moderate gingivitis was confirmed
in one VEH/SIV and one VEH-untreated RMs (Table 1).
Genes associated with anti-viral defense, type I
interferon signaling, JAK-STAT, and kynurenine
pathway are markedly upregulated in the gingiva of
VEH-untreated/SIV RMs
As periodontal disease is a significant comorbidity
affecting HIV-infected individuals on cART,1�3 we per-
formed RNA-seq to better understand its molecular
pathogenesis and its modulation by cannabinoids, in
particular, THC. Compared to uninfected controls, 206
genes were found to be significantly (p<0.05) upregu-
lated and differentially expressed in the gingiva of VEH-
untreated/SIV RMs. Using DAVID (NIAID) (Species:
Macaca mulatta), we successfully annotated 147 genes
(Figure 1a). Further, gene enrichment analysis using
DAVID showed differential enrichment of biological
functions associated with Influenza A infection (n = 12)
(p = 5.3 £ 10�7), 20�50-Oligoadenylate synthetase activity
(n = 3) (p = 4.3 £ 10�4), antigen processing and presen-
tation (n = 7) (p = 4.6 £ 10�5), positive regulation of
interferon-beta production (n = 4) (p = 4.0 £ 10�4),
RIG-1-like receptor signaling pathway (n = 5)
(p = 3.4 £ 10�3), cell-adhesion molecules (n = 7)
(p = 1.9 £ 10�3), inflammatory bowel disease (n = 6)
(p = 3.0 £ 10�4), lipoprotein metabolic process (n = 3)
(p = 7.2 £ 10�3), JAK-STAT signaling pathway (n = 6)
(p = 9.0 £ 10�3) and positive regulation of NF-kB
transcription factor activity (n = 5) (p = 9.0 £ 10�3)
(Figure 1b & c). Supplementary Table 1 lists the 50 key
differentially upregulated genes linked to gingival
immune activation in VEH-untreated SIV-infected
RMs. Notable differentially upregulated genes with criti-
cal roles in the pathogenesis of HIV infection and peri-
odontal disease (Figure 1a) included IDO1 (a marker of
immune activation),24,25 IL21R (proliferation of T, B,
and NK cells),26 CXCL10 (neutrophil migration and
periodontal bone loss)27�29,MMP12 (gingival extracellu-
lar matrix degradation),30,31 IRF1 & IRF7 (innate and
adaptive immune response)32, VCAM1 (leukocyte-endo-
thelial adhesion/migration),33 LYN (inflammatory
response to bacterial LPS),33 TLR2 (immune response to
bacterial lipoproteins and lipopeptides),34 TRIM5 and
SAMHD1 (HIV/SIV restriction), ALOX5AP (Leukotri-
ene synthesis), GZMA and GZMH (chronic inflamma-
tion and antiviral response), KLK6 (inflammation),
CD163 (anti-inflammatory macrophages) and GSDMD
(bactericidal activity).35,36

In contrast, greater number of genes (n = 346) were
significantly upregulated in gingiva of THC/SIV RMs
compared to uninfected controls (Figure 1d). Out of
these, 260 genes were annotated. This represented a
1.76-fold increase (260 vs 147) in the total number of
upregulated genes in THC/SIV compared to VEH-
untreated/SIV RMs. Gene enrichment analysis using
DAVID showed differential enrichment (Figure 1e & f)
of biological functions involved in Immunoglobulin-like
fold (n = 23) (p = 9.8 £ 10�5), lipid transport (n = 5)
(p = 1.7 £ 10�3), ATP-binding (n = 22) (p = 4.1 £ 10�3),
Influenza A infection (n = 11) (p = 4.0 £ 10�4), double-
stranded RNA binding (n = 7) (p = 1.1 £ 10�4), lipid
transport (n = 5) (p = 1.7 £ 10�3), zinc finger, RING-
type, conserved site (n = 8) (p = 7.5 £ 10�3), serine‑type
endopeptidase inhibitor activity (n = 6) (p = 4.6 £ 10�3)
and immunity (n = 5) (p = 2.2 £ 10�2). Although a few
functional annotation clusters overlapped with VEH-
untreated/SIV RMs (Figure 1b & c), fewer genes associ-
ated with proinflammatory pathways comprised the
clusters detected in THC/SIV RMs, demonstrating the
potent anti-inflammatory effects of long-term cannabi-
noid administration in the gingiva in untreated HIV/
SIV infection. Interestingly, even with a sample size of
n = 3, we detected a greater number of upregulated
genes in gingival tissue of THC/SIV RMs. We want to
emphasize that similar to our study, sample sizes con-
sisting of three rhesus or cynomolgus macaques per
group were used in numerous previously published
high impact studies to investigate the pathogenesis of
viral diseases (SARS-CoV-2, HIV),37�39 asthma,40 LPS
mediated inflammation41 and tuberculosis.42 Notewor-
thy genes that were significantly upregulated in gingiva
of THC/SIV RMs included CXCL13 (anti-microbial che-
mokine and B cell chemoattractant),43 EPAS1 and
HIF1A (both associated with metabolic adaptation to
inflammation-induced hypoxia for cell survival),44
www.thelancet.com Vol xx Month xx, 2021



Figure 1. Long-term low dose THC administration inhibits proinflammatory gene expression in gingiva of chronically SIV-infected
RMs. Volcano plot shows the relationship between fold-change (X-axis) and statistical significance (Y-axis) of differentially expressed
mRNAs in VEH/SIV (a) and THC/SIV (d) RMs relative to controls and in VEH/SIV relative to THC/SIV RMs (g). The vertical lines in (a, d,
g) correspond to 2.0-fold up and down, respectively, and the horizontal line represents p � 0.05. The negative log of statistical signif-
icance (p-value) (base 10) is plotted on the Y-axis, and the log of the fold change base (base 2) is plotted on the X-axis. Notable dif-
ferentially expressed mRNAs are shown in the volcano plots. DAVID functional annotation cluster analysis of upregulated genes in
VEH/SIV (b, c) and THC/SIV RMs (e, f) relative to controls and in VEH/SIV relative to THC/SIV RMs (h, i). Number of genes represented
in each cluster in VEH/SIV (b) and THC/SIV (e) relative to controls and in VEH/SIV (h) relative to THC/SIV RMs. Top clusters of genes
upregulated in VEH/SIV (c) and THC/SIV (f) relative to controls and in VEH/SIV (i) relative to THC/SIV RMs.
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TSC22D1 (TGF-b stimulated transcriptional repressor),
complement 2 (C2), RNF31 (anti-inflammatory), SLFN11
(anti-viral protein), DSC3 (desmosome formation and
epithelial barrier integrity) and TNFSF10 (proapop-
totic)45 (Figure 1d and Supplementary Table 2). Supple-
mentary Table 2 lists the top 50 differentially
upregulated genes in the gingiva of THC/SIV RMs.
Anti-microbial DUOX1 and epithelial barrier associated
DSC3 are significantly downregulated in the gingiva of
VEH-untreated/SIV RMs
Compared to uninfected controls, 240 and 472 genes
were downregulated in the gingiva of VEH-untreated/
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SIV and THC/SIV RMs, respectively. Out of these, 150
and 362 genes were successfully annotated in the VEH-
untreated/SIV and THC/SIV groups, respectively.
DUOX1, a member of the NADPH oxidase family asso-
ciated with anti-microbial function at mucosal surfa-
ces46,47 was significantly downregulated in the gingiva
of VEH-untreated/SIV RMs. Other down-regulated
genes included ALDH3A1 (aldehyde detoxification), C7
(membrane attack complex), DSC3 (desmosome forma-
tion and epithelial barrier integrity), MAOA (xenobiotic
metabolism) and PTGR1 (inactivation of the chemotac-
tic factor, leukotriene B4). In THC/SIV RMs, at least
five notable genes with well-established functions in
9
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interferon induction and inflammation (IRF5), extracel-
lular matrix degradation [MMP28, CTSK, CTSV], and
NFkB and JNK activation (TRAF4 and TIFA) were found
to be significantly downregulated in the gingiva
(Figure 1d). Supplementary Tables 3 and 4 list the top
50 differentially downregulated genes in the gingiva of
VEH-untreated/SIV and THC/SIV RMs, respectively.

The anti-inflammatory effects of THC in the gingiva
became clearer when gene expression was directly com-
pared between VEH-untreated/SIV and THC/SIV RMs at
the terminal time point (Figure 1g). Consistent with the
presence of a persistent inflammatory state in the gingiva,
VEH-untreated/SIV RMs showed significantly higher
expression of inflammation-associated genes (ADA2,
ALOX5AP, CSF3R, IDO1,24,25 IL21R,26 CXCL10,27�29

CXCR6, GADD4B, KLK6, KLRD1, LTB, MAMU-DRB1,
MRC1, SEMA7A, SLA, STAB1, TIMP1, VCAM133 and
TNFAIP6 (Figure 1g and Supplementary Table 5) and
reduced expression of oral epithelial barrier regulating
genes (CASP14, CDH13, DSC3, ITGA3, ITGA6, KRT10,
LAMB4) and those associated with antimicrobial function
and negative regulation of inflammation (HP, PARD3B,
PDGFC, TRIM35, TGFb2) (Figure 1g and Supplementary
Table 6). Gene enrichment analysis using DAVID showed
differential enrichment (Figure 1h & i) of biological func-
tions involved in C-type lectin-like (n = 5) (p = 8.5 £ 10�5),
immunoglobulin-like-fold (n = 11) (p = 2.7 £ 10�6), and
transmembrane helix (n = 21) (p = 2.8£ 10�3).
Figure 2. Chronic THC administration preserved DUOX1 protein ex
tissues of uninfected control (a), VEH/SIV (b, c, d) and THC/SIV RM
and Topro3 for nuclear staining (blue). Note the significantly decrea
SIV RMs. In contrast, DUOX1 (e, f, g) staining is intense in the gingi
rescence images were captured using a Zeiss confocal microscope
tion of DUOX1 to CD163+ macrophages (white arrow). Quantitat
software. Differences in DUOX1 signal intensity between groups we
v5 software (GraphPad software). A p value of <0.05 was considered
Chronic THC administration reciprocally regulated
DUOX1 and IDO1 protein expression in the gingiva of
chronic SIV-infected RMs
The interesting finding on the significant differential
expression of the anti-microbial DUOX1 and IDO1 gene
expression and its beneficial modulation by THC in the
gingiva of SIV-infected RMs prompted us to identify
specific gingival cell types that contributed to its differ-
ential protein expression. We focused on these two
genes for the following reasons. First, DUOX1 is a spe-
cialized reactive-oxygen species (ROS)-generating
enzyme expressed in epithelial tissues46. Second, the
hydrogen peroxide (H2O2) generated by DUOX1 perme-
ates into the mucosal surface, where it is utilized by lac-
toperoxidase to convert thiocyanate to the anti-bacterial/
anti-microbial hypothiocyanate.46 Similarly, IDO1 is an
important anti-microbial enzyme activated by proin-
flammatory cytokines such as interferon-gamma (IFN-
g), lipopolysaccharide etc., that catalyzes the conversion
of tryptophan to kynurenine, thereby limiting availabil-
ity of this essential amino acid to the oral pathogenic
bacteria.25

In agreement with RNA-seq data (Figure 1a), DUOX1
staining intensity (green staining) was considerably
weaker in gingiva of VEH-untreated/SIV (Figure 2b, c,
d) compared to uninfected controls (Figure 2a) and
THC/SIV RMs (Figure 2e, f, g), confirming marked
downregulation of DUOX1 protein expression in the
pression in the gingiva of chronically SIV-infected RMs. Gingival
s (e, f, g) were immunostained for DUOX1 (green), CD163 (red)
sed DUOX1 (b, c, d) staining in the gingival epithelium of VEH/
val epithelium of the THC/SIV RMs. Representative immunofluo-
at 20X magnification. Yellow staining (e, f) indicates colocaliza-
ion of DUOX1 (h) signal intensity was performed using Halo
re analyzed using Mann Whitney “U” test employing the Prism
significant.
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Figure 3. Chronic THC administration reduced HIV/SIV induced IDO1 protein upregulation in the gingiva of chronically SIV-infected
RMs. Gingival tissues of uninfected control (a), VEH/SIV (b, c, d) and THC/SIV RMs (e, f, g) were immunostained for IDO1 (green),
CD163 (red) and Topro3 for nuclear staining (blue). Note the significantly decreased IDO1 staining in the gingival epithelium of unin-
fected control (a) and THC/SIV RMs (e, f, g). In contrast, IDO1 staining is significantly intense in the gingival epithelium of the VEH/
SIV RMs (b, c, d). Representative immunofluorescence images were captured using a Zeiss confocal microscope at 20X magnifica-
tion except (d) (10X magnification). Yellow staining (d) indicates colocalization of IDO1 to CD163+ macrophages (white arrow).
Quantitation of IDO1 signal intensity and total number of CD163+ cells in the gingival lamina propria (h) was performed using Halo
software. Differences in IDO1 and CD163 signal intensity between groups were analyzed using Mann Whitney “U” test employing
the Prism v5 software (GraphPad software). A p-value of <0.05 was considered significant.
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gingiva during chronic HIV/SIV infection. In contrast,
DUOX1 staining intensity was brighter and more robust
in the gingiva of the uninfected control (Figure 2a) and
THC/SIV RMs (Figure 2e, f, g). Although DUOX1 pro-
tein expression was detected in several cell types, the
stratified squamous epithelium showed the strongest
expression. This is evident in Figure 2a showing consid-
erably stronger DUOX1 staining intensity in the gingi-
val epithelium of uninfected control (Figure 2a) and
THC/SIV (Figure 2e, f, g) compared to VEH-untreated/
SIV (Figure 2b, c, d) RMs. Further, quantitative image
analysis confirmed the significant (p<0.05) reduction of
DUOX1 protein expression in the gingiva of VEH-
untreated/SIV compared to uninfected controls and
THC/SIV RMs (Figure 2h). Furthermore, DUOX1 pro-
tein expression in the gingiva of THC/SIV RMs was
comparable to uninfected controls (Figure 2h). Several
CD163 positive macrophages present in the gingival
lamina propria also expressed DUOX1 (yellow staining;
white arrows in Figure 2e, f).

The increased mRNA expression of IDO1 in the gin-
giva of VEH-untreated/SIV macaques was equally
intriguing as it is induced by inflammatory stimuli and
its upregulation indirectly suggests the presence of
mucosal inflammation/immune activation and micro-
bial overgrowth/dysbiosis25. Similar to DUOX1 protein
expression, expression of IDO1 (Figure 3b, c, d) was
www.thelancet.com Vol xx Month xx, 2021
detected in the gingival epithelium and CD163+ macro-
phages in the gingival lamina propria. However, unlike
DUOX1, expression of IDO1 protein was significantly
(p<0.05) reduced in the gingival epithelium of unin-
fected control (Figure 3a) and THC/SIV (Figure 3e, f, g)
RMs compared to VEH/SIV RMs (Figure 3b, c, d).
These findings agree with the RNA-seq data showing
increased IDO1 mRNA expression in VEH-untreated/
SIV relative to both uninfected control and THC/SIV
RMs (Figure 1a, g). Consistent with the RNA-seq data,
significantly greater number of CD163 expressing mac-
rophages were detected in the gingival lamina propria
of VEH-untreated/SIV RMs (Figure 3b, c, d). This is
clearly evident in Figure 3d (10X magnification), show-
ing numerous CD163+ macrophages in the gingival
lamina propria. Image quantitation confirmed signifi-
cantly elevated IDO1 protein expression and increased
numbers of CD163+ macrophages in the gingiva of
VEH-untreated/SIV RMs (Figure 3h) relative to unin-
fected controls. On the other hand, the number of
CD163+ cells was reduced in the gingiva of THC/SIV
RMs compared to VEH/SIV RMs (Figure 3h). Finally,
we want to point out that even though all three genes
did not pass the false discovery rate (adjusted p-value),
consistent with RNA-seq data, we detected significant
differences in DUOX1, IDO1, and CD163 protein
expression between treatment groups.
11
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MiR-125a-5p post-transcriptionally regulates DUOX1 in
primary gingival epithelial cells
To determine the post-transcriptional mechanisms reg-
ulating DUOX1 and IDO1 expression, we profiled
miRNA expression in the same gingival samples from
VEH-untreated/SIV (n = 6) (Figure 4a, b) and THC/SIV
RMs (n = 3) (Figure 4c, d) and identified 31 (28-up and
3-down) differentially expressed miRNAs relative to
uninfected controls (n = 4). In terms of magnitude,
miR-199a-3p, miR-142�3p, miR-21, and miR-223
showed the highest upregulation in the gingiva
(»3.7�11 fold-black and red arrows in Figure 4a, b,
respectively). More importantly, miR-199a-3p, miR-
142�3p, miR-223 and miR-21 have been confirmed to
show consistent upregulation in human periodontal
lesions48�50. Interestingly, no differentially expressed
miRNAs (at p<0.05) were identified when comparing
THC/SIV RMs to uninfected controls. Nevertheless,
when comparing VEH-untreated/SIV and THC/SIV
RMs, 22 miRNAs (15-up and 7-down) were differentially
expressed in the gingiva of THC/SIV RMs. (Figure 4c,
d). Similar to RNA-seq findings, long-term THC admin-
istration significantly downregulated the expression of
several miRNAs such as miR-142�3p, miR-21, miR-223
(red arrows in Figure 4d) and the LPS induced miR-
146a (green arrow in Figure 4d) that have been well
associated with inflammation in periodontal dis-
ease48�50 (black arrows in Figure 4a, c).

We next performed a bioinformatics analysis using
the TargetScan 7.2 algorithm51 to identify miRNAs
upregulated in the gingiva that are predicted to directly
target DUOX1. Perfect miRNA seed nucleotide matches
(miRNA nucleotide positions 2�7) were identified for
miR-125a-5p on the 30 mRNA UTR of DUOX1 (con-
served in human, chimp and RM) that had a minimum
free energy of �34.6 kcal/mol (Figure 4e). Moreover,
miR-125a-5p dysregulation has been confirmed in peri-
odontal disease52 (blue arrow in Figure 4b). Using RT-
qPCR, we further confirmed significant downregulation
of DUOX1 (Figure 4f) and upregulation of its targeting
miR-125a-5p in the gingiva of VEH/SIV RMs
(Figure 4g). As shown in Figure 5a, transfection of
HEK293 cells with both 20 and 30 nM LNA-conjugated
miR-125a-5p mimic significantly reduced firefly/renilla
ratios suggesting that miR-125a-5p can regulate DUOX1
expression by directly binding to its 30 UTR and exerting
post-transcriptional repression. Next, we overexpressed
FAM-labeled LNA-conjugated miR-125a-5p mimics in
differentiated primary human gingival epithelial cells
(HGEPp) to determine its effect on DUOX1 protein
expression. Unlike western blotting, the immunofluo-
rescence approach allowed the quantification of DUOX1
protein levels exclusively in cells that were successfully
transfected with the FAM-labeled miR-125a-5p mimic
(green fluorescing cells) and concurrently ensured that
DUOX1 protein expression was not quantified in miR-
125a-5p untransfected cells. Note the successful
transfection (>95%) of HGEPp cells with the negative
control [Figure 5b (20 nM) & Figure 5d (40 nM)] and
miR-125a-5p [Figure 5c (20 nM) & Figure 5e (40 nM)]
based on the presence of green fluorescence. Confirm-
ing the results of the luciferase reporter assay
(Figure 5a), miR-125a-5p overexpression significantly
decreased DUOX1 protein expression (Figure 5c, e, f) in
HGEPp cells in a dose-dependent manner compared to
cells transfected with the negative control mimic
(Figure 5b, d, f), thus providing a potential miRNA
mediated post-transcriptional mechanism regulating
gingival immune/inflammatory responses in chronic
HIV/SIV infection. Moreover, significant reduction in
DUOX1 protein expression was successfully achieved
with a low physiological dose (20 nM) of miR-125a-5p
mimic (Figure 5c, f).
THC downregulates IDO1 protein expression in primary
gingival epithelial cells through a cannabinoid receptor
2-dependent mechanism
In contrast to DUOX1, none of the downregulated miR-
NAs detected in the gingiva of VEH-untreated/SIV RMs
had predicted binding site/s on the 30 UTR of RM IDO1
mRNA. Therefore, we sought to determine the endocan-
nabinoid mechanisms, in particular, the role of cannabi-
noid receptors 1 (CB1R) and 2 (CB2R) in mediating the
suppressive effects of THC. IDO1 protein expression
was very weak and barely detecTable 16 h post-treat-
ment with only vehicle (VEH; DMSO) (Figure 6a), or
3 µM THC (Figure 6b). Out of a range of THC concetra-
tions (1, 2, 3, 4 and 5 µM) tested, 3 µM was found to be
the highest dose that was well tolerated by cells (no cell
detachment/death) after 16 h treatment. However, treat-
ment with 50 units of human recombinant interferon-
gamma (rIFNg) significantly (p<0.0001) increased
IDO1 protein expression in about 30�40% of the cells
(Figure 6c). In contrast to that observed in gingival tis-
sues of THC/SIV RMs (Figure 3e, Figure 3f and
Figure 3g), pretreatment of HGEPp cells in vitro with
3 µM THC slightly increased the intensity of IFN-
g-induced IDO1 protein expression (Figure 6d, h). We
next performed immunofluorescence to determine if
differences in CB1R and CB2R expression patterns con-
tributed to the inability of THC to suppress rIFN-
g-induced IDO1 protein expression. As shown in Sup-
plementary Figure 1a, b, both CB1R and CB2R were
abundantly expressed on in vitro differentiated HGEPp
cells in the presence of rIFN-g. As a next logical step,
we preincubated HGEPp cells with 10 µM of the CB1R
antagonist or inverse agonist AM251 (blocks signaling
via CB1R) or the CB2R antagonist AM630 (both from
Tocris Bioscience, Minneapolis, MN) or both together
for 1 h followed by 3 µM THC and then IFN-g treat-
ments (50 units) to determine whether blocking either
receptor separately or together will facilitate THC’s abil-
ity to suppress rIFNg induced IDO1 protein expression.
www.thelancet.com Vol xx Month xx, 2021



Figure 4. Effect of THC on miRNA expression in the gingiva of chronically SIV-infected RMs. Volcano plot shows the relationship
between fold-change (X-axis) and statistical significance (Y-axis) of differentially expressed miRNAs in VEH/SIV (a) and THC/SIV (c)
RMs relative to controls. The vertical lines in (a, c) correspond to 2.0-fold change up and down, respectively, and the horizontal line
represents p � 0.05. The negative log of statistical significance (p-value) (base 10) is plotted on the Y-axis, and the log of the fold
change base (base 2) is plotted on the X-axis in a & c. The location of miRNAs of interest is denoted with arrows in a & c. The heat
map shows all differentially expressed (p � 0.05) miRNAs in the gingiva of VEH/SIV relative to uninfected controls (b) and THC/SIV
(d) RMs. MiRNA species originating from the opposite arm of the precursor are denoted with an asterisk (*). Red, blue and green
arrows (b, d) indicate inflammation-associated miRNAs differentially upregulated in VEH/SIV RMs. MiRNA-mRNA duplex showing a
single miR-125a-5b binding site (seed nucleotide region) on the RM DUOX1 (e) mRNA 30 UTR that is conserved in the human, chim-
panzee and RM. RT-qPCR validation of DUOX1 mRNA (f) and miR-125a-5p (g) expression in gingiva of VEH/SIV, THC/SIV relative to
uninfected control RMs.
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We performed dose optimizations using 2, 5, and 10 µM
of CB1R and CB2R antagonists and found 10 µM to be
the most effective dose in modulating rIFN-g-induced
IDO1 protein expression, respectively. It is clear from
Figure 6e that blockade of CB1R with AM251 signifi-
cantly (p<0.0001) increased the ability of THC to
decrease rIFN-g induced IDO1 protein expression com-
pared to cells treated with VEH/rIFN-g (p = 0.0016)
(Figure 6c) and THC/rIFNg (p = 0.0002) (Figure 6d).
In contrast, inhibition of CB2R with AM630 substan-
tially increased IDO1 protein expression (Figure 6f)
exceeding that observed with VEH/rIFN-g (p = 0.0016)
(Figure 6c) and THC/rIFN-g (p = 0.0002) (Figure 6d).
Inhibiting both CB1R and CB2R significantly decreased
rIFN-g-induced IDO1 protein expression (Figure 6g)
compared to cells treated with AM630/THC/rIFN-g
(Figure 6f, h) and almost to the level observed with
VEH/rIFN-g treated wells (Figure 6c, h).
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Long-term low dose THC administration reduced
plasma kynurenine, kynurenate and quinolinate levels
in chronically SIV-infected RMs
Although THC inhibition of IDO1 mRNA and protein
expression is restricted to the gingiva, owing to the ubiq-
uitous expression of CB1R and CB2R and other recep-
tors with affinity for THC8, we predicted THC to exert
suppressive effects on IDO1 and its metabolites systemi-
cally. As IDO1 catalyzes the conversion of tryptophan to
kynurenine, the first step in the kynurenine pathway,
we hypothesized that by reducing IDO1 protein upregu-
lation (potentially systemically) THC will reduce plasma
kynurenine, and downstream metabolites kynurenate
and quinolinate levels. To test this hypothesis, we
included plasma samples archived from a previously
published16 cohort of five THC/SIV (IA83, IH69,
HI09, IA04, JB82) and four VEH/SIV (IH96, HV48,
IN24, JC81), and sixteen uninfected control RMs and
13



Figure 5. DUOX1 is a direct target of miR-125a-5p. Luciferase reporter vectors containing a single highly conserved miR-125a-5p (a)
binding site (seed nucleotide region) on the rhesus macaque DUOX1 mRNA 30 UTR or the corresponding construct with the binding
sites deleted were co-transfected into HEK293 cells with 20 nM or 30 nM miR-125a-5p or negative control mimic. Firefly and Renilla
luciferase activities were detected using the Dual-Glo luciferase assay system 96 h after transfection. Luciferase reporter assays were
performed thrice in six replicate wells (a). Representative immunofluorescence images showing the expression of DUOX1 (red) pro-
tein at 96 h post transfection of primary human gingival epithelial (HGEPp) cells in triplicate wells with 20 nM (b, c) and 30 nM (d, e)
LNA-conjugated FAM-labeled negative control (b, d) or miR-125a-5p (green) (c, e) mimics and images were quantitated (f). Topro3
was used for nuclear staining (blue). Firefly/Renilla ratios and immunofluorescence data were analyzed using one-way ANOVA fol-
lowed by Tukey’s multiple comparison post hoc test. A p-value of <0.05 was considered significant.
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quantified tryptophan metabolites using the world-class
services of Metabolon Inc (Morrisville, NC). Two VEH/
SIV (JH47, IV95) and one THC/SIV (IV90) (Table 1)
from the current study were also included for a total of
six VEH/SIV and five THC/SIV RMs in both groups.
All six VEH/SIV RMs received vehicle treatments for
six months. Unfortunately, animal IH69 from the
THC/SIV group met Metabolon’s threshold of the defi-
nition of an outlier as this macaque was found to be an
outlier for 40% of the metabolites. As a result, the total
number of THC/SIV RMs used for metabolomic profil-
ing was reduced to five. The presence of THC
(Figure 7a), its metabolite, THC carboxylic acid
(Figure 7b) and the secreted form THC carboxylic acid
glucuronide (Figure 7c) was confirmed in the plasma of
THC/SIV RMs. Interestingly, plasma kynurenine levels
were significantly higher in VEH/SIV and THC/SIV
RMs compared to uninfected controls (Figure 7d). Nev-
ertheless, plasma kynurenine levels were relatively
lower in THC/SIV RMs compared to VEH/SIV RMs
(Figure 7d). Further, plasma kynurenate levels were
significantly (p<0.05) reduced in THC/SIV compared
to both VEH/SIV and uninfected control RMs
(Figure 7e). Furthermore, plasma levels of the neuro-
toxic quinolinate were significantly (p<0.05) elevated in
VEH/SIV but not in THC/SIV RMs relative to uinfected
control RMs (Figure 7f). These findings confirm that
the anti-inflammatory effects of THC detected in three
SIV-infected RMs (JI45, JT80 and IV90) used for the
gingival gene (RNA-seq) and miRNA expression studies
is representative of the global anti-inflammatory effects
of THC.
Long-term THC administration preserved members of
phylum Firmicutes and Bacteroidetes and prevented
depletion of Prevotella, Lactobacillus, and
Bifidobacteria species in ART naïve chronic SIV-infected
RMs
The significantly elevated expression of immune activa-
tion genes such as TLR2, GSDMD, LYN and IDO1 and
the concurrent downregulation of the anti-microbial
www.thelancet.com Vol xx Month xx, 2021



Figure 6. THC downregulates rIFN-g-induced IDO1 protein expression in HGEPp cells via a cannabinoid receptor 2 mediated mecha-
nism. HGEPp cells were treated with VEH (DMSO) (a), THC (b), VEH + rIFN-g (c), THC + rIFN-g (d), AM251 + THC + rIFN-g (e),
AM630 + THC + rIFN-g (f), AM251 + AM630 + THC+ rIFN-g (g). Cells were fixed after 18 h and the expression of IDO1 (green) protein
along with nuclear staining using Topro3 (blue) was performed and images were captured using Zeiss confocal microscope, and
quantitated (h). Experiments were performed in triplicate wells using 3 µM of THC, 10 µM of AM251/AM630 and 50 U of rIFN-g
(50 U), and repeated thrice. Immunofluorescence data were analyzed using one-way ANOVA followed by Tukey’s multiple compari-
son post hoc test. A p-value of <0.05 was considered significant.

Figure 7. THC treatment decreased IDO1 pathway tryptophan metabolites in plasma of chronically SIV-infected RMs. Plasma levels
of THC (a), THC carboxylic acid (b), THC carboxylic acid glucuronide (c), kynurenine (d), kynurenate (kynurenic acid) (e) and quinoli-
nate (quinolinic acid) (f) in VEH/SIV (n = 6) or THC/SIV (n = 5) treated RMs at 5 MPI and uninfected control RMs (n = 16). The open cir-
cle represents an outlier because it is beyond the limit of the upper and lower quartile for that particular metabolite. A p-value of
<0.05 was considered significant.
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DUOX1 in the gingiva of VEH-untreated/SIV RMs indi-
rectly suggested the existence of oral/salivary dysbiosis.
In addition, we previously showed reduced protein
expression of AGR2, WFDC2 and TSC22D3 in minor
www.thelancet.com Vol xx Month xx, 2021
salivary glands (MiSGs) of chronic SIV-infected RMs
(6), which could impair mucin production (conse-
quence of reduced AGR2 expression) leading to MiSG
hypofunction. Since MiSGs produce high
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Figure 8. Long-term THC treatment maintained the relative abundance of Firmicutes and Bacteroidetes in saliva of chronically SIV-
infected RMs. The taxonomy cluster (a) and heat map (b) of top 21 oral bacterial phyla before and at 5 MPI in vehicle (VEH) or THC
treated chronically SIV-infected RMs. Dot plots show relative abundance of phylum Firmicutes and Bacteroidetes in saliva of VEH/SIV
(c) and THC/SIV (d) at 5 MPI compared to their respective preinfection time points and in THC/SIV (e) relative to VEH/SIV RMs. VEH-
SAPR- VEH/SIV preinfection; VEHSA5M- VEH/SIV 5 MPI; THCSAPR- THC/SIV preinfection; THCSA5M- THC/SIV 5 MPI. A p-value of
<0.05 was considered significant.
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concentrations of secretory IgA53,54, we hypothesized
that their functional impairment could compromise
innate immune defenses in the oral cavity causing an
imbalance in the relative proportions of beneficial and
harmful bacteria leading to salivary dysbiosis. To test
this hypothesis, we performed metagenomic profiling
of the salivary microbiome before and again at 5 months
post-infection (MPI) in VEH/SIV (n = 4) and THC/SIV
(n = 4) RMs (Table 1). We also collected saliva swabs at
necropsy (6 MPI), however, the DNA yields in some of
the samples were low and hence the 5 MPI samples
were used for this study. Based on the Bray-Curtis dis-
tance, it is clear that at the 5 MPI time point, THC/SIV
RMs (red box in Figure 8a) clustered closer to the prein-
fection time point than VEH/SIV (green box in
Figure 8a) RMs. No differences in alpha or beta diver-
sity were detected.

The two most abundant phyla, Firmicutes and Bacter-
oidetes in the oral cavity were significantly depleted
(p<0.05) at 5 MPI in saliva of VEH/SIV (red arrows in
Figure 8a, b and Figure 8c) but not in THC/SIV RMs
(Figure 8d) relative to their respective preinfection time
point. At 5 MPI, relative to THC/SIV RMs, Firmicutes
were significantly (p<0.05) depleted and Bacteroidetes
were markedly reduced in VEH/SIV RMs (Figure 8e).
At the level of bacterial class, Firmicutes unclassified
showed significant (p<0.05) reduction in the saliva of
VEH/SIV RMs compared to their preinfection time
point (Figure 9c). Although statistically non-significant,
Gammaproteobacteria showed marked expansion in
saliva of VEH/SIV at 5 MPI but not in THC/SIV RMs
compared to their respective preinfection time points
(green arrow in Figure 9a, b and Figure 9d).
Interestingly, the relative abundance of Clostridia, an
important commensal obligate anerobic bacteria in the
oral cavity was significantly higher in THC/SIV com-
pared to VEH/SIV RMs at 5 MPI (red arrow in
Figure 9a, b and Figure 9e).

When looking at bacterial order, Lactobacillales
(green arrow in Figure 9f, g and Figure 9h), Bifidobac-
teriales (red arrow in Figure 9g, and Figure 9h), and Fir-
micutes unclassified (Figure 9h) showed significant
depletion in VEH/SIV RMs at 5 MPI compared to their
preinfection time point. Interestingly, the relative abun-
dance of Bacillales (blue arrow in Figure 9f, g and
Figure 9i) was significantly reduced in THC/SIV RMs
at 5 MPI relative to their preinfection time point. Simi-
lar to that observed at the level of bacterial class, the rela-
tive abundance of Clostridiales was significantly higher
in THC/SIV compared to VEH/SIV RMs (black arrow
in Figure 9f, g and Figure 9j).

At the family level, the relative abundance of Prevotel-
laceae (green arrow in Figure 10a, b and Figure 10c),
Clostridiales Family XIII incertae cedis (Figure 10c), Fir-
micutes unclassified (Figure 10c), Carnobacteriaceae
(black arrow in Figure 10a, b and Figure 10c), Bifidobac-
teriaceae and Lactobacillus unclassified (Figure 10c)
showed significant (p<0.05) depletion in VEH/SIV
RMs at 5 MPI compared to their preinfection time
point. Interestingly, while Prevotellaceae, Clostridiales
Family XIII incertae cedis, Lactobacillaceae and Rumino-
coccaceae showed significantly (p<0.05) greater abun-
dance in THC/SIV RMs compared to VEH/SIV RMs,
Vibrionaceae showed the opposite trend (Figure 10d).

At the genus level, Prevotella, Granulicatella (green
and black arrows in Figure 10e, f and Figure 10g),
www.thelancet.com Vol xx Month xx, 2021



Figure 9. Clostridia (class) and Bifidobacteria (order) are relatively abundant in saliva of THC-treated chronically SIV-infected RMs. The
taxonomy cluster (a, f) and heat map (b, g) of top 21 oral bacterial class (a, b) and order (f, g) before and at 5 MPI in VEH- or THC-
treated chronically SIV-infected RMs. Dot plots show relative abundance of Firmicutes unclassified (c), gammaproteobacteria (d) in
saliva of VEH/SIV (c, d) and THC/SIV (d) compared to their respective preinfection timepoints and Clostridia (e) in THC/SIV relative to
VEH/SIV RMs at 5 MPI. Relative abundance of Lactobacillales, Bifidobacteriales, Firmicutes unclassified (h), Bacillales (i) in saliva of VEH/
SIV (h) and THC/SIV (i) compared to their respective preinfection time points and Clostridiales (j) in THC/SIV relative to VEH/SIV RMs
at 5 MPI. VEHSAPR- VEH/SIV preinfection; VEHSA5M- VEH/SIV 5 MPI; THCSAPR- THC/SIV preinfection; THCSA5M- THC/SIV 5 MPI. A p-
value of <0.05 was considered significant.
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Clostridiales Family XIII incertae cedis, Lactococcus, Bifido-
bacterium, Firmicutes Unclassified, Lactobacillales unclassi-
fied (Figure 10h), Faecalibacterium and
Ruminococcaceae_noname (Figure 10i) showed signifi-
cantly (p<0.05) reduced abundance in VEH/SIV RMs
at 5 MPI compared to their preinfection time point.
When comparing VEH/SIV and THC/SIV RMs, Prevo-
tella (Figure 10j), Lactobacillus, Clostridiales Family XIII
incertae cedis, Ruminococcus, Lachnospiraceae unclassified,
Clostridiales no name (Figure 10k), and Faecalibacterium
(Figure 10l) were significantly (p<0.05) reduced in
saliva of VEH/SIV RMs.
www.thelancet.com Vol xx Month xx, 2021
Although several bacterial species showed statisti-
cally significant differences in relative abundance at the
species level, we focused on Porphyromonas, Prevotella,
Lactobacillus and Bifidobacteria species for a couple of
reasons. While Porphyromonas species have been impli-
cated as major periodontal pathogens55�58, Prevotella,
Lactobacillus, and Bifidobacteria are part of the normal
oral commensal flora59 that play essential roles in main-
taining oral homeostasis. As shown in Figure 11a, out of
the eight distinct Porphyromonas species, P. cangingivalis
and P. macacae, two species strongly associated with
periodontitis in companion animals,57 showed
17



Figure 10. Prevotellaceae, Carnobacteriaceae, Bifidobacteriaceae (family) and Prevotella, Granulicatella, Lactococcus, Bifidobacterium
and Faecalibacterium (genus) are significantly depleted in saliva of VEH-treated /SIV-infected RMs. The taxonomy cluster (a, e) and
heat map (b, f) of top 21 oral bacterial family (a, b) and genus (e, f) before and at 5 MPI in VEH- or THC-treated chronically SIV-
infected RMs. Dot plots show relative abundance of Prevotellaceae, Carnobacteriaceae, and Bifidobacteriaceae (c), and Prevotellaceae,
Lactobacillaceae and Ruminococcaceae (d) in saliva of VEH/SIV c) compared to their preinfection timepoints or in THC/SIV (d) relative
to VEH/SIV RMs at 5 MPI. Dot plots show relative abundance of Prevotella, Granulicutella (g), Lactococcus, Bifidobacterium (h), Faecali-
bacterium, Ruminococcaceae_noname (i), Prevotella (j), Lactobacillus, Ruminococcus (k) and Faecalibacterium (l) in saliva of VEH/SIV
(g, h, i) compared to their preinfection timepoints and in THC/SIV (j, k, l) relative to VEH/SIV RMs at 5 MPI. VEHSAPR- VEH/SIV prein-
fection; VEHSA5M- VEH/SIV 5 MPI; THCSAPR- THC/SIV preinfection; THCSA5M- THC/SIV 5 MPI. A p-value of <0.05 was considered sig-
nificant.
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significantly reduced abundance in the saliva of THC/
SIV RMs at 5 MPI. The relative abundance of Porphyro-
monas species as a whole was significantly reduced in
saliva of THC/SIV RMs (Figure 11b). Unlike Porphyro-
monas, out of nine Prevotella species (Figure 11c, d) six,
including Prevotella fusca showed high relative abun-
dance at 5 MPI (Figure 11c, d). While greater numbers
of Prevotella species showed significantly greater abun-
dance, Prevotella. Sp. A2672, Prevotella sp HMSC073D09
and Prevotella sp. CAG:386 showed the opposite trend
(Figure 11c, d). Unlike THC/SIV RMs, in VEH/SIV
RMs about 56 different Prevotella species were signifi-
cantly depleted at 5 MPI (Figure 11e, f). Similarly,
twenty-three different Lactobacillus species that included
the well-characterized probiotic species, L. fermentum, L.
gasseri60, L. johnsonii,61,62 and L. paracasei63,64 were sig-
nificantly depleted in the saliva of VEH/SIV RMs at 5
MPI (red arrows in Figure 11g). Relative to VEH/SIV
RMs, the relative abundance of 58 Prevotella species
(Figure 11h, i), 33 Lactobacillus species that included the
widely used probiotic species L. salivarius,65 L. buch-
neri,66 L. fermentum, L. paracasei, L. rhamnosus63,64 and
www.thelancet.com Vol xx Month xx, 2021



Figure 11. Long-term THC treatment modulated the relative abundance of pathogenic and commensal bacterial species in saliva of
chronically SIV-infected RMs. Dot plots show relative abundance of pathogenic Porphyromonas (a, b) and commensal Prevotella (c,
d) species in saliva of THC/SIV RMs at 5 MPI compared to their preinfection time point. Heat maps show relative abundance of com-
mensal Prevotella (e, f, h, i), and Lactobacillus (g, j, k) and Bifidobacteria species (l) in saliva of VEH/SIV (e, f, g) compared to their pre-
infection time points and THC/SIV (h, i, j, k, l) relative to VEH/SIV RMs at 5 MPI. VEHSAPR- VEH/SIV preinfection; VEHSA5M- VEH/SIV 5
MPI; THCSAPR- THC/SIV preinfection; THCSA5M- THC/SIV 5 MPI. A p-value of <0.05 was considered significant.
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L johnsonii61,62 (Figure 11j, k) and seven Bifidobacteria
species (Figure 11l) was significantly (p<0.05) higher in
saliva of THC/SIV RMs at 5 MPI.
Discussion
The advent of combination antiretroviral therapy (cART)
and the continued development of new antiretroviral
drugs has transformed HIV infection from a fatal infec-
tion to a manageable chronic disease for majority of the
infected population. Nevertheless, individuals with sus-
tained viral suppression show increased incidence of
age-associated comorbidities such as periodontal dis-
ease (gingivitis and periodontitis) that negatively impact
their long-term survival and overall quality of life.1�5

Persistent periodontal disease can contribute to the
breakdown of the oral epithelial barrier resulting in oral
microbial and by-product translocation, systemic
immune activation, and markedly increase their risk for
developing other comorbidities such as cardiovascular
disease, diabetes, arthritis, etc.4,5 Critical unanswered
questions include how the gingival tissues respond to
this chronic inflammatory environment and what post-
transcriptional mechanisms regulate these responses.
Further and more importantly, we wanted to determine
if the persistent inflammatory responses were amenable
to modulation using safe and feasible pharmacological
strategies such as cannabinoids. In this study, we report
the long-term effects of the naturally occurring phyto-
cannabinoid in the Cannabis sativa plant, namely, THC,
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and demonstrate its anti-inflammatory and anti-dysbi-
otic effects in the gingiva and saliva, respectively, of
cART naÿve chronically SIV-infected RMs.

Given the lack of information on the molecular
pathology of HIV/SIV-induced gingival mucosal dys-
function, we first profiled mRNA expression in gingival
tissues of chronic SIV-infected RMs. Consistent with
inflammatory signaling emanating from increased viral
replication, we found gene expression signatures indica-
tive of a host response reflective of viral replication, epi-
thelial barrier disruption, proinflammatory signaling
and concurrent bacterial dysbiosis in the gingiva. The
latter signature is supported by the bimodal expression
of two anti-microbial enzymes DUOX1 and IDO1
detected exclusively in the gingiva of VEH-untreated
SIV RMs. While DUOX1 gene and protein expression
was significantly downregulated, IDO1 showed signifi-
cant upregulation. The strong protein expression of
DUOX1 in the gingival epithelium of uninfected control
and THC/SIV RMs aptly positions it to perform critical
mucosal defense and regulate local immune responses.
Specifically, DUOX1 derived hydrogen peroxide diffuses
into the apical surface, where it is utilized by lactoperox-
idase to oxidize its substrate thiocyanate into the antimi-
crobial hypothiocyanite.46,47 DUOX1 protein expression
was also detected in gingival lamina propria macro-
phages, where the respiratory burst it creates works as
an important defense mechanism against bacteria.46

Accordingly, the significant downregulation of DUOX1
in VEH-untreated/SIV RMs may contribute to gingival/
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periodontal disease, potentially resulting in impaired
DUOX1-mediated innate immune and anti-microbial
responses involved in gingival epithelial homeostasis.

Under reduced DUOX1 protein levels, the upregula-
tion of the anti-microbial enzyme IDO1 may represent a
compensatory anti-viral and anti-bacterial effector
mechanism in the gingiva. Specifically, IDO1 is an intra-
cellular non-secretory enzyme that catalyzes the produc-
tion of kynurenine metabolites from tryptophan.67,68

Since many microbes require the essential amino acid
tryptophan, its conversion by IDO1 expressing host cells
to the bactericidal kynurenine is considered an innate
immune mechanism to suppress microbial growth and
proliferation. Despite its antimicrobial function, the
induction and maintenance of IDO1 protein expression
has also been reported to initiate and maintain a height-
ened inflammatory state in progressive HIV/SIV infec-
tion18 and that early ART initiation normalized
kynurenine/tryptophan ratios to levels observed in
healthy individuals.69 In this context, the absence of
SIV-mediated DUOX1 downregulation and IDO1 upre-
gulation in the gingiva of THC/SIV macaques are novel
and important findings as it indirectly suggests subdued
proinflammatory signaling and reduced abundance or
proliferation of oral pathogenic bacteria. Although THC
treatment reduced the expression of IDO1 in the gin-
giva, we predicted THC to exert similar effects systemi-
cally and not be limited to the gingiva. To test this
possibility, we quantified tryptophan metabolite levels
in archived plasma samples collected from a separate
group of VEH/SIV, THC/SIV and uninfected control
RMs. Consistent with the ability of THC to suppress
IDO1 expression, we detected reduced levels of kynure-
nine, kynurenate and the neurotoxic quinolinate in
plasma of THC/SIV relative to VEH/SIV RMs. These
data suggest that THC may either inhibit the activity of
enzymes downstream of the kynurenine step or reduce
the levels of kynurenine available for downstream
metabolite formation. Moreover, unlike chemical IDO1
inhibitors,70 naturally occurring plant-derived cannabi-
noids with pleiotropic (additional beneficial) effects that
did not produce any detectable adverse effects despite
twice-daily dosing for more than a year offers a safe
approach to dampen HIV/SIV driven chronic immune
activation by reducing IDO1 activity.

Similarly, CXCL10 (3.2 fold high) and MMP12 (8.7
fold high) mRNAs that were significantly upregulated
in the gingiva of VEH-untreated/SIV RMs have been
shown to promote bone resorption and extracellular
matrix degradation in periodontitis.28�31 In addition,
elevated expression of VCAM1 and TLR233,34 have been
associated with the severity of periodontal disease. Inter-
estingly, the reduction of CXCL10 mRNA expression in
the gingiva of THC/SIV RMs, suggests that cannabi-
noids may protect against periodontal bone loss. Over-
all, these findings provide new knowledge on the
pathogenesis of gingival mucosal dysfunction in HIV/
SIV infection and have translational relevance for miti-
gating periodontal (gingivitis/periodontitis) inflamma-
tion in PLWH who do not receive cART or completely
suppress the virus under cART and other chronic
inflammatory diseases of the oral mucosa.

To identify a potential mechanism regulating differ-
ential gene expression by THC, we profiled miRNA
expression in the gingiva of all three treatment groups.
Similar to gene expression data, several notable miR-
NAs previously linked to periodontal disease, T cell acti-
vation and oral squamous cell carcinoma; miR-21, miR-
miR-142�3p, miR-125a-5p, miR-223, and miR-199a-3p
were significantly upregulated in the gingiva of VEH-
untreated/SIV RMs.48�50 Interestingly, SIV-mediated
upregulation of inflammation-associated miR-21, miR-
146a and miR-223 were decreased in the gingiva of
THC/SIV RMs compared to VEH /SIV RMs clearly
demonstrating the anti-inflammatory effects of THC at
both gene and miRNA expression. The bioinformatic
identification of predicted miR-125a-5p binding sites on
the 30 mRNA UTR of DUOX1 suggested a possible post-
transcriptional gene silencing mechanism under
inflammatory conditions. Luciferase reporter assays and
miRNA overexpression studies confirmed the ability of
miR-125a-5p to regulate DUOX1 post-transcriptionally.
Therefore, these data collectively suggest that gingival
mucosal dysfunction is also characterized by significant
dysregulation of inflammation-associated miRNA
expression and miR-125a-5p can potentially bind and
post-transcriptionally downregulate DUOX1 protein
expression. Although miR-125a-5p-mediated DUOX1
downregulation may weaken the gingival epithelial anti-
microbial defense, this may be a protective host
response to prevent mutagenic effects as prolonged
DUOX1-dependent H2O2 production has been shown to
induce DNA double-strand breaks, which can cause
genomic instability and promote neoplastic
transformation.71

Unlike DUOX1, none of the downregulated miRNAs
were predicted to target IDO1. Therefore, we investi-
gated the endocannabinoid receptor mechanisms asso-
ciated with the inhibitory effects of THC on IDO1
protein expression in primary gingival epithelial cells.
Although chronic THC administration effectively sup-
pressed IDO1 mRNA and protein expression in gingival
tissues of SIV-infected RMs, under in vitro conditions,
blockade of the CB1R was required for THC to suppress
rIFN-g induced IDO1 protein expression in HGEPp
cells. The significant increase in IDO1 protein expres-
sion following CB2R blockade amply suggests that
CB1R is not involved in relaying the inhibitory effects of
THC but may enhance rIFN-g-induced IDO1 protein
expression in HGEPp cells. Further, the finding that
THC displayed greater efficacy at the CB1R than CB2R
under in vitro conditions72, may partly explain why
CB1R blockade was needed to suppress rIFN-g-induced
IDO1 protein expression. Combined, these findings
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suggest that THC inhibits rIFN-g-induced IDO1 protein
expression by primarily signaling through the CB2R in
HGEPp cells. Interestingly, these findings agree with
those of a recent study that demonstrated the role of
CB2R in promoting periodontal cell adhesion and
migration in an in vitro wound-healing assay.73 How-
ever, under in vivo conditions, THC may likely inhibit
IDO1 expression by blocking IFN-g production in the
gingival lamina propria resident T cells and macro-
phages signaling via the CB2R, the predominant canna-
binoid receptor expressed ubiquitously on immune
cells.74 Accordingly, reduced IFN-g production is
expected to result in decreased IDO1 protein expression
in the gingival epithelium of THC/SIV RMs. These
translational findings may have broader implications
for the clinical management of comorbidities like cardi-
ometabolic disease in PLWH on cART as IDO1 inhibi-
tion improved insulin sensitivity, reduced endotoxemia,
and chronic inflammation, and positively regulated lipid
metabolism in the liver, and adipose tissue in the con-
text of metabolic syndrome and cardiovascular
disease.75,76

Given that chronic inflammation promotes dysbio-
sis,77 we next hypothesized that inhibition of MiSG6

and gingival inflammatory signaling and preservation
of AGR2, WFDC2, TSC22D3 in MiSGs6 and suppression
of IDO1 protein expression by THC may prevent or
reduce salivary dysbiosis. Consistent with this postula-
tion, members of the phylum Firmicutes and Bacteroi-
detes, two major phyla that comprise >80% of the oral
bacteria, were significantly depleted in VEH/SIV but
not in THC/SIV RMs at 5 MPI. Although statistically
non-significant, Gammaproteobacteria, a class under
phylum proteobacteria reported to translocate into the
systemic circulation and induce systemic immune acti-
vation during chronic HIV/SIV infection was markedly
expanded in VEH/SIV but not in THC/SIV RMs at 5
MPI relative to their respective preinfection time points.
More importantly, VEH/SIV RMs showed significantly
reduced abundance of bacteria belonging to the family
Prevotellaceae, Carnobacteriaceae and Bifidobactericeae at
5 MPI compared to their preinfection timepoint. In vitro
studies have demonstrated the ability of Carnobacteria-
ceae, a group of bacteriocin producing lactic acid bacte-
ria to reduce the virulence of Listeria monocytogenes on
colonic epithelial cells.78 Further, members of Carno-
bacteriaceae were proven to be effective as a probiotic in
food-animal production79�81 suggesting that they may
exert a similar effect on the oral epithelial barrier. Fur-
thermore, members of the family Bifidobacteriaceae are
part of the oral commensal bacteria known to exert ben-
eficial effects in the oral cavity and are currently being
used as probiotics.

Among the several genera that showed significantly
reduced abundance in VEH/SIV RMs were Prevotella,
Granulicatella, Bifidobacteria and Lactobacillus. Interest-
ingly, Granulicatella biofilms have been shown to
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strengthen the human gingival epithelial barrier func-
tion82. About 56 different Prevotella species were signifi-
cantly depleted in the saliva of VEH/SIV RMs but not in
THC/SIV RMs. This is significant because Prevotella is
the predominant genera found in the saliva that falls
under phylum Bacteriodetes59. Similarly, 23 different
Lactobacillus species that included the well-characterized
L. gasseri, L. johnsonii, and L. paracasei were significantly
depleted in the saliva of VEH/SIV RMs. Within the
THC/SIV group, long-term THC administration signifi-
cantly reduced the relative abundance of Porphyromonas
cangingivalis and Porphyromonas macacae, two species
associated with periodontitis in dogs and macaques,
respectively. Porphyromonas is a major periodontal
pathogen83,84 that has also been linked to reactivation of
the HIV reservoir in the oral cavity85. Moreover, Lactoba-
cilli can directly inhibit the growth and expansion of the
periodontal pathogen Porphyromonas gingivalis86. There-
fore, the inflammation-induced depletion of oral com-
mensal bacteria (Lactobacilli, Bifidobacteria, Prevotella,
Clostridia) may help pathogenic bacteria to expand and
colonize the gingiva and periodontium, resulting in gin-
givitis and, if untreated, progression to periodontitis.
Such drastic alterations in oral microbiota composition
may exacerbate gingival inflammation, eventually lead-
ing to breakdown of the oral epithelial barrier integrity
resulting in microbial translocation, systemic immune
activation, and disease progression.

When comparing VEH/SIV to THC/SIV RMs, long-
term THC administration preserved the abundance of
bacteria belonging to the phylum Firmicutes and Bacter-
oidetes, suggesting that THC can preserve the normal
bacterial microflora in chronic SIV infection potentially
by reducing inflammatory signaling in the oral cavity.
Importantly, THC/SIV RMs had significantly higher
abundance of Clostridia (class and order), Lactobacilla-
ceae, Ruminococcaceae (both family) and Faecalibacte-
rium (genera) compared to VEH/SIV RMs at 5 MPI.
Another key finding is that chronic THC administration
significantly prevented the depletion of about 58 differ-
ent Prevotella, 33 Lactobacilli and 7 Bifidobacteria species
compared to VEH/SIV RMs at 5MPI. Among the 33 Lac-
tobacillus species, L. rhamnosus, L. paracasei and L. sali-
varius have been extensively used in several clinical
trials as probiotic therapy to reduce the number/expan-
sion of cariogenic and periodontitis associated bacte-
ria59. The ability of THC to preserve Lactobacilli and
Bifidobacteria suggests that it exerts a probiotic-like
effect in the oral cavity. While numerous studies have
described oral and intestinal dysbiosis in HIV and SIV
infection, we are not aware of any study that success-
fully reversed/reduced or prevented dysbiosis similar to
that reported in our study.

Further, reduced availability of nutrients in a chronic
inflammatory environment can promote the expansion
of pathogenic bacteria equipped with the enzymatic
machinery to utilize inflammatory byproducts such as
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Figure 12. Proposed anti-inflammatory mechanisms of action of long-term low dose THC in the gingiva during HIV/SIV infection.
During chronic HIV/SIV infection, high viral replication in the gingival lamina propria CD4+ T-cells and macrophages leads to
increased production of proinflammatory mediators (CXCL10, MMP12), activation of IDO1 and concomitant downregulation of the
anti-microbial enzyme DUOX1 and subsequent salivary dysbiosis. Elevated CXCL10 and MMP12 production can exacerbate disease
severity by promoting periodontal bone loss and degrading the extracellular matrix. These changes together with reduced expres-
sion of gingival epithelial junction proteins like DSC3, can facilitate translocation of microbes and their products into the systemic
circulation, thereby, driving chronic systemic immune activation. Concurrent administration of cannabinoids (D9-THC) can preserve
DUOX1 by blocking miR-125a-5p upregulation and reduce IDO1 protein expression in the apical epithelium via a CB2R-mediated
mechanism. In this way, low dose cannabinoids can strengthen oral mucosal defenses and concurrently halt the progression of peri-
odontal disease by blocking the upregulation of CXCL10 and MMP12. By inhibiting inflammation, THC can reduce salivary dysbiosis
by preserving the relative abundance of Firmicutes and Bacteroidetes and reducing the relative abundance of pathogenic bacteria
(Porphyromonas cangingivalis, Porphyromonas macacae). Furthermore, THC can produce a probiotic-like effect by preserving the rel-
ative abundance of oral commensal bacteria like Lactobacilli and Bifidobacteria that can directly compete and inhibit the growth of
oral pathogenic bacteria by producing bacteriocins.
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nitrates (nitrate respiration) as respiratory electron
acceptors77. Therefore, the decrease in the relative abun-
dance of Porphyromonas coupled with the preservation
of Lactobacilli and Bifidobacteria in the oral cavity of
THC/SIV RMs may be attributed to the reduced inflam-
matory state as revealed by the RNA-seq data. The oral
microflora, without a doubt, plays a critical role in main-
taining homeostasis of the ecosystem in the oral cavity.
Our findings suggest that chronic low dose THC can
potentially maintain this ecosystem by preventing sig-
nificant shifts in the relative proportions of beneficial
and harmful bacteria. As reported previously in the
intestine of SIV-infected RMs, in the present study, the
relatively high abundance of Lactobacilli was associated
with reduced IDO124 and stable DUOX1 mRNA and
protein expression in the gingiva of THC/SIV RMs. A
schematic summarizing the anti-inflammatory and
anti-dysbiotic effects of THC in the gingiva and saliva,
respectively, is shown in Figure 12.
While these findings are novel and clinically impor-
tant, the study has a few limitations that future studies
need to address. Group 1 rhesus macaques used for
gene and miRNA expression did not receive vehicle
treatment, which could be a confounder. Nevertheless,
the absence of vehicle treatment is unlikely to impact
the studies as we recently demonstrated that vehicle
treatment alone did not make any differences to the out-
come16. In that study, SIV-infected RMs that did (IH96,
HV48, IN24 and JC81) and did not receive (FT11,
GH25, HB31, GA19 and HD08) vehicle showed signifi-
cantly increased DEFA4 and DEFA6 gene expression in
the intestine compared to uninfected controls16. There-
fore, all nine RMs in that study were categorized as
VEH/SIV RMs. In contrast, DEFA4 and DEFA6 expres-
sion in the colon of THC treated SIV-infected RMs did
not differ from uninfected control macaques. Although
the absence of cART treatment in these animals may
limit the clinical relevance of the findings, it is
www.thelancet.com Vol xx Month xx, 2021
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important to note that »33% of the HIV-infected indi-
viduals do not have access to cART and a sizable per-
centage of individuals receiving cART do not suppress
the virus well and therefore, these findings are directly
applicable both groups. Based on the conclusions from
the present study, we predict similar outcomes in the
cART setting, where chronic inflammation persists
despite undetectable viremia.

To the best of our knowledge, this is the first study
describing genome-wide analysis of differential gene
expression in the gingiva during chronic HIV/SIV and
its modulation by long-term low dose (0.32 mg/kg)
THC administration. Specifically, our findings demon-
strate a significant impact of HIV/SIV infection on the
gingiva and the potential for miR-125a-5p to downregu-
late DUOX1 protein expression in the gingival epithe-
lium, post-transcriptionally. These changes may explain
the high incidence of periodontal disease experienced
by HIV-infected patients2,3. By inhibiting HIV/SIV
driven gingival and MiSG inflammation6, low dose
THC may concurrently strengthen oral innate immune
defenses and prevent significant shifts in salivary micro-
biota composition without producing any major adverse
psychotropic effects or xerostomia. These findings are
scientifically and clinically important as they for the first
time, demonstrate the long-term anti-inflammatory and
anti-dysbiotic effects of cannabinoids in the gingiva/oral
cavity in chronic HIV/SIV infection. From a clinical
standpoint, these findings inform a feasible pharmaco-
logical cannabinoid based strategy (capsules or oil-based
medication) to modulate the oral microbiome that is
often altered in a wide variety of oral inflammatory dis-
eases including a large number (33%) of PLWH who
neither receive cART nor completely suppress the virus
under cART87,88. Alternatively, cannabinoids may be
incorporated into dentifrices to prevent or control the
progression of periodontal disease through inhibition of
damaging inflammation mediated by CXCL10, MMP12,
interferon-stimulated genes, etc. in both HIV and unin-
fected individuals. Most importantly, the low dose THC
administration should not be equated with cannabis/
marijuana smoking as cannabis smoke, and smoke
combustion products can increase the risk of dental car-
ies, periodontitis and even development of oral cancers.
Finally, these findings will complement ongoing phase
2 human clinical trials investigating the impact of low-
dose orally administered cannabinoids in combination
with antiretroviral drugs89 on systemic immune activa-
tion/inflammation (NCT03550352) and cART pharma-
codynamics and neurotoxicity (NCT04800159).
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