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FIG. 2. Effect of Toll-like receptor agonists on HIV-1 CAT promoter activation in BF24 monocytes/macrophages. Cells were incubated with
either 10 pg/ml bacterial extracts or different concentrations of LPS from P. gingivalis (TLR2 ligand), LPS from E. coli (TLR4 ligand), or CpG
ODN2006 (TLRY ligand). IL-8 production in culture supernatants was analyzed by ELISA, and HIV-1 promoter activation was measured by
determination of CAT levels in cell lysates as described in Materials and Methods. The data are representative of three independent experiments
with triplicate determinations (n = 9). Data are expressed as means * standard deviations. *, P < 0.01 compared to the results for the control

(mock), as determined by Student’s ¢ test.

also been shown to be important regulators of HIV-1 reacti-
vation (38, 40), we evaluated the role of these transcription
factors in HIV-1 reactivation induced by F. nucleatum and P.
gingivalis. Monocytes/macrophages were challenged with peri-
odontal pathogen extracts, either in the presence or absence of
the specific NF-kB inhibitor BAY 11-7082. The presence of
BAY 11-7082 completely abrogated the HIV-1 LTR CAT ac-
tivity induced by F. nucleatum and P. gingivalis in BF24 mono-
cytes/macrophages; however, this response was not affected by
the solvent DMSO (Fig. 6A). Consistently, viral replication
determined by p24 levels in supernatants of THP89GFP cells
exposed to bacterial extracts was substantially blocked by the
presence of the NF-«kB inhibitor (Fig. 6B). Furthermore, to
determine the role of Spl transcription factor in bacterium-
induced HIV-1 reactivation, Spl protein expression was si-
lenced by transient transfection of THPS89GFP cells with spe-
cific Spl siRNAs. The transfection of THPS8IGFP cells with
two different Spl siRNAs significantly reduced the protein
levels of Sp1 compared with cells transfected with nonsilencing
siRNA and nontransfected cells as determined by Western
blotting (Fig. 6C). Both HIV-1/EGFP promoter activation and
viral replication induced by F. nucleatum and P. gingivalis were
significantly reduced in THPS9GFP monocytes/macrophages
transfected with Sp1 siRNAs but not nonsilencing siRNA (Fig.
6D and E).

DISCUSSION

Translocation of bacterial products (e.g., LPS and DNA)
into the systemic circulation through impaired mucosal sur-

faces has been associated with HIV-1 exacerbation, chronic
immune activation, and AIDS progression (10, 41). Similarly to
the gut, the oral cavity is colonized by a wide variety and
number of microorganisms, including commensal, opportunis-
tic, and pathogenic species (about 1 X 10% to 1 X 10° bacte-
ria/mg of plaque) (66). Growing evidence suggests that peri-
odontal pathogens, including F. nucleatum and P. gingivalis, or
their products can not only cause local inflammation at the oral
cavity but also appear to emerge systemically and enhance
inflammatory responses associated with conditions such as ath-
erosclerosis, preterm birth, and diabetes (13, 21, 37, 47, 52). A
high prevalence of oral opportunistic infections, including se-
vere forms of periodontal disease in HIV-1" patients, has been
demonstrated widely (18, 48). Nevertheless, the potential for
oral pathogens to enhance HIV-1 exacerbation has received
little attention. Supporting our previous findings herein, we
show that HIV-1 promoter activity was increased significantly
when BF24 and THP89GFP monocytes/macrophages were ex-
posed to bacterial extracts from periodontal pathogens F. nu-
cleatum and P. gingivalis (35).

Oral bacteria, including F. nucleatum and P. gingivalis, can
activate TLR2, TLR4, and TLRY, inducing the production of
cytokines and chemokines (45, 50, 56, 71, 72), and the same
group of TLRs has been involved in HIV-1 reactivation from
latently infected cells (22, 23). Initial treatment of BF24 mono-
cytes/macrophages with purified agonists for these TLRs
showed that only TLR9 (CpG2006) but not TLR2 (P. gingivalis
LPS) and TLR4 (E. coli and other LPS) engagement was able
to induce HIV-1 LTR activation. These findings led us further
to evaluate the HIV-1 promoter activity induced by isolated
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FIG. 3. TLRY activation by DNA from F. nucleatum is involved in HIV-1 reactivation in monocytes andmacrophages. (A) BF24 cells were
incubated with either purified DNA or whole bacterial extracts from F. nucleatum or P. gingivalis for 16 h, and HIV-1 CAT promoter activation
in cell lysates was determined by ELISA. ND denotes “nondetected” (values below the level of detection). (B) HIV-1 CAT promoter activity
induced by 10 pg/ml DNA from F. nucleatum in BF24 cells preincubated (or not) for 1 h with the TLR-9 inhibitor chloroquine. (C) Induction of
HIV-1/EGFP promoter activity in cell lysates (gray bars) and p24 levels in supernatants (black bars) by several concentrations of DNA from F.
nucleatum for 24 h was determined in THPS89GFP cells by fluorometry and ELISA, respectively, as described in Materials and Methods. MCF,
mean cumulative fluorescence. (D) Effect of enzymatic pretreatment of DNA from F. nucleatum with DNase or RNase in HIV-1 reactivation after
24 h of incubation is shown. The data are representative of three independent experiments with triplicate determinations (n = 9). Data are
expressed as means * standard deviations. *, P < 0.01 compared to the results for the control (mock), as determined by Student’s ¢ test.

DNA from F. nucleatum and P. gingivalis as a natural TLR9
ligand. Interestingly, only DNA from F. nucleatum triggered
HIV-1 promoter activation in a dose-dependent manner. It has
been shown that differences in the abilities of DNA from dif-
ferent bacterial strains to activate TLR9 could be related to the
frequency of CpG motifs in the bacterial genome (19). In
effect, differences in cytokine production by monocytic cells
and gingival fibroblasts in response to DNA from P. gingivalis
and Actinobacillus actinomycetemcomitans have been associ-
ated with the frequency of CpG motifs in their genomes (56).
To the best of our knowledge there is not published evidence
addressing the effect of TLRY activation by DNA from F.
nucleatum in monocytic cells; however, its increased ability to
trigger HIV-1 promoter activation in BF24 cells, with respect
to the effect induced by DNA from P. gingivalis, suggests that
there could be important variations in the CpG motif fre-
quency in its genome. Since the HIV-1 promoter response
associated with TLR9 activation by bacterial DNA did not
completely recapitulate the levels of HIV-1 promoter activity
observed with the whole extract of F. nucleatum, there could be
other microbial structures involved in this response or syner-
gism between bacterial DNA, and other TLR ligands, as well
as host cytokines, would be potentially contributing to the
magnitude of response. A recent study demonstrated that sys-
temic levels of bacterial DNA in HIV-1" patients correlated

with chronic immune activation and AIDS progression (41). F.
nucleatum is found not only in oral mucosa but also at the
urogenital level, at which it has been related to vaginosis and
undesirable pregnancy outcomes (33, 34). Of note, HIV-1 pro-
moter activity triggered by DNA from F. nucleatum in mono-
cytes/macrophages correlated with viral replication. Thus,
overgrowth of F. nucleatum at mucosal surfaces as well as
systemic translocation of this microorganism could increase
the risk of HIV-1 viral exacerbation, disease progression, and
perhaps viral transmission.

Early studies suggested that LPS from Gram-negative bac-
teria was a strong inducer of HIV-1 reactivation (22, 62).
Nevertheless, it was recently shown by Nordone et al. that LPS
from E. coli that activates TLR-4 appeared not to be involved
in HIV-1 reactivation (57). The differences in the effect of LPS
in HIV-1 promoter activation were attributed to contamina-
tion of LPS with TLR2 agonists, as well as the use of different
cell lines. In our study, stimulation of BF24 cells with LPS from
different enteric and oral bacterial strains was not sufficient to
recapitulate the HIV-1 promoter activity induced by the whole
extracts of F. nucleatum and P. gingivalis (data not shown).
These results indicate that TLR4 activation itself could not be
sufficient to trigger HIV-1 promoter activation in these latently
infected monocytic cells. It does not allow us to rule out the
potential for TLR4 activation by LPS as a potential modulator
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FIG. 4. Blocking of TLR2 inhibits bacterium-induced HIV-1 reactivation. Cells (2.5 X 10°/ml) were preincubated for 1 h with different
concentrations of either a monoclonal anti-TLR2 neutralizing antibody or its respective isotype control before challenge with 10 pwg/ml of bacterial
extracts. Effect of TLR2 neutralization in HIV-1 CAT promoter activation induced by F. nucleatum (A) and P. gingivalis (B) in BF24 cells exposed
to bacteria for 16 h is shown. «, anti-. (C) Effects of TLR2 neutralization in HIV-1/EGFP promoter activation (gray bars) in cell lysates and p24
levels (black bars) in supernatants of THP8IGFP cells exposed to bacteria for 48 h are shown. The data are representative of two independent
experiments with triplicate determinations (n = 6). Data are expressed as means = standard deviations. *, P < 0.01 compared to the results for
the cells challenged with bacteria in the presence of anti-TLR?2 versus the isotype control, as determined by Student’s ¢ test.

of HIV-1 promoter activation induced by other TLRs or cyto-
kine receptors. Indeed, synergism between LPS and granulo-
cytic macrophage and monocytic colony stimulator factor
(GM-CSF) for inducing HIV-1 reactivation was recently re-
ported (58).

On the other hand, TLR2 activation by LPS from P. gingi-
valis did not increase substantially HIV-1 promoter activity;
however, previous reports have shown that stimulation with
other TLR2 agonists (e.g., Pam;CSK,) or whole bacteria (e.g.,
M. tuberculosis) induces HIV-1 reactivation in different cell
types, including monocytic cells (4, 57). The possibility of
TLR?2 interacting with different bacterial structures (i.e., pep-
tidoglycan, lipoteichoic acid, etc.) and forming heterodimers
with TLR1 and TLR6 presents the likelihood of different cel-
lular responses, depending upon the combination of this group
of alternatives. It has been shown that LPS from P. gingivalis is
recognized by the heterodimer TLR2/TLR1, and fimbriae
from the same microorganism interact with both TLR2/TLR1
and TLR2/TLR6 heterodimers in order to induce TNF-« pro-
duction (30). Thus, it is possible that TLR2/TLR®6 activation by
fimbriae could be triggering HIV-1 promoter activation in our
system; however, Imai et al. showed that recombinant fimbriae
from P. gingivalis were not sufficient to induce HIV-1 reacti-
vation in latently infected monocytes and T cells (36). To
confirm the lack of a role for TLR2 activation by periodonto-
pathogens in HIV-1 promoter activation, neutralization assays
using a monoclonal anti-TLR2 were performed. Interestingly,

HIV-1 promoter activity was partially reduced by anti-TLR2 in
cells challenged with F. nucleatum, and it was virtually abro-
gated in cells stimulated with P. gingivalis. These results suggest
that other structural components rather than LPS or fimbriae
from P. gingivalis or F. nucleatum with affinity for TLR2 could
be involved in HIV-1 promoter activation. Nevertheless, since
a cross talk between TLRs, Nod receptors, and cytokine re-
ceptors has been suggested to be critical for the final cellular
response (70, 77), it is also likely that individual TLR2 and
TLR4 activation by isolated structural components of peri-
odontal pathogens may not be sufficient to induce HIV-1 pro-
moter activation, but these TLRs could synergize with other
cellular receptors in order to trigger this response.

Several in vitro and in vivo studies have shown that proin-
flammatory cytokines (e.g., TNF-a, IL-1B, IL-6, etc.) could be
playing a role in HIV-1 reactivation in latently infected cells,
including monocytes/macrophages. Moreover, increased
TNF-a levels in serum from HIV-1" patients have been asso-
ciated with HIV-1 exacerbation and disease progression (32,
74). In agreement with these observations we showed that even
though there was a substantial reduction in proinflammatory
cytokine production in HIV-1-infected cells (i.e., THPSOGFP
cells), with regard to noninfected THP-1 cells, autocrine activ-
ity of TNF-a, but not IL-1B, produced in response to both
periodontal pathogens appears to play a critical role in HIV-1
reactivation. Importantly, the impaired cytokine production by
THP89GFP cells compared with the parental cell line, as well
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FIG. 5. TNF-q, but not IL-1B, produced by THP89GFP cells in response to F. nucleatum and P. gingivalis is involved in HIV-1/EGFP promoter
reactivation. THP89GFP cells (2.5 X 10°/ml) were incubated 24 h with 10 pg/ml of bacterial extracts either in the presence of a specific neutralizing
antibody (gray bars) or its matched isotype control (black bars). Effects of TNF-a (A and B) and IL-1B neutralization (C and D) in HIV-1/EGFP
activity induced by F. nucleatum and P. gingivalis extracts are shown. The data are representative of two independent experiments with triplicate
determinations (n = 6). Data are expressed as means = standard deviations. *, P < 0.01 compared to the results for the cells challenged with
bacteria in the presence of neutralizing antibody versus the isotype control, as determined by Student’s ¢ test.

as the reduced effect of anti-TLR2 in bacterium-induced
HIV-1 reactivation, with regard to BF24 cells, supports recent
findings in which HIV-1 infection altered the expression and
activation of TLRs, with a consequent reduction in cytokine
expression (54).

Finally, the presence of consensus binding sequences for
TLRs and cytokine-activated transcription factors, such as NF-
kB, AP-1, and Sp1 among others, in the HIV-1 LTR promoter
has been shown, which suggests that inflammatory responses
against pathogens triggered by TLR engagement will enhance
HIV-1 exacerbation (14, 43, 63). Using the specific chemical
inhibitor BAY 11-7082, we showed that NF-kB appears to be
critically necessary for F. nucleatum- and P. gingivalis-induced
HIV-1 reactivation. These results add more weight to the role
of NF-«B as a positive regulator of HIV-1 reactivation that has
particularly been related to heterodimers p50/p65 in monocytic
cells (38). Of note, in spite of an increase in IL-8 production
upon TLR2 or TLR4 activation by purified agonists, an event
that involves NF-«kB activation, there were no changes in the
HIV-1 promoter response in monocytes/macrophages. These
results suggest that activation of certain transcription factors
(e.g., NF-kB, AP-1, etc.) which also have the ability to activate
the HIV-1 promoter may not be sufficient to trigger HIV-1
reactivation as previously suggested (57). Importantly, it has
been demonstrated recently that the kinetic of NF-«kB activa-
tion is critical in controlling the magnitude of TLR-mediated
cytokine production (8), an event that could also play a role in
TLR-induced HIV-1 promoter activation. Likewise, silencing

of the Spl transcription factor significantly reduced HIV-1
reactivation induced by F. nucleatum and P. gingivalis in mono-
cytes/macrophages. The role of Sp1 in HIV-1 recrudescence is
not fully understood; although studies suggest that Spl and
Sp4 members of the Spl multigene family are transcriptional
activators of HIV-1 LTR, Sp3 appears to be a transcriptional
repressor (51). In contrast to our findings, recent evidence
showed that Sp1 could also maintain HIV-1 latency in T cells
through recruitment of histone deacetylase-1 to the HIV-1
promoter (40). Thus, the ability of cellular transcription factors
to positively or negatively regulate HIV-1 LTR transcription
could be determined by the cell type that is latently infected as
well as the magnitude and time of activation of particular
transcription factors, which could be different depending upon
the stimuli. Besides, since some HIV-1 proteins appear to
interact with host cell transcription factors modulating their
activity (3, 17, 64), it is likely that the regulatory function of
transcription factors to either enhance or inhibit viral reacti-
vation in HIV-1 latently infected cells might be altered with
regard to uninfected cells.

An additional observation of these studies is that both peri-
odontal pathogens induced HIV-1 reactivation in a Tat-inde-
pendent manner (i.e., absence of Tat in BF24 cell model). The
transcriptional transactivator Tat is a critical HIV-1 protein
that promotes a successful elongation during transcription of
HIV-1 proviral forms (9). These findings support the idea of a
mechanism for viral promoter activation, irrespective of the
presence of Tat that has been proposed by others (65), in
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FIG. 6. HIV-1 reactivation induced by F. nucleatum and P. gingivalis is positively regulated by NF-kB and Spl. BF24 or THPS89GFP
monocytes/macrophages were challenged with 10 pg/ml of F. nucleatum or P. gingivalis extracts either in the presence or absence of different
concentrations of the specific NF-«kB inhibitor BAY 11-7082 dissolved in DMSO. (A) HIV-1 CAT promoter activity in BF24 cell lysates was
determined by ELISA. (B) p24 levels were determined in THPS89GFP cell supernatants as described in Materials and Methods. (C) Western blot
analyses of the total cell extract from THP8IGFP cells transfected individually with two different Sp1siRNAs (Sp1siRNA 5 and 2) or with an NS

siRNA as described in Materials and Methods. Detection of B-actin was

used as a loading control. HIV-1/EGFP promoter activation (D) and viral

replication (p24 levels) (E) induced by F. nucleatum (gray bars) and P. gingivalis (black bars) in THPS8OGFP cells differentially transfected are
shown. The data are representative of two independent experiments with triplicate determinations (n = 6). Data are expressed as means *
standard deviations. *, P < 0.01 compared to the results for the cells transfected with Spl siRNA or NS siRNA versus nontransfected cells, as

determined by Student’s ¢ test.

which a sustained NF-kB activation would be critically neces-
sary to enhance HIV-1 promoter activity. Hence, studies to
determine the effect of viral proteins, such as Tat, in HIV-1
promoter activity induced by oral bacteria are warranted.
Overall, we demonstrated for the first time that bacteria

associated with oral and systemic chronic inflammatory disor-
ders enhance HIV-1 reactivation in monocytes/macrophages
through TLR2 and TLRY activation in a mechanism that ap-
pears to be transcriptionally regulated and may not require the
viral transactivator Tat. Because HIV-17 patients are treated
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with a combination of antiretrovirals (HAART), whether or
not antiretroviral drugs ameliorate HIV-1 reactivation in la-
tently infected cells induced by periodontal pathogens in
monocytes/macrophages remains to be determined. Finally,
even though these are in vitro studies and more basic and
additional clinical studies are necessary, we hypothesize that
the appropriate and efficient control of oral infections, includ-
ing HIV-1-associated periodontal disease in HIV-1" patients,
would be expected to contribute to minimizing the likelihood
of viral recrudescence, HAART failure, and AIDS progres-
sion.
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