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Abstract

Introduction—The human immunodeficiency virus (HIV) can integrate into T cells,

macrophages and dendritic cells resulting in a latent infection. Reports have also demonstrated

that various microbial and host cell factors can trigger HIV reactivation leading to HIV

recrudescence, potentially undermining highly active antiretroviral therapies.

Methods—This study evaluated the capacity of oral bacteria associated with chronic periodontal

infections to stimulate HIV promoter activation in various cell models of HIV latency.

Results—T cells (1G5) challenged with oral bacteria demonstrated a dose–response of HIV

promoter activation with a subset of the bacteria, as well as kinetics that were generally similar

irrespective of the stimuli. Direct bacterial challenge of the T cells resulted in increased activation

of approximately 1.5- to 7-fold over controls. Challenge of macrophages (BF24) indicated

different kinetics for individual bacteria and resulted in consistent increases in promoter activation

of five fold to six fold over basal levels for all bacteria except Streptococcus mutans. Dendritic

cells showed increases in HIV reactivation of 7- to 34-fold specific for individual species of

bacteria.

Conclusion—These results suggested that oral bacteria have the capability to reactivate HIV

from latently infected cells, showing a relationship of mature dendritic cells > immature dendritic

cells > macrophages ≥ T cells. Expression of various pattern recognition receptors on these

various cell types may provide insight into the primary receptors/signaling pathways used for

reactivation by the bacteria.
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Infection with the human immunodeficiency virus (HIV) results in a compromised immune

system, and increased incidence of opportunistic infections with fatal consequences (28).
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The HIV targets and destroys CD4+ T cells, as well as infecting antigen-presenting cells

such as macrophages and dendritic cells (DC) resulting in a continuous viremia and

exacerbated acquired immunodeficiency syndrome (AIDS) outcomes. The advent of highly

active antiretroviral therapies (HAART) has successfully transformed HIV infection from a

progressive loss of immune function with associated morbidity into a chronic infection that

generally manages the viremia and restores substantial T-cell immune function (27, 40). The

persistence of HIV-1 latently infecting select host cells, e.g. CD4+ T cells, macrophages and

DC, remains a significant obstacle in the elimination of HIV-1 infections (1).

As a critical part of the HIV-1 life cycle, reactivation of the provirus results in the

production of new virions. The reactivation phase of HIV transitions from a state with no

replicating virus to the production of new virions. Latency is considered a dynamic process

and is likely reflected by viral activity through these processes (9). Various exogenous

stimuli have been shown to reactivate HIV-1 infections (18, 22, 31). Microbial coinfections

have been associated with transient bursts of HIV-1 viremia in patients. This can result from

microbial activation of proinflammatory cytokines with subsequent induction of HIV-1

production by infected T cells, macrophages and/or DC (36, 47).

In addition to being a substantial viral reservoir, infected macrophages may also transfer

HIV-1 to uninfected T cells (48). Although CD4+ T cells appear to be the main targets of

HIV, other immune and non-immune cells with or without CD4 molecules on their surfaces

can also be infected. The monocyte/macrophage has been identified to be a source of virus

in infected tissues, a basis for viral transmission to target cells, and able to produce a range

of cytokines/chemokines that affect both cell function and virus replication (15). It has been

suggested that DC are potential first target cells in HIV-1 infections (38). These cells are

also considered to be central in activating naïve T cells, which can become permissive for

HIV-1 infection (38, 46). DC are innate immune cells that constitute the link between innate

and adaptive immunity by recognizing pathogen-associated molecular patterns (PAMPs) on

bacteria to enable uptake, processing and presentation of antigens to T cells (30). The

immune function of these DC depends upon their stage of maturation, with immature

dendritic cells (iDC) considered as part of the innate phase of the immune response. Mature

dendritic cells (mDC) provide the linkage to the adaptive phase of the immune response,

whereby they present the captured and processed antigens to prime naïve T cells for clonal

expansion (2). Although it is clear that DC can engage a diverse array of microorganisms,

there are minimal data concerning how HIV-latency in DC can be reactivated, and if oral

bacteria or bacterial complexes have the capacity to perform this function.

Lipopolysaccharide challenge of HIV-1-infected DC results in increased levels of tumor

necrosis factor-α and interleukin-1β (IL-1β), as well as various β-chemokines (34).

Periodontitis is a polymicrobial disease with pathological changes that result from a

complex inflammatory and immune host response generated by resident gingival cells and

inflammatory cells that migrate into the infected tissues (25, 44). It has been suggested that

bacterial infections and mucosal-associated bacterial translocation in HIV-1-infected

individuals may reactivate HIV-1 in bystander CD4+ T cells, macrophages and DC (8, 31).

This report describes studies that delineate the characteristics of HIV promoter activation in

T cells, macrophages and DC in response to challenge of these cells with oral bacteria or
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bacterial products. We hypothesize that these cell types will demonstrate a differential

response to the microbial stimuli, and that the characteristics of the oral bacteria will dictate

the patterns of HIV reactivation with the different host cell reservoirs.

Materials and methods

Cellular models of HIV reactivation

A T-cell line (1G5; NIH AIDS Research and Reference Reagent Program, German-town,

MD, http://www.aidsreagent.org) that had been transfected with the HIV long terminal

repeat (LTR) promoter driving the luciferase gene as a reporter for promoter activation was

cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and maintained at

37°C in 5% CO2. The cells were routinely split 1: 4 approximately every 5 days. Cells used

in the reactivation studies were cultured for 3 days before challenge with the microbial

stimuli.

The BF24 cell line (http://www.aidsre-agent.org) is a subclone of the human

myelomonocytic cell line, THP-1. The BF24 cells have been transfected with the HIV LTR

promoter driving a chloramphenicol acetyltransferase (CAT) gene. The cells were grown in

RPMI-1640 medium (Gibco, Gaithersburg, MD) with L-glutamine and 10% FBS in 5% CO2

at 37°C. Trypan blue dye was used to reveal cell viability.

The human monocytic cell line, THP-1, which has been stably transfected with HIV-1

promoter driving the expression of luciferase gene, was a gift from Dr Seymour Klebanoff

(University of Washington) (26). This cell line was cultivated in RPMI-1640 supplemented

with 10% FBS and was used to generate DC. Specifically, THP-1 cells were cultured for 6

days at 105 cells per/ml in medium supplemented with 50 ng/ml recombinant granulocyte–

macrophage colony-stimulating factor (rGM-CSF; R&D Systems, Minneapolis, MN) and

1000 U/ml recombinant IL-4 (rIL-4; Promega, Madison, WI). After 6 days in culture, iDC

were obtained, as described previously (22). The mDC were obtained by treating iDC with

tumor necrosis factor-α. The characteristics of mDC were confirmed as follows. Briefly, the

DC were washed in ice-cold phosphate-buffered saline (PBS) and preincubated in blocking

reagent at 4°C for 20 min. Cells were then incubated on ice for 60 min with fluorescein

isothiocyanate-conjugated CD86, human leukocyte antigen (HLA) -DR, CD83, and CD80

monoclonal antibodies (BD Biosciences, San Jose, CA). Stained cells were washed twice

with PBS/bovine serum albumin and analysed using an EPICS XL flow cytometer and

EXPO 32 software (Beckman Coulter, Fullerton, CA). Compared with the THP-1 cells, the

iDC and mDC have differential expression of CD80, CD83, CD86 and HLA-DR, with iDC

being CD80hi, CD83lo, CD86lo, HLA-DRlo, and mDCs phenotypically described by CD80hi,

CD83hi, CD86hi, HLA-DRhi compared with the original THP-1 cells (4, 22, 32).

Challenge of host cells

Bacteria used in these studies included: Porphyromonas gingivalis FDC W50, W83 and

A7A1-28; Prevotella intermedia ATCC 25611; Fusobacterium nucleatum ATCC 25586 and

ATCC 49526; Actinomyces viscosus T14V; Aggregatibacter actinomycetemcomitans JP2;

Streptococcus mutans ATCC 33535; Campylobacter rectus ATCC 33238 and Tannerella
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forsythia ATCC 43037. All were grown as previously described (22). Bacterial sonicates

were prepared from midlog-phase bacterial cultures in 500 ml of the appropriate broth. The

bacterial cultures were washed three times with sterile PBS at 10,000 g for 20 min at 4°C.

The pellet was resuspended in 15 ml PBS with complete ethylenediaminetetraacetic acid-

free protease inhibitor cocktail (Roche, Mannheim, Germany), and finally bacteria were

sonicated using an ultrasonic disrupter (Branson Sonifier model 450; Branson, Danbury,

CT). The crude extract after sonication was centrifuged at 13,000 g for 10 min at 4°C and

protein concentration of supernatants was determined by bicinchoninic assay (BCA; Pierce,

Rockford, IL).

Lipopolysaccharides (LPS) were prepared by us from a battery of oral bacteria including P.

intermedia FDC681, C. rectus strain 57, A. actinomycetemcomitans strains H66, Y4 and

7164, P. gingivalis W50, W83 and A7A1-28 and strain 21-7 (7, 16, 17, 24, 37, 39).

Escherichia coli O128:B12 (L2755) and O111:B4 (L2630, J5) and Salmonella minnesota

Re595 (L9764), Salmonella typhimurium (L6511) and phorbol 12-myristate 13-acetate

(PMA) were obtained commercially (Sigma Chemicals Corp., St Louis, MO). The

commercial LPS preparations were obtained by phenol extraction or phenol/chloroform/

petroleum extraction and are reported to contain <1% protein and <2% RNA. The oral

bacterial preparations contained <1% protein and <1% nucleic acid contaminants.

HIV promoter activation

Cells were cultured under various conditions of challenge with oral bacteria to assess

variations in HIV promoter activation related to species, dose and time. Expression of

luciferase activity driven by the HIV-1 LTR promoter in 1G5 T cells and DC was measured

to quantify promoter activation. Briefly, 1 × 105 1G5 T cells or the DC were stimulated in

duplicate with oral bacteria (10 μl of 109 cells/ml). Cells were harvested in 3 ml PBS, lysed

using 100 μl lysis buffer and stored frozen at − 80°C before luciferase assays. One hundred

microliters of the cell lysates were added in duplicate to a 96-well microtiter plate and

combined with 50 μl luciferase substrate (Luciferase system, Promega). The photon/light

intensities were measured with a photometer. Expression of luciferase was measured by

photon/light intensities using a lumino-meter reader (MicroLumat LB96V; Molecular

Devices, Inc., Union City, CA).

The production of CAT in response to the HIV promoter activation was determined by

enzyme-linked immunosorbent assay (ELISA) using a commercial kit (Roche) and the

extent of the reaction was determined according to the manufacturer’s instructions, using a

Spectramax M2 spectrophotometer (Molecular Devices, Inc.). Briefly, the 1 × 105 BF24

cells were stimulated in duplicate with oral bacteria (10 μl 109 cells/ml). Cells were

harvested in 3 ml PBS and centrifuged, the cell pellets were lysed using 100 μl lysis buffer

provided by the CAT ELISA kit (Roche), and the lysates were stored frozen at − 80°C. The

measurement of CAT was performed following the manufacturer’s manual. The absorbance

was measured using an MRX 4000 plate reader (Dynatech Laboratories, Chantilly, VA) at

405 nm.
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Statistical analyses

Analysis of the interval data for expression of luciferase or CAT was accomplished using a

non-parametric Mann–Whitney Rank Sum test in comparing treatment to control cultures.

Evaluation of changes in levels over time was determined using a Friedman Repeated

Measures analysis of variance on ranks with post hoc Holm–Sidak testing (SigmaStat 3.0;

SYSTAT Software Inc., Chicago, IL).

Results

Oral microbial activation of HIV promoter in T cells

PMA (a general T-cell activator) caused a dose–response of luminescence (Fig. 1) in the T

cells with maximum responses at 100 ng/ml. The HIV promoter activation peaked at 4–6 h.

Figure 1 also shows the kinetics of HIV promoter activation by E. coli LPS (100 μg/ml) with

peak responses at 8–12 h. The magnitude of activation by this LPS was approximately 5%

of the maximum responses noted with the PMA. These results suggest that because the

HIV-1 LTR activity was increased in 1G5 T cells on stimulation with LPS from enteric

bacteria, a direct stimulation of the 1G5 cells with oral bacteria may have the capacity to

stimulate HIV in this model of T-cell latent infection.

Stimulation of the 1G5 with bacterial sonicates demonstrated significant differences in the

ability of the oral microbial species to trigger the HIV promoter (Fig. 2). Of the species

tested, both gram-negative and gram-positive oral bacteria that accumulate as components of

the pathogenic biofilm at sites of disease demonstrated significant stimulatory activity. Only

the strain of P. intermedia that was used appeared unable to trigger HIV promoter activation

under these conditions.

Challenge of the 1G5 line with LPS from oral and non-oral bacteria also showed significant

differences in LPS effects (Fig. 3). Three observations were notable from these data. First,

LPS from some oral bacteria were as effective, and in some cases more effective, than

stimulation with LPS from enteric bacteria (such as E. coli and S. typhimurium). Second,

LPS preparations from different strains of the same species, whether oral or non-oral, were

not uniformly stimulatory. Finally, the magnitudes of responses were generally lower with

the LPS compared to bacterial sonicates from the oral species, and the relative stimulatory

capabilities of the LPS and sonicates were not directly comparable across the oral bacterial

species.

Oral microbial activation of HIV promoter in macrophages

Figure 4 presents a comparison of doses of sonicates prepared from oral bacteria on HIV

promoter activation in the BF24 macrophages. The results demonstrated that F. nucleatum

caused promoter activation with significant increases at a lower challenge dose. P. gingivalis

sonicates also elicited a greater HIV promoter activation, at both 4 and 24 h, than

Treponema denticola, with both requiring a higher dose than F. nucleatum. In contrast, S.

mutans stimulated the macrophages minimally, irrespective of the concentration of sonicate

used.
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Macrophages can engage live bacteria, dead bacteria and various bacterial components for

subsequent antigen presentation. Figure 5 presents a comparison of the HIV promoter

activation in the BF24 cells challenged with live bacteria or formalin-killed bacteria from

these species. The results showed a variation in the intact bacteria triggering the HIV

promoter, with differences between strains within a species similar to the findings with T-

cell responses and bacterial sonicates. Additionally, the live bacteria appeared to stimulate

greater HIV promoter activation, except for the P. gingivalis strains where the killed bacteria

were more effective in activating the HIV promoter compared with live bacteria.

Oral microbial activation of HIV promoter in DC

Oral bacteria stimulated HIV promoter activation in DC with significant differences in the

stimulation by the different bacteria (Fig. 6). Although all of the bacteria increased promoter

activation over basal levels, P. intermedia appeared the most effective for mature DC

activation, while C. rectus maximally stimulated the immature DCs.

Discussion

This study demonstrated that oral bacteria have the capacity to activate HIV LTR

transcription in latently infected T cells, macrophages and DC using cell culture model

systems. There appeared some specificity to the magnitude of this activation dependent upon

the stimulus and the cell target. As the design of these studies emphasized engagement of

the bacteria related to innate immune mechanisms, the importance of various PAMP

receptors, including Toll-like receptors (TLR), would be expected to be involved in these

responses (3, 35). Various studies have demonstrated a significant difference in distribution

of PAMPs on T cells when compared with antigen-presenting cells such as macrophages and

DC (29). As a consequence, it was not unexpected that the macrophages and DC

demonstrated significantly greater responses, with regards to HIV promoter activation

related to microbial challenge than T cells. However, it was clear that the T cells could be

triggered to substantial HIV reactivation, e.g. the response to PMA (Fig. 1), and increases in

promoter activation were observed with certain bacterial stimuli. The T-cell line was not

antigen-specific, which suggested that these CD4+ T cells have the capacity to engage

microbial products, leading to HIV promoter activation in this latently infected cell model.

Recent studies have demonstrated the presence of multiple TLRs on T cells that can engage

microbial products from both gram-negative and gram-positive bacteria (21, 29), albeit the

1G5 cell line expresses only low levels of TLR2 and TLR4 (C.B. Huang, unpublished

observation).

Both macrophages and DC demonstrate extensive surface expression of TLRs (5, 10).

Whereas the relative abundance of these crucial innate immune receptors varies and is

dependent upon cell type, stage of maturation and cell activation, a broad repertoire of these

PAMPs are represented on these innate immune/antigen-presenting cells. Of particular

relevance to the microbial stimuli would be the expression of surface TLR1, −2, −4 and −6.

Hence, documenting the ability of a broad range of bacteria or LPS from a range of oral

microorganisms to trigger HIV promoter activation in both macrophages and DC was

anticipated. However, it was also clear that across the breadth of the bacteria examined, this
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stimulatory capacity was not uniform which suggested the capacity of the individual

different microbial stimuli to interact with these cells differentially to trigger intracellular

pathways leading to HIV promoter activation. Beyond the TLRs as molecular detectors of

microbial challenge there are a number of other surface receptors that can engage microbial

ligands and transduce signals via pathways different from the TLRs (19).

Beyond these more general observations in comparing the microbial and host cell

differences in HIV reactivation potential, we noted three more specific outcomes of these in

vitro studies. First, LPS from oral bacteria was in some cases significantly better at

stimulating HIV promoter activation than LPS from E. coli, representing a prototype LPS. It

is well described that LPS from some oral bacteria, particularly P. gingivalis, signals mainly

through TLR2 differing from the TLR4 signaling induced by E. coli LPS (49). In addition,

the LPS from any of the oral bacteria are not classically ‘smooth-type’ LPS with extended

repeating oligosaccharide chains (23), but are more similar to what has been identified as

‘rough LPS’ so while we do not have complete evidence of the TLR affinity of LPS from

other oral bacteria, it may be that the enhanced reactivation may represent a slightly

different TLR engagement repertoire.

While it is clear that LPS stimulates host cells preferentially via TLR2 and/or TLR4, the

1G5 cells have very low expression of these receptors (unpublished data). However, the

literature provides ample evidence that other receptors on host cells can bind LPS and

trigger various intracellular signals, including scavenger receptor A (13), scavenger

receptor-B1 (6), triggering receptor expressed by myeloid cells 3 and 1 (12, 33), CD55/

decay accelerating factor (20), β2-integrins (14, 42), heatshock proteins 70 and 90, CXCR4

and growth differentiation factor 5 (GDF5) (45). Many of these are expressed on T cells and

could contribute to the findings in this report. Although the TLRs are crucial components of

the innate immune system, there is a wide array of redundancies in the system to afford

protection to the host. Second, sonicates of the bacteria were superior to LPS for inducing

HIV-1 LTR activation. This suggests that while the LPS from the oral bacteria may have

some role in this process, as has been identified with LPS from selected enteric bacteria

(41), other gram-positive and gram-negative bacterial components in the sonicates must

have a role in HIV-1 LTR activation. In this regard, other bacterial components from non-

oral bacteria also have capacity to reactivate HIV-1 LTR, such as lipoteichoic acid (11), and

bacterial DNA (43). The characteristics of these components could be determined in future

studies as potential targets for interfering with this process. Finally, it was interesting that

sonicates from S. mutans significantly increased promoter activation in T cells, but a similar

change was not observed in BF24 monocytes/macrophages (Figs 2 and 4). However, when

live and dead S. mutans were compared with the BF24 macrophages, the live bacteria

significantly stimulated HIV reactivation. These results indicated that the characteristics of

the microbial challenge will impact the types of cell reservoirs that could be engaged leading

to viral recrudescence in vivo.

The results suggest that chronic oral infections may provide a risk to the maintenance of

treatment success in HIV-infected patients. The presence of a chronic oral infection that

undermines the integrity of oral epithelial barriers can trigger responses in local T cells,

macrophages and DC in gingival tissues (44). In addition, there are clear data demonstrating

Huang et al. Page 7

Oral Microbiol Immunol. Author manuscript; available in PMC 2014 August 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the capacity of oral bacteria to translocate into the systemic circulation, eliciting systemic

antibody responses, creating transient bacteremias, lodging in distant tissues and inducing

systemic inflammatory responses (25). Consequently, these chronic oral infections in HIV-

infected subjects being treated with HAART, could contribute to the prevalence of HAART

failure in the population. Future studies will be required to clarify the molecular mechanisms

of these interactions related to variation in the stimuli and cell types being activated.
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Fig. 1.
Characteristics of human immunodeficiency virus (HIV) promoter activation in 1G5 T cells

treated with (A) phorbol 12-myristate 13-acetate (PMA) at varying concentrations; (B)

time–course of PMA stimulation; and (C) time–course of lipopolysaccharide (LPS)

stimulation. HIV promoter activation determined by luciferase units. The control treatment

represented the 1G5 cells alone without PMA or LPS. The points denote mean levels from

triplicatate determinations in at least three independent experiments. The vertical brackets

enclose 2 SD. All treatment concentrations and times with PMA were statistically different

from the control and compared to baseline (e.g. 0 concentration of stimulant, 0 time) at least

at P < 0.01. All time-points beginning at 4 h after treatment with LPS (100 μg/ml) were

statistically different from the control at least at P < 0.01. Time-points from 4 to 16 h with

LPS were significantly different from baseline at least at P < 0.01. Time-points from 24 to

72 h with LPS were significantly different from baseline at least at P < 0.05.
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Fig. 2.
Bacterial sonicate stimulation of human immunodeficiency virus (HIV) promoter activation

in 1G5 T cells. The cells were stimulated with 10 μg/ml of sonicate material from each

microorganism. The control treatment represented the 1G5 cells alone without bacterial

sonicate. The bars denoted mean of triplicate determinates for duplicate experiments and the

vertical brackets enclose 2 SD. The asterisk denotes significantly greater than control levels

at least at P < 0.01. Abbreviations used for species: Pi, Prevotella intermedia; Cr,

Campylobacter rectus; Av, Actinomyces viscosus; Sm, Salmonella minnesota; Pg,

Porphyromonas gingivalis; Fn, Fusobacterium nucleatum; Aa, Aggregatibacter

actinomycetemcomitans.
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Fig. 3.
Activation of human immunodeficiency virus (HIV) promoter in 1G5 T cells following

challenge with lipopolysaccharide (LPS) preparations from oral and non-oral bacteria. Cells

were stimulated with 100 μg/ml of each LPS preparation and harvested for luciferase assays

at 10 h. The control treatment represented the 1G5 cells alone without any LPS. The bars

denote means from triplicate determinations from duplicate experiments and the asterisk

denotes significantly greater than the control at least at P < 0.05. Abbreviations used for

species: Pi, Prevotella intermedia; Cr, Campylobacter rectus; Aa, Aggregatibacter

actinomycetemcomitans; Pg, Porphyromonas gingivalis; Ec, Escherichia coli; Sm,

Salmonella minnesota; Stm, Salmonella typhimurium.
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Fig. 4.
Kinetics (4 and 24 h) and dose–responses of human immunodeficiency virus (HIV)

promoter activation in BF24 macrophages with sonicates from different oral bacteria. The

bars denote the mean of triplicate determinations from duplicate experiments and the

vertical brackets enclose 2 SD. The horizontal bracket ( ) denotes CAT levels significantly

different from control (0 μg/ml) at least at P < 0.05.
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Fig. 5.
Human immunodeficiency virus (HIV) promoter activation in BF24 cells stimulated with

live or formalin-killed bacteria: 1 × 105 BF24 cells were challenged with a multiplicity of

infection of 100: 1 of each microbial species and chloramphenicol acetyltransferase (CAT)

levels were determined at 24 h. The control treatment represented the BF24 cells alone

without bacteria. The bars denote mean levels of duplicate determinations derived from two

experiments. The horizontal bracket ( ) denotes CAT levels significantly different than

control (Cont.) at least at P < 0.05. Abbreviations used for species: Cr, Campylobacter

rectus; Sm, Salmonella minnesota; Tf, Tannerella forsythia; Pi, Prevotella intermedia, Pg,

Porphyromonas gingivalis; Fn, Fusobacterium nucleatum.
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Fig. 6.
Human immunodeficiency virus (HIV) promoter activation in T cells, macrophages and

immature and mature dendritic cells (iDC and mDC) challenged with sonicates (10 μg/ml)

of various oral bacteria [Porphyromona gingivalis strain W50, (Pg W50); Fusobacterium

nucleatum strain 25586, (Fn 25586)]. The results are presented as fold-increase compared

with untreated cultures. The bars denote triplicate determinations from at least two

experiments and the vertical brackets enclose 2 SD. The solid horizontal lines connecting

the bars demonstrate statistically different values at least at P < 0.01. Abbreviations used for

species: Pi, Prevotella intermedia; Pg, Porphyromonas gingivalis; Fn, Fusobacterium

nucleatum; Sm, Salmonella minnesota; Cr, Campylobacter rectus.
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