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Abstract
We compared TLR responsiveness in PBMC from HIV-1-infected and uninfected individuals using
the TLR agonists: TLR7 (3M-001), TLR8 (3M-002) and TLR7/8 (3M-011). Activation and
maturation of plasmacytoid dendritic cells (pDC)were measured by evaluating CD86, CD40 and
CD83 expression and myeloid dendritic cell (mDC) activation was measured by evaluating CD40
expression. All agonists tested induced activation and maturation of pDC in PBMC cultures of cells
from HIV+ and HIV− individuals. The TLR7 agonist induced significantly less pDC maturation in
cells from HIV+ individuals. Quantitative assessment of secreted IFN-α and pro-inflammatory
cytokines at the single cell level showed that pDC from HIV+ individuals stimulated with TLR7 and
TLR7/8 induced IFN-α. TLR8 and TLR7/8 agonists induced IL-12 and COX-2 expression in mDC
from HIV+ and HIV− individuals. Understanding pDC and mDC activation and maturation in HIV-1
infection could lead to more rational development of immunotherapeutic strategies to stimulate the
adaptive immune response to HIV-1.
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1. Introduction
The innate immune system is at the frontline of the immune response to pathogens and mediates
the development of adaptive immune responses (1). Advanced HIV-1 infection is associated
with diminished immune responses to pathogens. It is also associated with markedly reduced
numbers and function of innate immune cells including plasmacytoid (pDC) and myeloid
(mDC) dendritic cells (2–5). The low number of pDC in chronic HIV-1 infection is associated
with a diminished innate immune response and decreased levels of IFN-α production, which
is also associated with an increased risk of opportunistic infections (3,6). Given the central role
played by dendritic cells in linking innate and adaptive immunity, abnormalities in pDC and
mDC number and function may play a role in the diminished pathogen specific responses
observed in HIV-1 disease.

Dendritic cells are activated through germ-line encoded pattern recognition receptors, the most
important of which are the toll-like receptors (TLR). Peripheral blood dendritic cells have
distinct patterns of TLR expression: TLR7 and TLR9 on pDC, and TLR2, TLR3, TLR4 and
TLR8 on mDC (7,8). Activation through these receptors results in co-stimulatory molecule
expression, cytokine production and migration of dendritic cells into lymphoid tissues (9,10).
TLR7 and TLR8 are intracellular endosomal receptors that recognize single-stranded RNA
(ssRNA) and small molecule imidazoquinolines (11–13). The cellular uptake and endosomal
maturation of TLR7 and TLR8 ligands are needed in order to trigger NF-κB and MAP kinase
mediated signals through a MyD88-dependent pathway (14).

Synthetic imidazoquinoline-like molecules (8) induce dendritic cell maturation and the
production of cytokines which promote direct anti-viral effects and adaptive cellular anti-viral
immunity respectively (15–18). Three distinct synthetic imidazoquinolines have been
identified based on structural differences; they are designated TLR7-selective, TLR8-selective
and TLR7/8-selective agonists. These agonists stimulate dendritic cells to produce type I
interferon (IFN-α/β) and cytokines essential in the development and maintenance of immune
responses. Production of IFN-α/β by pDC is essential in antiviral innate immunity through
direct inhibition of viral replication (19) and induction of an antiviral state in neighboring cells
(20). In addition, IFN-α has a strong adjuvant effect on a variety of immune cells including
monocytes, mDC, NK cells, and B and T lymphocytes (21).

TLR ligands also regulate innate immunity and the inflammatory response through COX-2, a
pivotal enzyme in cellular biosynthetic pathways that leads to prostaglandin and thromboxane
synthesis from arachidonic acid. COX-2 expression is regulated through the MyD88 dependent
pathway (22,23) and is induced by pathogens, microbes and synthetic TLR agonists including
CpG DNA (TLR9) and lipopolysaccharides (LPS, TLR4) (24). Continuous antigenic
stimulation and inflammation observed during chronic infections, including HIV-1, may
inhibit effector T cell function through COX-2 expression and the production of prostaglandins
(25).

In addition to the physiological immune and pro-inflammatory roles of IFN-α and COX-2,
increasing evidence supports a role for these proteins in HIV-1 infection. HIV-1-induced
quantitative and qualitative abnormalities in pDC have been identified in both the acute and
chronic phases of HIV-1 infection. Specifically, a decrease in IFN-α production was associated
with high viral load and development of AIDS (6,26–28). However, it is unknown if the reduced
production of IFN-α in vitro by stimulated mononuclear cells from HIV-1-infected individuals
is a consequence of an intrinsic pDC defect or the effect of the reduced pDC frequency.

In vitro incubation with HIV-1 can directly activate pDC to produce IFN-α and upregulate
CD80 and CD86 expression in cells that have not been exposed to HIV-1 in vivo (29,30). No
one has previously determined whether the continued exposure to HIV-1 that takes place during
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the course of HIV-1 infection alters the ability of DC to respond to HIV-1 or to TLR agonists.
The goal of these studies is to characterize the effect of synthetic TLR7-selective, TLR8-
selective and TLR7/8-selective imidazoquinoline-like molecules on dendritic cells from
HIV-1-infected individuals. Both direct and indirect effects were measured since activation
was in PBMC cultures.

2. Materials and Methods
2.1 Study population and clinical data

HIV-1 infected (HIV+, n=17) and uninfected individuals (HIV−, n=15) were enrolled in this
study to assess pDC and mDC responses to TLR agonists. A subset of 5 HIV+ and 5 HIV−

individuals (Group 1) were used to evaluate dendritic cell responses to TLR7, TLR7/8 and
TLR8 agonists while a separate subset (Group 2) of 12 HIV+ and 10 HIV− individuals were
used for assessment of intracellular IFN-α, IL-12, and COX-2 expression following addition
of TLR agonists or inactivated HIV-1 virus. The study participants on HAART had
undetectable viral loads (VL <75 copies/ul) and 357-992 CD4 cells/ul. The two HAART naïve
individuals used in these studies had CD4 counts of 880 and 134 CD4 cells/μl and a VL of
3190 and <50 copies/ml, respectively. All HIV+ individuals were recruited from the Mark
Weiss Memorial Infectious Diseases Clinic of Rush University Medical Center (Chicago, IL).
HIV− individuals were recruited from Rush University Medical Center. The demographics of
the HIV+ individuals are shown in Table 1. This study was reviewed and approved by the
Institutional Review Board of Rush University Medical Center. Informed consent was obtained
from all study participants. All viral loads (VL) and CD4 T cell counts were performed by
CLIA-certified commercial laboratories at the time the samples were collected for this study.

2.2 Monoclonal antibodies and reagents
The following mouse anti-human monoclonal antibodies were obtained from BD Biosciences
(BD; San Jose, CA): Lin1 FITC (CD3, CD14, CD16, CD19, CD20 and CD56 cocktail), CD123
PE, CD11c PE, CD11c APC, HLA-DR PerCP, HLA-DR APC, CD86 APC, CD40 APC, CD83
APC, COX-2 and IL-12 PE. Custom conjugates of mouse anti-human monoclonal antibodies
against IFN-α PE (clone 7N4-1) and CD123 PerCP-Cy5.5 were also provided by BD
Biosciences. The 7N4-1 antibody reacts with human IFN-α2b (31,32) and to a lesser extent
IFN-α7 (33). It does not react with IFN-α1 or IFN-α4 (33). Matched fluorchrome-conjugated
isotype-control antibodies were used in these studies. The BD Cytofix/Cytoperm™ Kit was
used for the intracellular staining for IFN-α, IL-12 and COX-2. The FcγR blocking reagent
was from Miltenyi Biotec (Auburn, CA).

The synthetic small molecule imidazoquinolines, 3M-001 (TLR7), 3M-002 (TLR8) and
3M-011 (TLR7/8), and the 3M-006 non-reactive control TLR7/8 agonists were provided by
3M Pharmaceuticals (St. Paul, MN). Endotoxin-free A-class CpG ODN 2216 (TLR9 agonist;
5′-ggGGGACGATCGTCgggggG-3′) was provided by Coley Pharmaceutical Group
(Wellesley, MA). Purified LPS from Escherichia coli 055:B5 (TLR4 agonist) was purchased
from Sigma (St Louis, MO). Noninfectious Aldithriol-2 (AT-2) treated HIV-1Ada (R5-tropic)
and HIV-1MN (X4-tropic) viral preparations along with matched control microvesicles,
SUPT1-CCR5 (MV-CCR5) and CEMX174 (T1) (MV-X4), isolated from uninfected cell
cultures (34) were kindly provided by Dr. Jeff Lifson from the AIDS Vaccine Program,
National Cancer Institute (Frederick, MD).

2.3 TLR agonists for stimulation of PBMC
The TLR agonists were utilized at the following concentrations; TLR7 agonist (3M-001; 0.3
μM), TLR8 agonist (3M-002; 3 μM), TLR7/8 agonist (3M-011; 3.0 μM) for in vitro stimulation
of PBMC. Media alone or a non-reactive control TLR7/8 imidazoquinoline (3M-006, 3.0 μM)
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served as negative controls. A TLR9 agonist (A-Class CpG ODN 2216; 4 μ/ml) or a TLR4
agonist (LPS; 5 μg/ml) were added as positive controls in the assays evaluating intracellular
cytokines and COX-2 expression in dendritic cells. Optimal concentrations of these agonists
were determined previously (8,26). The concentrations used in these experiments are listed in
Table 2.

2.4 Cell Culture for activation with TLR agonists
Whole blood was collected by venipuncture into vacutainer tubes containing sodium heparin
(BD Vacutainer Systems, Franklin Lakes, NJ). Peripheral blood mononuclear cells (PBMC)
were isolated by density gradient centrifugation using lymphocyte separation medium
(BioWhittaker, Walkersville, MD). Isolated pDC and mDC were not studied because HIV-1
infected individuals have much lower numbers of circulating pDC and mDC than uninfected
individuals and too much blood would be required to obtain a sufficient number of purified
cells from HIV-1 infected individuals. PBMC (1×106 cells/ml) were incubated in the presence
of TLR agonists or controls in RPMI 1640 (BioWhittaker) supplemented with 10% heat-
inactivated fetal bovine serum (GemCell, Woodland, CA), 100 U/ml penicillin, 100 μg/ml
streptomycin (Sigma, St Louis, MO) and 2 mM of L-glutamine (Sigma). For dendritic cell
activation/maturation, PBMC were cultured in 6-well (6–8 ml) polystyrene tissue culture plates
in a humidified 37°C 5% CO2 incubator. After 24 hours, dendritic cell activation and
maturation markers were evaluated by flow cytometry and culture supernatants were frozen at
−20°C for cytokine analysis.

For intracellular IFN-α, IL-12 or COX-2, PBMC were incubated with the appropriate TLR
agonist (5–7 ml) in 15 ml polypropylene tubes at a 5° slant in a humidified 37°C 5% CO2
incubator. The protein transport inhibitor, Brefeldin A (BFA; 5 μg/ml; BD), was added at the
beginning of the culture period (Time = 0 hours) to cultures containing Media, TLR7, TLR8,
TLR7/8 and control TLR7/8 agonists or 2 hours following the addition of the TLR9 agonist
(CpG ODN). After 20 hours, the cells were harvested and intracellular protein expression was
measured using flow cytometry.

2.5 Induction of IFN-α by aldrithiol-2 (AT-2) inactivated HIV-1 virus
PBMC (1×106/ml) from 10 HIV− and 4 HIV+ individuals were cultured with AT-2
HIV-1Ada or AT-2 HIV-1MN at 500 ng/ml p24CA equivalent in RPMI-10% FBS media. Media
alone and matched control microvesicles, MV-CCR5 and MV-CEMX, served as negative
controls. Cultures (1–2 ml) were incubated at a 5° slant for 20 hours in a humidified 37°C 5%
CO2 incubator for 14 hours with 5μg/ml BFA. After incubation, we measured intracellular
IFN-α accumulation in pDC by flow cytometry.

2.6 Flow cytometry analysis
PBMC from TLR agonist or AT-2 HIV-1 stimulated cultures were harvested, washed and
resuspended to 1×107 cells/ml in Dulbecco’s phosphate buffered saline (DPBS) that contained
0.5% bovine serum albumin and 0.1% sodium azide (FACS buffer). Non-specific antibody
binding to Fc receptors was blocked by pre-incubation of the cells with Fcγ-receptor blocking
reagent (Miltenyi Biotec) for 20 minutes at 4°C. PBMC for dendritic cell activation/maturation
were surface stained with the appropriate antibodies for 20 minutes, washed with FACS buffer,
fixed with 2% formaldehyde and stored at 4°C. PBMC cultures for intracellular IFN-α, IL-12
and COX-2 were surface stained for pDC or mDC, washed and incubated with BD Cytofix/
Cytoperm™ solution for 20 minutes at 4°C. Cells were washed twice with BD Perm/Wash™

buffer and stained with the intracellular staining monoclonal antibodies for 30 minutes. Finally,
the samples were washed twice in Perm/Wash™ buffer, fixed with 1% formaldehyde and stored
at 4°C until analysis. All samples were evaluated within 24-hours of staining using either a
FACSCalibur™ or LSRII flow cytometer.

Martinson et al. Page 4

Cell Immunol. Author manuscript; available in PMC 2010 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Four-color flow cytometry was used to evaluate dendritic cell activation or maturation state
and intracellular IFN-α, IL-12 and COX-2 expression after stimulation with TLR agonists or
AT-2 inactivated HIV-1 virus. Logical gating was used to identify the pDC (Lin1−/CD123+/
HLA DR+) and mDC (Lin1−/CD11c+/HLA DR+) populations. Dendritic cell activation (pDC-
CD86, pDC-CD40, mDC-CD40), maturation (pDC-CD83, mDC-CD83), and intracellular
protein accumulation (pDC-IFN-α; mDC-IL-12 and mDC-COX-2) were expressed as a
percentage of the parent population.

2.7 Measurement of cytokines by ELISA or Cytometric Bead Array (CBA)
Commercial ELISA kits were used to measure the concentration of IFN-α (PBL Biomedical
Laboratories, Piscataway, NJ). The BD™ Cytometric Bead Array (CBA) Inflammation Kit
was used to measure IL-1β, TNF-α, IL-10, and IL-12p70 in cell culture supernatants following
TLR7, TLR8, and TLR7/8 agonist stimulation of PBMC from uninfected and HIV-1 infected
individuals. ELISA and CBA assays were performed according to the manufacturer’s
guidelines.

2.8 Statistical analysis
Results are expressed as the mean ± standard error of the mean (SEM). Groups were compared
using a 2-tailed Student’s t test (confidence level of 95 %.) with GraphPad PRISM software
v4.03. P values of <0.05 were considered statistically significant.

3. Results
3.1 pDC from HIV infected individuals are activated by TLR agonists

HIV-1 infection is associated with low numbers of circulating pDC in the peripheral blood
(6,26,27,35) which may lead to impaired innate immune function and diminished initiation of
adaptive immunity. We incubated PBMC with synthetic small molecule imidazoquinolines
that are TLR7 and TLR8 agonists and evaluated in vitro activation and maturation of pDC from
HIV+ and HIV− individuals. Since pDC have TRL 7 and 9 but do not have TLR 8, activation
with TLR 8 is indirect.

Unstimulated pDC from HIV+ individuals had significantly higher CD86 expression than pDC
from HIV− individuals. TLR7, TLR8, and TLR7/8 agonist stimulation significantly
upregulated the expression of the activation markers, CD86 (B7-2) and CD40, and the
maturation marker, CD83, on pDC from HIV+ (p<0.05) and HIV− (p<0.05) individuals
compared to their respective media controls (Figure 1a–c). The TLR7 agonist induced
significantly less CD83 expression on pDC (1.6 fold; p=0.02) from HIV+ than HIV−

individuals, while the degree of CD86 and CD40 expression in cells from infected and
uninfected individuals was similar. The TLR8 and TLR7/8 agonists induced the same degree
of activation/maturation in pDC from HIV+ and HIV− individuals.

3.2 TLR 8 agonist activates mDC from HIV infected individuals
Activation and maturation of mDC is an essential process in the initiation of an adaptive
immune response. We incubated PBMC with TLR7 and TLR8 agonists and evaluated
activation of mDC from HIV+ and HIV− individuals. Both mDC and pDC from HIV infected
individuals have very high percentages of activated cells after overnight culture with media
alone or TLR controls. Activation in controls was more pronounced for mDC than for pDC.
Activation of mDC measured by increased percentages of CD86 and CD83 positive cells
following overnight culture in the absence of stimulation was so high that it precluded
evaluation of activation with TLR agonists. When cells were from individuals who were
infected with HIV-1, the background activation seen with CD40 was significantly higher than
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when cells were from an uninfected individual (Figure 2a). Even though this was the case, we
were still able to see significant activation of mDC from an HIV infected individual with the
TLR8 agonist. The TLR8 agonist significantly increased (p<0.05) both the percentage and
mean fluorescence intensity (MFI) of CD40 on mDC from both HIV+ and HIV− individuals
(Figures 2a – b). A similar percentage of cells from infected and uninfected individuals was
activated by the TLR 7/8 agonist but since the control values were so much higher, activation
with the TLR 7/8 agonist for cells from infected individuals was not significant.

3.3 TLR7 and TLR8 agonists induced secretion of cytokines
Supernatants collected from cultures of PBMC from HIV+ and HIV− individuals stimulated
with the TLR7, TLR8, and TLR7/8 agonists were evaluated for IFN-α, IL-1β, IL-10, IL-12p70
and TNFα. IFN-α secretion induced by TLR7, TLR8, and TLR7/8 agonist stimulation were
respectively 4.8, 2.6, and 2.0 fold higher in the HIV uninfected individuals than in HIV infected
individuals. IFN-α concentrations were somewhat lower for all TLR agonists when cells from
HIV infected individuals were stimulated (Figure 3a). TLR7 agonist activation of PBMC from
HIV infected individuals (mean IFN-α = 152.5 pg/ml) was significantly (p<0.05) lower than
IFN-α levels induced in uninfected individuals (mean IFN-α = 730.7 pg/ml)..

The TLR8 and TLR7/8 agonists were potent inducers of IL1-β, TNF-α, IL-10 and IL-12p70
production in HIV− and HIV+ individuals (Figure 3b). These values were all significantly
greater (p<0.05) than their corresponding media controls with the exception of TLR7/8 induced
IL12p70. Overall, PBMC cultures from HIV+ individuals showed a trend toward higher
concentrations of pro-inflammatory cytokines, but these differences were not statistically
significant. When incubated with the TLR8 agonist, PBMC from HIV+ individuals secreted
more IL-10 and less IL12p70 than PBMC from HIV− individuals. When incubated with the
TLR7/8 agonist, PBMC from HIV+ individuals secreted more IL1-β and less IL12p70 than
PBMC from HIV− individuals. Less IFN-α was produced in cultures of cells from HIV+

individuals than from uninfected individuals in the presence of the TLR7 agonist. The TLR7
agonist induced concentrations of IL-1β, TNF-α, and IL-10 that were significantly higher in
PBMC from HIV+ individuals than in cultures containing PBMC from HIV− individuals:
(IL-1β: p=0.014; TNF-α: p=0.032; IL-10: p=0.044). We did not observe any induction of
IL-12p70 by the TLR7 agonist.

3.4 HIV-1 and TLR agonists activate IFN-α production in pDC in the absence of costimulatory
cytokines

pDC play an important role in innate immunity through the production of IFN-α. PBMC from
HIV-1 infected individuals were stimulated with natural or synthetic TLR agonists in the
presence of the protein transport inhibitor, Brefeldin A (BFA); we then measured the
intracellular accumulation of IFN-α in pDC (Figure 4). The addition of BFA at the beginning
of the culture prevented cytokines produced by other cells from being released and influencing
IFN-α production by pDC. It also prevented the release of IFN-α and enabled us to measure
intracellular accumulation in pDC using phycoerythrin (PE) conjugated anti-human IFN-α
monoclonal antibody. Representative results from 1 HIV+ individual are presented in Figure
4a. IFN-α expression was significantly greater when PBMC were stimulated with TLR7,
TLR7/8, or TLR9 agonists than in the control cultures (Figure 4b). As expected, no intracellular
IFN-α production was stimulated by TLR8 in the absence of indirect effects mediated by mDC.
The TLR4 agonist, LPS, was included as a negative control since TLR4 is not present on pDC
and TLR9 was included as a positive control since TLR9 agonist activation of cells from HIV
infected individuals has been previously reported (26). We observed a significantly lower
percentage of IFN-α positive pDC in response to TLR7 and TLR7/8 agonists in PBMC from
HIV+ individuals compared with PBMC from uninfected individuals (p=0.015 and p=0.023,
respectively) (Figure 4b). These results demonstrate that pDC from HIV+ individuals recognize
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and respond to the appropriate TLR agonists, but the magnitude of their response to the TLR7
and 7/8 agonists on a per cell basis was significantly less than in uninfected individuals.
Infectious and non-infectious AT-2 treated HIV-1Ada (R5-tropic) and AT-2 treated
HIV-1MN (X4-tropic) virus are potent stimulators of pDC, inducing activation, maturation and
secretion of IFN-α (29,30,36). Therefore, in vitro responses to AT-2 inactivated HIV-1 virus
were evaluated in PBMC from HIV-1 individuals and compared with responses in uninfected
individuals. PBMC from HIV+ or HIV− individuals were cultured with AT-2 HIV-1Ada, AT-2
HIV-1MN, or negative control matched microvesicles and evaluated for intracellular IFN-α
expression within the pDC population. Exposure to non-infectious HIV-1 virus significantly
increased the number of IFN-α expressing pDC in HIV+ and HIV− individuals when compared
to the microvesicle (MV) controls (Figure 4c). However, among HIV+ individuals, the number
of IFN-α positive pDC cells was lower in response to AT-2 HIV-1Ada (1.6 fold) or AT-2
HIV-1MN (1.1 fold) virus than from HIV− individuals, but these differences were not
statistically significant.

3.5 TLR agonists induce IL-12 and COX-2 in mDC in the absence of costimulatory cytokines
mDC play an active role in regulating innate and adaptive immune responses to foreign
pathogens through the production of IL-12. PBMC from HIV-1 infected individuals were
stimulated with TLR agonists in the presence of the protein transport inhibitor, Brefeldin A
(BFA); we then measured the intracellular accumulation of IL-12 and COX-2 in mDC (Figure
5). Representative results from 1 HIV infected individual are presented in Figure 5a. Unlike
the pDC population, the frequency of circulating mDC was similar between HIV+ and HIV−

individuals (0.37% versus 0.31%, p>0.05) in this study. PBMC from HIV+ and HIV−

individuals stimulated with TLR4, TLR7, TLR8, TLR7/8 and TLR9 agonists were evaluated
to determine the percentage of mDC that produce IL-12p40/p70 (Figure 5b). TLR4, TLR8 and
TLR7/8 stimulated PBMC from HIV+ and HIV− individuals had significantly more mDC that
expressed IL-12 (p<0.05) than their respective media controls. The percentage of IL-12
producing mDC was higher in HIV+ than in HIV− individuals for all of the TLR agonists, but
only those responses mediated by TLR4, TLR7, and TLR9 agonists were significantly higher
(p = 0.003, p = 0.003 and p= 0.012, respectively).

COX-2, a pivotal enzyme in prostaglandin biosynthetic pathways, was evaluated in mDC
following TLR agonist stimulation (Figure 5a and 5c). TLR4, TLR8 and TLR7/8 agonist
stimulation significantly increased the percentage of COX-2 positive mDC in both the HIV−

and HIV+ individuals; the percentages of mDC-COX-2 expression was similar between the
HIV− and HIV+ individuals. Constitutive mDC COX-2 expression (media controls) was 1.5
fold higher in HIV+ than in HIV− individuals but this difference was not statistically significant
(p = 0.640). In Figure 5 since cells are incubated with agonists in the presence of BFA, we
would not expect to see mDC activation with TLR7 or TLR9 since mDC do not have these
TLR receptors. TLR7 and TLR9 responses in cultures of cells from HIV infected individuals
are not significantly greater than their matched control. Higher cytokine production is seen in
cells from HIV-1 infected individuals presumably because of in vivo activation of these cells.
These results suggest that TLR agonist stimulation induces both positive (IL-12) and negative
(COX-2) regulatory proteins to be expressed by mDC.

4. Discussion
In this study, we compared the ability of synthetic small molecule imidazoquinolines to activate
pDC and mDC from HIV+ and HIV− individuals. Since a mixed cell culture more accurately
reflects what might happen in vivo, activation was done in PBMC cultures. As a result of this,
activation of DC could be either direct or indirect. The TLR7, TLR8 and TLR7/8 agonists were
equally able to mediate dendritic cell activation as measured by CD86 and CD40 expression
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on pDC and CD40 expression on mDC. The imidiazoquinolines were also effective at inducing
pDC maturation (pDC-CD83). However, pDC maturation was significantly reduced among
HIV+ individuals stimulated with the TLR7 agonist. Similarly, all three types of
imidazoquinolines induced IFN-α and pro-inflammatory cytokine secretion in the PBMC
cultures. The TLR8 and TLR7/8 agonists were the strongest inducers of IL-1β, TNF-α, IL-10
and IL-12p70 in HIV+ individuals. These observations are consistent with previous reports of
increased dendritic cell activation/maturation and expression of pro-inflammatory cytokines
in uninfected individuals (8,37) following TLR7 and TLR8 agonist stimulation and points to
the potential of achieving a similar response in dendritic cells from HIV-1-infected individuals
using these agonists.

The innate immune response to pathogens plays a crucial role in mediating direct antiviral
effects and in the development of the adaptive immune response. Early in HIV-1 disease, innate
immune cells such as pDC, mDC, NK, and iNKT are either diminished due to the direct
cytopathic effects of HIV-1 or are dysfunctional due to a dysregulation of the cytokine network
(38–43). TLR agonists are promising molecules for initiating and/or maintaining immune cell
function. They have been shown to directly trigger antigen presentation by up-regulating
activation (CD86, CD40) and maturation (CD83) markers on dendritic cells and by inducing
the synthesis of large amounts of cytokines like IFN-α, TNF-α and IL-12. These events can
lead to a protective host immune response to HIV-1 infection through the development of
CD8+ T-cell antiviral activity (37).

Distinct patterns of cytokine production were observed in TLR7 and TLR8 agonist stimulated
cultures. The TLR7/8 agonist induced a broader range of cytokines including IFN-α, TNF-α,
and IL-12p70. The TLR7 agonist preferentially induced IFN-α while the TLR8 agonist induced
TNF-α, IL-12p70 and interestingly low levels of IFN-α. The TLR8 and TLR7/8 agonists were
more effective at producing high levels of pro-inflammatory cytokines including IL-1β and
IL-10. These results are consistent with previous reports on TLR7 and TLR8 agonist induced
cytokine production in PBMC from healthy uninfected individuals (8).

In this study, the mean percentage of peripheral blood pDC was lower in HIV+ individuals
(HIV+ 0.16% pDC versus 0.34%; p<0.05) which is consistent with previous reports of low
pDC numbers in association with chronic HIV-1 infection. Previous studies have shown
impaired IFN-α secretion by pDC and defective monocyte maturation post-TLR9 (CpG ODN)
stimulation in HIV-1-infected individuals (26,35,44). To expand on these studies we
demonstrated a dysregulation in total IFN-α (pg/ml) secretion in PBMC cultures from HIV+

individuals (Fig. 3A) stimulated with the TLR7 and TLR7/8 agonists. A reduced frequency of
pDC in HIV+ individuals which is consistent with previously published reports (6,26,27,35),
may be responsible for the lower concentrations of IFN-α detected in HIV-1 infected
individuals. To discriminate between qualitative and quantitative abnormalities in pDC
function, we measured the intracellular expression of IFN-α at the single cell level using a
broad range of synthetic and natural TLR ligands. The percentage of pDC that express IFN-
α was reduced in HIV+ individuals stimulated with the synthetic TLR7, TLR7/8 and TLR9
agonists. PBMC stimulated with AT-2 inactivated HIV-1 virus induced pDC IFN-α expression,
with no significant differences between HIV+ and HIV− individuals. Taken together, these
results demonstrate a dysregulation in IFN-α production in HIV-1-infected individuals which
may impact the anti-viral effect of IFN-α and the induction of HIV-1 specific adaptive immune
responses. The relative contribution of TLR agonists to the control of HIV replication and
enhancement of HIV-specific immunity in an in vitro setting are currently being studied.
However, in contrast to the previously reported protective anti-HIV-1 properties of IFN-α
(45), recent studies suggest that this cytokine contributes to an increase in CD4+ T cell death
mediated by apoptosis in chronically HIV-1-infected individuals (46). The potentially
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detrimental effects of IFN-α should be considered when assessing the risk/benefit balance of
using therapeutic tools that increase IFN-α production in HIV-1 infection.

Another factor in HIV-1 disease progression and immune system dysfunction is related to
excessive immune activation (47–49). In HIV-1 infection, dysregulation of inflammatory
responses points to the importance of studying critical molecules such as COX-2, which
contributes to the pathogenesis of diseases with uncontrolled or chronic inflammation (50,
51). We also observed higher constitutive levels of COX-2 in mDC from HIV-1 infected
individuals. COX-2 is up-regulated by TLR agonists such as CpG ODN and LPS in a MyD88-
dependent signaling pathway (22–24). In these studies we demonstrate direct modulation of
COX-2 expression in mDC using TLR4, TLR7/8, and TLR8 agonists. Interestingly, the TLR9
and TLR7 agonists also induced COX-2 in mDC from HIV+ individuals.

In conclusion, the synthetic small molecule imidazoquinolines displayed functionally distinct
cytokine patterns linked to the TLR expressed by innate immune cells. Based on our results,
we propose that a TLR7/8 (3M-001) agonist may be the most effective at modulating HIV-1
immunity through increased dendritic cell activation/maturation and the induction of critical
cytokines including IFN-α from pDC and IL-12 from mDC. In addition, we must be aware that
COX-2 and IL-10 that are induced by TLR7 and TLR8 agonists may dampen or alter the
development of antigen-specific T-cell responses. Therefore, strategies to induce a protective
host immune response to HIV-1 infection using TLR agonists may need to be combined with
strategies that inhibit COX-2 and IL-10 mediated pathways.
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Figure 1. pDC from HIV infected individuals are activated by TLR agonists
PBMC from 5 HIV+ and 5 HIV− individuals were incubated for 24 hours with TLR7, TLR8,
TLR7/8, control cTLR7/8 agonists, or media alone. Flow cytometry was used to determine
pDC expression of (a) CD86, (b) CD40 and (c) CD83. Results are expressed as the mean ±
SEM of the percentage of pDC that express each cell surface marker. Statistical comparisons
were made between the media, control and the corresponding TLR7, TLR8 or TLR7/8 agonist
stimulated cultures using a Student’s t-test; values were considered significant if p<0.05.
*Significantly different from HIV− control; **Significantly different from HIV+ control; •–•
Significant difference between HIV− and HIV+ cultures.
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Figure 2. TLR 8 agonist activates mDC from HIV infected individuals
PBMC from 5 HIV+ and 5 HIV− individuals were incubated for 24 hours with TLR7, TLR8,
TLR7/8, control cTLR7/8 agonists, or media alone. Flow cytometry was used to determine the
(a) percentage of CD40 positive mDC and (b) CD40 mean fluorescence intensity (MFI) on
mDC. Results are expressed as the mean ± SEM of the percentage of mDC that express CD40
or mDC-CD40 MFI. Statistical comparisons were made between the media control and the
corresponding TLR7, TLR8 or TLR7/8 agonist stimulated cultures using a Student’s t-test;
values were considered significant if p<0.05. *Significantly different from HIV− control;
**significantly different from HIV+ control; •–• significant difference between HIV− and
HIV+ cultures.
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Figure 3. TLR7, TLR8 and TLR7/8 agonists induce pro-inflammatory cytokine secretion
PBMC from 5 HIV+ and 5 HIV− individuals were incubated for 24 hours with a TLR7, TLR8,
TLR7/8, control cTLR7/8 agonists or media alone. Culture supernatants were collected and
the concentration of (a) IFN-α was measured by ELISA, while (b) IL-1β, TNF-α, IL-10 and
IL-12p70 were measured by CBA. Results are expressed as the mean ± SEM concentration
(pg/ml). Statistical comparisons were made between the media control and the corresponding
TLR7, TLR8 or TLR7/8 agonist stimulated cultures using a Student’s t-test; values were
considered significant if p<0.05. *Significantly different from HIV− control; **Significantly
different from HIV+ control; •–• Significant difference between HIV− and HIV+ cultures.
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Figure 4. HIV-1 and TLR agonists activate IFN-α production in pDC in the absence of
costimulatory cytokines
PBMC were incubated for 20 hours with inactivated HIV-1 or synthetic TLR agonists in the
presence of 5 ug/ml the protein transport inhibitor Brefeldin A (BFA). Intracellular
accumulation of IFN-α was measured. (a) Representative flow cytometric analysis of the
selective detection of intracellular IFN-α in pDC [logical gating was used to identify the pDC
population from 1 HIV-1 infected individual (Lin1−/HLA DR+/CD123+)] following
stimulation. (b) 12 HIV+ and 10 HIV− individuals were evaluated for intracellular
accumulation of IFN-α following stimulation with TLR4, TLR7, TLR8, TLR7/8 and TLR9
agonists in the presence BFA. TLR4 was included as a negative control and TLR9 was included
as a positive control. (c) 4 HIV+ and 10 HIV− individuals were evaluated for intracellular
accumulation of IFN-α following stimulation with AT-2 inactivated HIV-1Ada (R5-tropic),
AT-2 inactivated HIV-1MN (X4-tropic) and matched control microvesicles (MV-CCR5, MV-
CEMX) in the presence of BFA. Results are expressed as the mean ± SEM of the percentage
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of pDC that expresses intracellular IFN-α. Statistical comparisons were made between the
media control and the corresponding TLR agonist or AT-2 inactivated HIV-1 virus using a
Student’s t-test; values were considered significant if p<0.05. *Significantly different from
HIV− control; **significantly different from HIV+ control; •–• significant difference between
HIV− and HIV+ cultures.
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Figure 5. TLR agonists induce IL-12 and COX-2 in mDC in the absence of costimulatory cytokines
PBMC were incubated for 20 hours with inactivated HIV-1 or synthetic TLR agonists in the
presence of 5 ug/ml the protein transport inhibitor Brefeldin A (BFA). Intracellular
accumulation of IFN-α was measured. (a) Representative flow cytometric analysis of the
selective detection of intracellular IL-12p40/p70 or COX-2 in mDC; [logical gating was used
to identify the mDC population from 1 HIV infected individual (Lin1-/HLA DR+/CD11c+)]
following stimulation. (b) 12 HIV+ and 10 uninfected individuals were evaluated for
intracellular accumulation of IL-12 in mDC following stimulation with TLR4, TLR7, TLR8,
TLR7/8 and TLR9 agonists in the presence BFA. TLR4 was included as a negative control and
TLR9 was included as a positive control. (c) The same individuals were evaluated for
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intracellular accumulation of COX-2 in mDC. Results in b and c are expressed as the mean ±
SEM percentage of mDC expressing the intracellular marker. Statistical comparisons were
made between the media control and the corresponding TLR agonist using a Student’s t-test;
values were considered significant if p<0.05. *Significantly different from HIV− control;
**significantly different from HIV+ control; •–• significant difference between HIV− and
HIV+ cultures.
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Table 1

Description of HIV-1infected individuals

HAART* No HAART

Number 15 2

Males 12 2

Females 3 0

CD4 T cells/mm3

 Minimum 69 50

 Median 510 465

 Maximum 992 880

Viral load, copies/ml

 Minimum <50 3190

 Median <75 3595

 Maximum 94387 4000

Treatment length, months

 Minimum 1 NA**

 Median 50 NA

 Maximum 204 NA

*
HAART, highly active antiretroviral therapy

**
NA, not applicable
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Table 2

TLR agonists used in these studies

TLR Agonist Designation Cognate TLR Test Concentration

Lipopolysaccharide* LPS TLR4 5.0 μg/ml

Imidazoquinoline 3M-001 TLR7 0.3 μM

Imidazoquinoline 3M-002 TLR8 3.0 μM

Imidazoquinoline 3M-011 TLR7/8 3.0 μM

Imidazoquinoline Control 3M-006 none 3.0 μM

Class A CpG ODN CpG-2216 TLR9 4.0 μg/ml

*
from E. coli 055:B5
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