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Mucosal tissues are the primary route of transmission for most respiratory and sexually transmitted diseases, including human
immunodeficiency virus (HIV). There is epidemiological evidence that genital mucosal inflammation leads to enhanced HIV
type 1 (HIV-1) transmission. The objective of this study was to assess the influence of periodontal inflammation on oral HIV
transmission using a nonhuman primate model of teeth ligature-induced periodontitis. Simian immunodeficiency virus (SIV)
was nontraumatically applied to the gingiva after moderate gingivitis was identified through clinical and immunologic analyses
(presence of inflammatory cytokines). Overall oral SIV infection rates were similar in the gingivitis-induced and control groups
(5 infections following 12 SIV administrations for each), although more macaques were infected with multiple viral variants in
the gingivitis group. SIV infection also affected the levels of antiviral and inflammatory cytokines in the gingival crevicular fluid,
and a synergistic effect was observed, with alpha interferon and interferon-inducible protein 10 undergoing significant eleva-
tions following SIV infection in macaques with gingivitis compared to controls. These increases in antiviral and inflammatory
immune modulators in the SIV-infected gingivitis macaques could also be observed in blood plasma, although the effects at both
compartments were generally restricted to the acute phase of the infection. In conclusion, while moderate gingivitis was not as-
sociated with increased susceptibility to oral SIV infection, it resulted in elevated levels of cytokines in the oral mucosa and
plasma of the SIV-infected macaques. These findings suggest a synergy between mucosal inflammation and SIV infection, creat-
ing an immune milieu that impacts the early stages of the SIV infection with potential implications for long-term pathogenesis.

he current human immunodeficiency virus (HIV) epidemic is

spread primarily during transmission across a mucosal mem-
brane, including the vaginal, rectal, penile, and oral mucosa (re-
viewed in reference 1). Epidemiologic data indicate that the risk of
genital HIV transmission in adults is substantially higher than the
risk of oral transmission (2—4). In general, infection with HIV via
the oral route can occur during mother-to-child transmission due
to virus in breast milk or oral-genital transmission due to virus in
semen; the rate of oral-genital transmission of HIV is difficult to
ascertain, although a few studies have documented that infection
can occur during receptive oral intercourse (5). Overall, these ep-
idemiological studies indicate that while oral transmission of HIV
can occur, it only occurs under certain circumstances, and under-
standing the environmental events or genetic factors that influ-
ence oral transmission of HIV would be useful in preventing ac-
quisition of the virus via this route (6). The model of simian
immunodeficiency virus (SIV) infection using rhesus macaques
has been utilized to investigate the earliest events following oral
transmission (7—13). In this model, there is experimental evidence
that orally applied SIV enters the body through the oral or esoph-
ageal mucosa, although entry via the tonsils is also likely, as STV
can be detected in these tissues at 1 to 2 days postinfection (10, 13).

There is epidemiological evidence that coinfections or inflam-
mation of the genital mucosal tissue lead to enhanced HIV type 1
(HIV-1) transmission (14-17). Genital coinfections, such as gen-
ital herpes, gonorrhea, syphilis, and chlamydia, as well as yeastand
bacterial vaginal infections, or host responses to these pathogens,
create an inflammatory environment that favors HIV-1 infection
and dissemination (18). Periodontal disease in the form of gingi-
vitis represents a form of mucosal inflammation that is found in a
significant proportion of the world population (19, 20), and there
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is a well-established and reproducible nonhuman primate model
of ligature-induced gingivitis (21-23). The study described here
addresses the question of whether the induction of a common
moderate inflammatory state of the gingival mucosa impacts oral
SIV transmission and the induction of immune modulators in the
rhesus macaque model.

MATERIALS AND METHODS

Animals. Animal care and treatment were in accordance with Texas Bio-
medical Research Institute IACUC policies and approved protocols. Six-
teen male Indian rhesus macaques, free of infection with simian retrovi-
rus, simian T cell leukemia virus, SIV, and Macacine herpesvirus 1
(formerly herpes B virus), were divided into two equal groups of similar
average weight and age. Gingivitis was induced in one group, whereas the
second group acted as a control.

Induction of gingivitis. The gingivitis phase was initiated at the be-
ginning of the study by first switching to a soft diet, consisting of com-
mercial chow biscuits soaked in warm water for 10 min and drained and
without providing any mechanical oral hygiene (24). Ligatures were tied
on the first and second molar and second premolar teeth (teeth five, six,
and seven) in all quadrants of the oral cavity using 3-0 silk sutures that
were packed subgingivally; silk ligatures and soft food were maintained
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for the duration of the study. Control animals received normal food and
no ligatures. A complete periodontal evaluation was performed for all
animals at each sampling time point by D. Cappelli. A Maryland probe
(William’s markings) was used to determine the plaque index (PI) (25),
pocket depth (PD), recession, and bleeding upon probing (BOP) at four
sites on each tooth: distobuccal, buccal, mesiobuccal, and lingual (premo-
lar and first and second molar) in each quadrant. Clinical attachment level
(CAL) values were calculated from the pocket depth and recession mea-
sures. A gingival bleeding score, following determination of the pocket
depth measure, was obtained (21-23).

Viral challenge. In a first study, one group of 4 control animals and a
second group of 4 gingivitis macaques were challenged by depositing 1 ml
(1,833 50% tissue culture infectious doses [TCID5,]) of SIVmac251 sus-
pension over the gingiva, at the location of the ligatures, or in equivalent areas
in control macaques; this procedure was repeated on two occasions, 48 and 96
h after the first challenge. This viral dose and type of delivery was previously
determined to infect approximately 50% of control animals (26). In a second
study, two groups of 5 animals each were exposed to virus by placing a strip of
Whatman 3-mm paper soaked in virus on the same area of the gum used in
the first study and leaving the strip for at least 10 min; the procedure was
repeated 48 and 96 h later. Blood samples, oral mucosal punch biopsy speci-
mens, and microbiological samples were also obtained from sites of gingivitis
induction or a comparable site for the control macaques.

GCF collection. Gingival crevicular fluid (GCF) samples were ob-
tained as previously described (22, 27, 28). Briefly, gingival sites were
isolated and gently dried using cotton gauze. Absorbent filter strips
(Periopaper strips; Oraflow, Inc.) were placed below the gingival margin
at mesial sites of premolar and first and second molar teeth in the maxil-
lary and mandibular quadrants on both sides of the oral cavity. The strips
were maintained, isolated from saliva, for a period of approximately 15 to
30 s. The filter strips were removed, placed in a vial containing transport
buffer, stored on ice, transported to the laboratory, and maintained at
—80°C until analysis.

Viral loads. SIV loads were quantified in plasma by NASBA (nucleic
acid sequence-based analysis) assay (Ranajit Pal, Advanced Bioscience
Labs, Inc.) with a lower detection limit of 50 genome equivalents per ml of
plasma (29).

Cytokines in plasma and GCF. Plasma and GCF cytokines were de-
termined by a nonhuman primate (NHP)-specific Luminex assay that
detected 36 cytokines as described elsewhere (30-32). These cytokines
included granulocyte colony-stimulating factor (G-CSF), granulocyte-
macrophage CSF (GM-CSF), growth-regulated oncogene alpha (GRO-
a), alpha interferon (IFN-a), IFN-v, interleukin-18 (IL-18), IL-1Ra,
IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70),
IL-13,1L-15,1L-17,1L-18, IL-23, interferon-inducible protein 10 (IP-10),
monocyte chemoattractant protein 1 (MCP-1), macrophage-derived
chemokine (MDC), MIP-1a, MIP-18, perforin, RANTES, sCD40L,
sFASL, tumor growth factor alpha (TGF-a), TGF-, tumor necrosis fac-
tor alpha (TNF-a), TNF-B, and vascular endothelial growth factor
(VEGEF).

For GCF, cytokines were eluted from two filter strips in 50 pl of phos-
phate-buffered saline containing 0.05% Tween 20 and protease inhibitors
and was stored at —80°C.

Quantitative real-time PCR analysis of immune effector genes.
Changes in expression of the IFN-a, CXCL10 (IP-10), IL-6, 2'-5"-oli-
goadenylate synthetase (OAS), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) genes were assessed by real-time reverse transcrip-
tion-PCR (RT-PCR) utilizing gene-specific primers/probes as described
previously (33). These assays were performed on an ABI 7700 or ABI 7300
(Applied Biosystems, Foster City CA) sequencer, and changes were calcu-
lated by the delta delta threshold cycle (AAC;) method (34).

Assessment of plasma viral RNA envelope V1-V2 sequences by sin-
gle-genome amplification (SGA). Identification of viral variants in SIV-
infected macaques was done by limiting-dilution cloning and sequencing
as described previously (35, 36) with minor modifications. Sequences
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were proofread and double checked with single peaks at every nucleotide
position using the software Bioedit (Ibis Therapeutics, Carlsbad, CA).
p-distances were calculated by MEGA by dividing the number of nucleo-
tide differences by the total number of nucleotides being compared. Ver-
ified sequences were subject to Highlighter analysis through the HIV da-
tabase online tool to determine the number of viral variants (http://www
.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html).

Statistical analysis. Statistical analyses were performed with Graph-
Pad Prism software. Measurement differences between gingivitis and con-
trol groups were determined with the Mann-Whitney test, whereas mea-
surement differences within each group at different time points were done
with the Wilcoxon matched pairs test with the confidence interval set at
95% (P < 0.05).

RESULTS

Induction of gingivitis. In order to study the influence of mucosal
inflammation in the acquisition of SIV infection, we induced gin-
givitis in a group of rhesus macaques with a combination of liga-
tion of the posterior teeth and a diet of softened food, while ani-
mals with no ligatures that received standard monkey chow served
as controls (21-23). The development of inflammation in both
groups was evaluated by detection of cytokines in GCF and clinical
periodontal measurements.

Analysis of cytokines in the GCF, performed for each group at
the beginning of the study and after 5 weeks of ligature placement,
demonstrated clear inflammation in the experimental group.
While differences between groups were not statistically significant
at the beginning of the study (day 1), animals with ligated teeth
had significantly higher concentrations of the inflammatory
markers GRO-a, IL-6, IL-8, IL-18, MCP-1, perforin, RANTES,
and sCD14 by the end of the fifth week of treatment (P < 0.0001
for treated versus control macaques) (Fig. 1).

Among the clinical measurements, plaque index (PI) charac-
terizes the extent and quantity of tooth-associated bacterial
plaque, whereas probe depth (PD) and clinical attachment loss
(CAL) characterize the depth of the gingival crevice/pocket and
level of gingival attachment to the tooth, respectively; periodontal
breakdown is associated with increased pocketing and clinical at-
tachment loss. The presence and degree of bleeding upon gentle
periodontal probing and probing depth measures provide an es-
timate of the inflammatory changes in the lining of the gingival
pocket. After 5 weeks of ligature placement, all of the clinical mea-
surements (PI, PD, and CAL) of treated animals were significantly
higher than what was measured in control animals (P < 0.0001 for
the four clinical measurements, treated versus control) (Fig. 2),
confirming the efficacy of the chosen treatment in the develop-
ment of gingivitis.

In summary, the combination of soft food and silk ligatures
induced a consistent and localized mucosal inflammation in
treated animals. In general, the level of inflammation observed in
the treated animals corresponded to moderate gingivitis (37).

Susceptibility to oral infection with SIV. Five weeks after in-
serting ligatures, and when all animals in the treated group had clear
signs of inflammation, animals in both groups were exposed to cell-
free SIVmac251 by the oral route. The initial viral dose (1,833
TCIDs,) and delivery method (needleless syringe applying the virus
to the boundary between the teeth and gums) had previously been
shown to infect 50% of untreated rhesus macaques (26); in this study,
this challenge resulted in three out of four animals in each group
becoming infected (Table 1). Since our goal was to evaluate the infec-
tivity of the virus at the site of gingivitis, we designed a second exper-
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FIG 1 Mucosal inflammatory cytokines associated with gingivitis. GCF samples were taken from rhesus macaques before (day 1) and 34 days after induction of
gingivitis (GVS) by teeth ligation and a diet of softened food; GCF samples were also taken from control animals (CNT) at the same time points. Cytokine
concentrations (in pg/ml) were determined in the GCF by an NHP Luminex assay as described in Materials and Methods; differences in median cytokine

concentrations were compared between groups with the Mann-Whitney test.

iment in which 5 macaques (the single uninfected macaque from
each group plus four new macaques for each group) again were ad-
ministered the same amount of virus (1,833 TCIDs), but this time
the virus was deposited in a piece of Whatman 3-mm paper placed at
the junction of teeth and gingiva. The virus-soaked paper was left in
place for 15 min in each of the sedated animals. After this exposure,
one out of five control animals (20%) and two out of five ligated
animals (40%) became infected. Finally, in order to approach a 50%
animal infectious dose for untreated animals, we performed a third
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challenge in which the uninfected macaques in both the gingivitis-
induced and control groups were exposed to the Whatman paper
soaked with a higher viral inoculum (2,750 TCID5,). As a result of this
challenge, one more control animal became infected, whereas none
of the ligated animals showed the presence of virus. Thus, the final
outcome for these three sets of oral STV challenges was that 5 out of 12
viral exposures in each group resulted in SIV infection (42%), sug-
gesting that oral inflammation did not correlate with increased sus-
ceptibility to SIV infection.
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FIG 2 Clinical manifestation of gingivitis. Untreated controls and monkeys after 5 weeks of teeth ligature and a diet of soft food were evaluated for plaque index, probing
depth, bleeding index, and attachment loss as described in Materials and Methods. Median values for both groups were compared by the Mann-Whitney test.

To determine the influence of oral mucosal inflammation in
the outcome of systemic viral infection, we also measured viral
loads in the plasma of infected animals. The plasma viral loads
within each group varied from animal to animal, but the differ-
ences between treated and control groups were not statistically
significant (Fig. 3).

We also measured viral diversity and number of founder vi-
ruses in infected animals by single-genome amplification (SGA) of
the SIVgp120 V1V2 domains early after infection. This analysis
demonstrated that macaques with high viral loads in either group
(18993 in the control group and 26970, 19852, and 27270 in the
gingivitis group) tended to have more viral variants in circulation
(see the example provided in Fig. SI in the supplemental mate-
rial), and that the group with teeth ligatures had more animals (3
out of 5 infected macaques) (Table 2) with more than one founder
virus than the infected control animals (1 out of 5) (Table 2).

In summary, the presence of ligature-induced gingival inflam-
mation in the treated group did not result in increased suscepti-
bility to infection with SIV or increased systemic viral replication.
However, there was a tendency for infection with more than one
founder virus in animals with oral inflammation.

Changes in mucosal inflammation markers after SIV infec-
tion. We determined the presence of inflammation markers in the

TABLE 1 Influence of gingivitis on oral SIV acquisition

oral mucosa of treated and control animals after exposure to SIV
by measuring gingival crevicular fluid (GCF) cytokine concentra-
tions with a Luminex assay. IFN-a is an antiviral cytokine that is
produced by numerous cell types (particularly dendritic cells) in
response to viral infections, and it also leads to the expression
of the chemokine IP-10 (interferon-inducible protein 10, or
CXCL10). Assessment of GCF did not identify any difference in
the levels of IFN-a or IP-10 prior to SIV infection, indicating that
gingivitis induction alone did not affect the expression of these
immune modulators (Fig. 4). However, at 2 weeks post-SIV infec-
tion, the IFN-a and IP-10 protein levels were both significantly
elevated in the GCF of the SIV-infected macaques that had gingi-
vitis compared to the SIV-infected controls (IFN-a, P < 0.0001;
IP-10, P = 0.0021). Furthermore, while IFN-a and IP-10 protein
levels in the SIV-infected macaques that had gingivitis were sig-
nificantly elevated compared to those of uninfected macaques
with gingivitis, the same was not observed for SIV-infected versus
uninfected control animals (Fig. 4). The association between gin-
givitis and increased levels of IFN-a and IP-10 protein levels
within the GCF obtained at the oral mucosa was transient, limited
to the 2-week post-SIV challenge time point. By 4 and 26 weeks
post-SIV oral exposure (WPC), the levels of IFN-a were similar
between the two SIV-infected groups, as well as being similar to

No. of macaques SIV infection
Sample set Control Gingivitis® Virus administration Dose” (TCIDs,) Control Gingivitis
1 4 4 Needleless syringe 1,833 3 3
2 5 5 Whatman paper 1,833 1 2
3 4 3 Whatman paper 2,750 1 0

@ Gingivitis was induced by teeth ligature and a diet of softened food for 5 weeks.
b The SIVmac251 dose was applied orally every other day for a total of three exposures.
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FIG 3 Viral loads in rhesus macaques after oral exposure to SIV. Control
macaques and animals that developed gingivitis after 5 weeks of tooth ligature
were exposed to SIVmac251 by the oral route as described in Materials and
Methods. Viral loads were determined by the NASBA method in RNA ex-
tracted from plasma of infected macaques and are expressed as genome equiv-
alents (geq)/ml. WPI, weeks postinfection.

the levels observed in macaques that were challenged but re-
mained uninfected.

Assessment of punch biopsy specimens obtained from the oral
mucosa nearest the ligatures permitted an evaluation of mRNA
levels for IFN-a and the IFN-a response genes 2,5-oligoadenylate
synthetase (OAS) and IP-10. Surprisingly, the levels of IFN-a
mRNA were not elevated in the punch biopsy specimens at 2 WPC
when the elevation in IFN-« protein within the GCF was identi-
fied (data not shown). However, compared to preinfection levels,
mRNA levels for IP-10 and OAS were significantly elevated by 2
WPC only in SIV-infected animals with gingivitis (IP-10 and OAS,
P = 0.0079) (Fig. 5). These data indicate that the IFN-a present
within the GCF at 2 weeks postinfection is able to influence ex-
pression of IFN-inducible genes and proteins in the oral mucosa
of STIV" macaques with gingivitis.

We also evaluated mucosal levels of other proinflammatory
cytokines in GCF of control macaques and animals with gingivitis
prior to and following SIV infection (Fig. 6). As previously ob-
served (Fig. 1), these immune modulators were elevated in the
GCF of macaques that had gingivitis compared to the control
macaques prior to SIV infection. At 2 weeks following mucosal
viral exposure, SIV-infected animals had an additional increase in
many of these inflammatory proteins, which was significant in the
control macaques for IL-18 (P = 0.0017) and perforin (P =
0.0205), as well as for the macaques with gingivitis for perforin
(P =0.0312). By 4 WPC, SIV infection in control macaques con-
tinued to drive expression of perforin (P = 0.0002) and RANTES
(P = 0.0009) to levels comparable to the ones seen for macaques
with gingivitis. Interestingly, at the 26-week time point the levels
of immune modulators were similar in the SIV-infected gingivitis
and control groups, having levels that were generally intermediate
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between the starting levels of the control macaques and those with
gingivitis.

To evaluate whether changes in immune modulators were also
manifested within the systemic circulation following SIV infec-
tion, the protein levels in plasma were once again evaluated utiliz-
ing the Luminex assay. Representative plasma cytokine analysis
determined that, in contrast to the GCF, there was no difference in
the day of challenge (DOC) levels of the plasma cytokines between
the two groups of macaques (Fig. 7). After SIV infection, animals
with gingivitis experienced a significant increase for circulating
levels of IFN-a, IP-10, IL-1Ra, and MCP-1 (P = 0.0079); however,
only IFN-a was significantly increased in SIV-infected control
animals (P = 0.0079). When absolute values for these four cyto-
kines were compared at 2 WPC between SIV-infected gingivitis
and control animals, there was a tendency for higher values in
macaques with gingivitis, but the differences did not reach statis-
tical significance (P = 0.0565). By 4 WPC, cytokine values de-
creased and were similar between the two groups (Fig. 7). Overall,
these data indicate an elevation of select immune modulators dur-
ing acute infection which reached significance in macaques that
had oral mucosal inflammation.

DISCUSSION

The American Dental Association (ADA) defines periodontal
(gum) disease as an infection of the tissues surrounding and sup-
porting the teeth. Periodontal diseases are classified according to
the severity of the disease. The two major stages of this inflamma-
tory process are gingivitis and periodontitis. Gingivitis is a revers-
ible form of periodontal disease that reflects an inflammatory pro-
cess with sequelae that include visible changes to the gingival
tissue (e.g., reddening, swelling, and bleeding). Gingivitis may
lead to a more serious, destructive form of this inflammatory dis-
ease, called periodontitis. The distinguishing characteristic in the
progression from gingivitis to periodontitis is the loss of connec-
tive tissue and bone support for the tooth. Experimental perio-
dontitis in nonhuman primates, elicited by ligature placement, is
accompanied by changes in the subgingival microbial ecology
with bacterial species similar to those present in human disease
(21, 23, 38). This chronic oral infection elicits elevated levels of

TABLE 2 Impact of gingivitis on the viral diversity/founder viruses

Viral RNA characteristic

Days after first virus p-distance® No. of viral

Group administration (%) variants
Control

18993 7 0.9 4

26740 7 <0.1 1

26856 14 <0.1 1

26517 14 0 1

30309 14 0 1
Gingivitis

26970 7 1.4 4

19852 14 0.2 3

27270 14 0.1 2

19313 14 <0.1 1

26981 14 <0.1 1

@ The p-distance was calculated by dividing the number of nucleotide differences by the
total number of nucleotides being compared.
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FIG 4 Mucosal cytokines induced by SIV infection. GCF samples (two samples per animal) were taken from gingivitis (GVS; triangles) and control (CNT;
circles) rhesus macaques on the day of SIV challenge (DOC) and at 2, 4, and 26 weeks post-SIV oral exposure (WPC). SIV-infected macaques are represented by
filled symbols, while open symbols are uninfected macaques. Cytokine concentrations (in pg/ml) were determined in the GCF by an NHP Luminex assay as
described in Materials and Methods. Differences in median cytokine concentrations were compared between groups with the Mann-Whitney test. ***, extremely
significant, P < 0.001; **, very significant, 0.001 < P < 0.01; %, significant, 0.01 < P < 0.05; ns, not significant, P > 0.05.

local inflammatory, innate, and acquired immune mediators and,
in more advances cases of periodontitis, contributes to and/or
triggers systemic inflammatory responses (39, 40). In our study,
we did not reach the levels of clinical signs, systemic inflamma-
tion, or serious local infection seen in advanced periodontitis, but
we achieved a stage of periodontal disease consistent with moder-
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FIG 5 Inflammatory gene expression levels in oral mucosa. RNA was ex-
tracted from oral biopsy specimens obtained from gingivitis (GVS; triangles)
and control macaques (CNT; circles) before oral exposure to SIV and at 2 and
4 weeks post-SIV infection (WPC). Levels of mRNA for IP-10 and OAS were
determined by real-time RT-PCR using GAPDH levels as a reference. Differ-
ences in relative mRNA levels were compared between groups with the Mann-
Whitney test. ***, extremely significant, P < 0.001; **, very significant, 0.001 <
P < 0.01; %, significant, 0.01 < P < 0.05; ns, not significant, P > 0.05.
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ate gingivitis. This type of gingivitis is similar to the level of peri-
odontal disease identified in a significant sector of the population
of the United States and other countries, reaching as high as 82%
of adolescents and more than 50% of adults (19, 20), which makes
our study very relevant for addressing a public health concern.
Under our experimental conditions, we would have been able to
assess an increase in susceptibility to infection from 50 to 90%
(one-sided Fisher exact test). While there are inherent limitations
in any macaque study due to the numbers of animals that can be
evaluated in each group, the identical infection outcome between
treated and control animals (5 of 12 viral administrations result-
ing in a successful infection) provides strong evidence that mod-
erate gingivitis does not increase susceptibility to SIV infection.
Infection with HIV by the oral route is less efficient than
through the rectal or vaginal mucosa (6, 41), and the same has
been observed for adult macaques experimentally exposed to STV
or simian/human immunodeficiency virus (SHIV) (42). It has
been suggested that the adult oropharyngeal stratified epithelium
has two lines of defense against HIV: (i) a mechanical barrier of
stratified epithelia with tight junctions that prevent penetration of
virions into the deeper layers of the epithelium, and (ii) antiviral
innate proteins that inactivate those virions that penetrate into the
first layers of epithelium (43, 44); in addition to this, human and
macaque saliva possess innate and adaptive immune factors that
are capable of inhibiting HIV and SIV infection (45, 46). However,
the epidemiological evidence that coinfections or inflammation of
the genital mucosa increases susceptibility to HIV infection (14—
17) raises the possibility that inflammation of the oral mucosa also
could increase susceptibility to HIV infection by exposure
through the oral route. Several hypotheses have been proposed to
explain this increased genital mucosal susceptibility, including
that ulceration and inflammation caused by coinfections can lead
to the production of proinflammatory cytokines and chemokines
which result in the recruitment of immune cells to the mucosal
tissue, such as activated CD4™ T cells, where these cells provide a
potential target for HIV-1 infection. Our studies suggest, however,
that the level of inflammation seen in moderate ligature-induced
gingivitis does not increase susceptibility to infection in rhesus
macaques orally exposed to SIV. These results seem to contradict
a previous study by Chenine et al. that showed increased suscep-
tibility to SHIV in a macaque model of localized buccal inflamma-

jviasm.org 1755

1sanb Aq 2T0Z ‘ST AInC uo /6o wse’1Aly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Giavedoni et al.

100 IL-6
- N .
A
1 Jkk A
N A
A
| 2 o8 A
_ FE a2 a AA
£ A — e .
o 104 g Ay iA oo VSN o .
See) & 06—81 ‘Q A ':. o Aa os0e-
g o A
o . o .
[3) o %°* o AA O
a0 [}
O
o [¢) A o
1 T T T T T T T T T T T T
) x .ox . x s\ - X (X
P SN SIS S
M TS FF S S
DOC 2WPC 4 WPC 26 WPC
Perforin
10003 _ uww —— o
3 Ve . R .
ik }4 A s .
O akBA
100-.@% 4 Ao_. AAA-A_'* A:..
] iy . .. e a oo, A% .
g o s *sp ¢ ocﬁ A ':’
10 B ps o
E [¢] [e)
E [9) = [es0)
kX
1 T T T T T T T T T T T T
o L CER R Y X A X A *
&' e”Q\z@\«"’Q\«“’\A 99\499\4«6\4«"\4 9‘5\4«6\4
M F FSTs F
DOC 2WPC 4 WPC 26 WPC

IL-18
1,000
100 FekKk AA N
A *
ﬁA _:‘ AA ° :& b : °
= . A A L)
% 10 % AL 2A ...a_ % :A A .... el ‘A* °
& 4 o % » o . &
[
1 o o5 A
] o o)
px.3
0'1 T T T T T T T T T T T T
R T P N I S
[N \\%fo\ﬂ% é‘b\ ‘{(9 \\%6\46 éo} \{\6 fj} ée\
[ & © [9) o O
DOC 2WPC 4 WPC 26 WPC
RANTES
1,000 s
2 . Ad .
o TYNLY A
A — Ay e
1004 2 a oyt .
= 2& AL e 0o A A K o 4 ®
= o Me . o o
Qo
- A 9& N ° ' A, 0—::
o .‘0' 0P A
56 e O © °
@ ° °
1 T T T T T (ID T T T T T T
& L X QX & X 3 Q& X \X
&' :,"ie'ﬁ 9\4«9\4 99\\:6&«@\4«"’\4 %(0\4«%\4
FdT & Fed s &
DOC 2WPC 4 WPC 26 WPC

FIG 6 Mucosal inflammatory cytokines associated with SIV infection. GCF samples (two samples per animal) were taken from gingivitis (GVS; triangles) and
control (CNT; circles) rhesus macaques on the day of SIV challenge (DOC) and at 2, 4, and 26 weeks post-SIV oral exposure (WPC). SIV-infected macaques are
represented by filled symbols, while open symbols are uninfected macaques. Cytokine concentrations (in pg/ml) were determined in the GCF by an NHP
Luminex assay as described in Materials and Methods. Differences in median cytokine concentrations were compared between groups with the Mann-Whitney
test. ¥**, extremely significant, P < 0.001; **, very significant, 0.001 < P < 0.01; ¥, significant, 0.01 < P < 0.05; ns, not significant, P > 0.05.

tion (42). However, there are clear differences between both stud-
ies, including the viruses (SIV versus SHIV) and method of
delivery of the virus (42). More importantly, Chenine et al. created
a fast chemical irritation of the cheek mucosa (injections of 10%
acetic acid solution) that developed evident epithelial lesions in 4
days, while we used ligation of the teeth to induce a moderate gum
inflammation after 5 weeks of treatment; considering the impor-
tance of the buccal epithelial layer discussed previously, the open
oral wounds induced by Chenine et al. may explain that increased
susceptibility to infection (42).

The main cytokines that we detected at higher levels in GCF
from animals with gingivitis before infection were the classic pro-
inflammatory cytokines IL-6, IL-8, IL-18, MCP-1, and sCD14; we
also identified high levels of RANTES as the only CCR5 ligand
incrementally induced by the ligatures (Fig. 1) that could inhibit
binding of HIV/SIV to the coreceptor. However, the clear spike in
the virus-induced cytokines IFN-« and IP-10 seen in the GCF of
the same animals with gingivitis after SIV infection (Fig. 4 and 5)
suggest the presence of increased viral replication at the site of
inflammation. Studies from Keele et al. and others have deter-
mined that the number of infecting variants can be inferred
through the HIV or SIV Env diversity at early time points (36, 47,
48). While it is likely that our studies underestimate Env variabil-
ity, since we only analyzed the V1V2 region of Env, we did deter-
mine that a majority of the SIV-infected macaques with gingivitis
had multiple founder viruses (Table 2), suggesting that there was
an increased number of target cells in the macaques in which an
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infection was established. However, this increased presence of po-
tential target cells did not make the animals more susceptible to
SIV infection. These differential findings suggest that there is a
balance occurring at sites of inflamed mucosa in which immune
cells and immune modulators are present that inhibit as well as
potentially increase viral transmission.

As mentioned before, the moderate degree of local mucosal
inflammation seen in animals with ligatures in our study contrasts
with the systemic inflammation and cellular activation reported
for other monkey studies with long-term, ligature-induced ad-
vanced periodontitis (39, 40). However, the higher levels of sys-
temic inflammatory mediators seen for macaques with gingivitis
after SIV infection (Fig. 7) suggests that this localized inflamma-
tion is conducive to heightened systemic effects. Long-term stud-
ies in SIV-infected macaques with gingivitis may provide answers
about whether these transient systemic inflammations and higher
numbers of viral founders result in advanced pathogenesis or dis-
ease progression.

In conclusion, induction of moderate gingivitis in rhesus ma-
caques was not associated with any increase in oral SIV transmis-
sion. This finding provides evidence that mucosal inflammation
need not result in an increase in SIV and, by analogy, HIV trans-
mission. The key factors that dictate the impact of any inflamma-
tory state on transmission likely include the degree of breakage of
the epithelium permitting viral access to SIV/HIV target cells and
the types of cells that infiltrate to the site, including the levels of
viral target cells as well as immune cells able to identify and elim-
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FIG 7 Systemic inflammatory cytokines associated with SIV infection. Plasma samples from gingivitis (GVS; triangles) and control (CNT; circles) macaques
were obtained before oral exposure to SIV (DOC) and at 2, 4, and 8 weeks post-SIV infection (WPC). Cytokine concentrations (in pg/ml) were determined by
an NHP Luminex assay as described in Materials and Methods. Differences in median cytokine concentrations were compared between groups with the
Mann-Whitney test. ***, extremely significant, P < 0.001; **, very significant, 0.001 < P < 0.01; *, significant, 0.01 < P < 0.05; ns, not significant, P > 0.05.

inate infected cells. Finally, the elevated levels of cytokines in the
oral mucosa and plasma of the SIV-infected macaques with gin-
givitis indicates a synergy between mucosal inflammation and SIV
infection that creates an immune milieu that has the potential to
impact the early stages of the SIV infection, with implications for
the success of treatments or efficacies of vaccines.
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