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Abstract

The ability to trigger an innate immune response against opportunistic pathogens associated with HIV-1 in-
fection is an important aspect of AIDS pathogenesis. Toll-like receptors (TLRs) play a critical role in innate
immunity against pathogens, but in HIV-1 patients coinfected with opportunistic infections, the regulation of
TLR expression has not been studied. In this context, we have evaluated the expression of TLR2 and TLR4 in
monocytes, plasmacytoid dendritic cells, and myeloid dendritic cells of HIV-1 patients with or without op-
portunistic infections. Forty-nine HIV-1-infected individuals were classified according to viral load, highly active
antiretroviral therapy (HAART), and the presence or absence of opportunistic infections, and 21 healthy subjects
served as controls. Increased expression of TLR2 and TLR4 was observed in myeloid dendritic cells of HIV-1
patients coinfected with opportunistic infections (without HAART), while TLR4 increased in plasmacytoid
dendritic cells, compared to both HIV-1 without opportunistic infections and healthy subjects. Moreover, TLR2
expression was higher in patients with opportunistic infections without HAART and up-regulation of TLR
expression in HIV-1 patients coinfected with opportunistic infections was more pronounced in dendritic cells
derived from individuals coinfected with Mycobacterium tuberculosis. The results indicate that TLR expression in
innate immune cells is up-regulated in patients with a high HIV-1 load and coinfected with opportunistic
pathogens. We suggest that modulation of TLRs expression represents a mechanism that promotes HIV-1
replication and AIDS pathogenesis in patients coinfected with opportunistic pathogens.

Introduction

Alterations in immune response are hallmarks of
HIV-1 infection. Among these, CD4 + T cell depletion

together with increased levels of viremia and opportunistic
infections (OI) are considered major factors in promoting
HIV/AIDS pathogenesis.1 HIV-1-infected individuals can
also suffer from chronic hyperactivation of the immune sys-
tem, and this persistent immune challenge together with high
levels of proinflammatory cytokines and increases in immune
cell activation is thought to contribute to viral pathogenesis.1

Moreover, advanced HIV-1 infection is known to be associ-
ated with reduced innate and adaptive immune responses to
pathogens, which can promote unusual and severe manifes-

tations of OI and AIDS progression. In addition to CD4 + T cell
depletion, HIV infection can lead to markedly reduced
numbers and altered functions of innate immune cells such as
plasmacytoid dendritic cells (pDC) and myeloid dendritic
cells (mDC).2,3 Given the central role of DCs in innate and
adaptive immunity, it seemed possible that the functional
abnormalities of these cells could trigger altered responses to
opportunistic pathogens in HIV-1-coinfected subjects. DCs
are activated through innate signaling receptors such as the
Toll-like receptors (TLRs) and other members of pattern-rec-
ognition receptors (PRRs).4,5 PRR activation by various
stimulatory substances culminates in the establishment of
adaptive immunity, characterized by the release of inflam-
matory cytokines, expression of costimulatory molecules, and
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migration of DCs into lymphoid tissues.6,7 Other viruses such
as hepatitis C virus, vaccinia virus, West Nile virus, and
HTLV-1 can also alter immune effector mechanisms leading
to dissemination of infection.8

TLRs recognize several conserved microbial structures,
including lipids, proteins, and nucleic acids. For example,
HIV-derived RNA can activate pDCs via TLR7/TLR8 and
possibly TLR9.4,9–11 TLR engagement leads to activation of
common signaling pathways, which results in the activation
of the transcription factors, activator protein 1 (AP-1) and NF-
jB.12,13 Importantly, TLR downstream signaling can also ac-
tivate HIV-1 genome expression itself, through the interaction
with long terminal repeats (LTR) in the HIV provirus.14–18

Previous studies have documented altered TLR expression in
HIV-1-infected patients19–23 raising the possibility that
proinflammatory signals during chronic infection and OI can
further increase HIV expression. Thus, while TLR expression
in HIV-1 patients coinfected with OI could be an important
determinant of disease progression, the regulation of TLR
expression in HIV-1 patients coinfected with OI has not been
studied. As we are interested in this subject, we evaluated the
expression of TLR2 and TLR4 in monocytes, pDC, and mDC
of HIV-1 patients with or without OI. We report here an in-
creased expression of TLR2 and TLR4 in DCs of HIV-1-
infected patients with OI, especially in those coinfected with
Mycobacterium tuberculosis (TB) and without HAART treat-
ment, as well as high levels of TLR2 and TLR4 mRNAs in
peripheral blood mononuclear cells (PBMCs) from coinfected
patients.

Materials and Methods

Patient cohort

Forty-nine HIV-1-infected patients were classified in two
groups according to the presence or absence of OI ( + OI or
- OI, respectively), viral load (higher than or less than 400
copies of viral RNA/ml blood), and use of HAART (naive
treatment or more than 6 continuous months of treatment, at
the time of sample acquisition). Twenty-one age-matched
HIV-1 individuals uninfected by OI and without illness for the
past 3 months were included in the study as controls, who
were volunteers from the general population, unfamiliar with
the study. According to ethical guidelines, signed informed
consent was obtained before enrollment into the study. All
biomedical investigations were conducted according to the
principles of the Helsinki Declaration.

The diagnosis of the OI was made based on clinical mani-
festations (signs and symptoms) and using routine microbi-
ology laboratory tests (serology, culture, and/or PCR; for TB
x-rays were also used). HIV-1 patients with OI were treated
with specific antibiotics/antivirals, according to international
pharmaceutical guidelines. However, all the samples were
taken within 1–2 days after specific diagnosis. According to
the 1993 Centers for Disease Control (CDC) and Prevention
classification system, all HIV-1 patients with OI were at the
symptomatic AIDS stage (C2 and C3), including Pneumocystis
jirovecii pneumonia, disseminated histoplasmosis, dissemi-
nated cryptococcosis, active pulmonary and extrapulmonary
tuberculosis, esophageal candidiasis, and other opportunistic
infections, common among Colombian patients (e.g., dis-
seminated herpes simplex virus disease, syphilis, Pseudomonas
spp., and Escherichia coli sepsis). Syphilis is not an opportu-

nistic infection per se; however, Treponema pallidum is a very
common coinfecting pathogen in Colombian HIV-1-infected
patients, who have an increase risk for neurological compli-
cations and uveitis and have higher rates of treatment
failure.24

Sample acquisition and preparation

Whole peripheral blood was collected by venipuncture into
vacutainers (Becton Dickinson) containing heparin. HIV-1
viral loads were assessed by certified commercial laborato-
ries. CD4 + T cells counts were performed by flow cytometry
(FACS BD Biosciences, San Jose, CA). Fresh PBMCs were
isolated by density gradient centrifugation using Ficoll–
Hypaque (Histopaque 1077, Sigma Aldrich). Aliquots of fresh
PBMCs, containing approximately 3 · 106 cells, were mixed
directly in 1 ml Trizol reagent (Invitrogen) and frozen before
RNA extraction.

Monoclonal antibodies

The following monoclonal antibodies were obtained from
BD Biosciences (BD, San Jose, CA): Lin1 FITC (CD3, CD14,
CD16, CD19, CD20, and CD56 cocktail), CD123 PE-Cy5, and
CD11c PE-Cy5. TLR2 (clone TL2.1) and TLR4 (clone HTA125)
phycoerythrin conjugates were from eBiosciences. Anti-
BDCA-2 FITC and the FcR blocking reagent were from Mil-
tenyi (Auburn, CA). Conjugated isotype-control antibodies
were used as controls.

Flow cytometry analysis

Freshly isolated PBMCs were resuspended in phosphate-
buffered saline (PBS) containing 0.5% bovine serum albumin
(BSA) and 0.1% sodium azide. After addition of Fc-receptor
blocking reagent (Miltenyi, Auburn, CA), PBMCs were sur-
face stained with the appropriate antibodies or controls, fixed
with 2% formaldehyde, and stored at 4�C until analysis. All
samples were evaluated within 2–4 h of staining using a
FACScan flow cytometer (BD Biosciences). Logical gating was
used to identify monocyte (CD14 + ), mDC (Lin1 -/CD11chigh),
and pDC (BDCA-2 +/CD123high) populations (Fig. 1). For DC
evaluation, at least 200,000 gated events were acquired, and
for monocytes at least 100,000 gated events. Acquired events
were analyzed using the CellQuest software. TLR expression
is presented as mean fluorescent intensity of the total cell
subpopulation.

Quantitative reverse-transcriptase real-time PCR

One microgram of total RNA was treated with 2 units
RNase-free DNase I (Fermentas) for 1 h at 37�C to remove
traces of genomic DNA. The first strand cDNA was synthe-
sized using the Superscript III kit (Invitrogen) according to the
manufacturer’s directions. Briefly, total RNA was incubated
for 60 min at 42�C with reverse transcriptase and random
hexamer primers, and then treated with RNase H for 20 min at
37�C. No RT control was used. Specific primers were designed
intron spanning, to avoid coamplification of genomic DNA
in the real time PCR step. The sequences were TLR2 (F:
GGCCAGCAAATTACCTGTGTG, R: CCAGGTAGGTC
TTGGTGTTCA), TLR4 (F: CTGCAATGGATCAAGGACCA,
R: TCCCACTCCAGGTAAGTGTT), and b-actin (F: ATC
TGGCACCACACCTTCTACAATGAGCTGCG, R: CGTCA
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TACTCCTGCTTGCTGATCCACATCTGC). b-actin was used
as a housekeeping gene to account for variability in the
amount of RNA transcribed and in the RT reaction itself.
Real-time PCR cycling was performed in duplicate (5 min
at 95�C, followed by 38 cycles of 20 s at 95�C, 30 s at 55�C,
and 30 s at 72�C) in 25 ll containing 2 ll of undiluted
cDNA, 500 nmol of each primer, and 1X SYBR green PCR
master mix (Qiagen). For comparative purposes, estimation
of the relative amount of mRNA in the samples was de-
termined according to the following formula: (1 + X) -DCt,
where X is the efficiency of the reaction, Ct is the cycle at
which the detected signal is significantly above the back-
ground signal, and DCt is the difference between the Ct of
the TLR mRNA of interest and the Ct of the endogenous
control gene, b-actin. For all the experiments, the efficiency
of the reactions was between 81% and 87%, and thus, the
formula was used with an average efficiency of 85% (1.85 -

DCt). The specificity of amplification was validated by ob-
serving a single peak at the expected Tm on the analysis of
the melting curve.

Statistical analysis

Data were plotted and analyzed using Prism 5.0 software
(Graph Pad Software, CA). All the results of the in vitro assays

shown represent at least three independent experiments.
Unpaired two-tailed Student’s t-tests (Mann–Whitney
U-tests) and the ANOVA test were employed to assess the
statistical significance of TLR expression in the different
groups. Spearman’s test for matched correlations was per-
formed. Values of p < 0.05 (*) were considered significant,
whereas p values < 0.01 (**) or < 0.001 (***) were considered
highly significant.

Results

Monocytes and mDC subpopulations decreased
in HIV-1-coinfected patients

The demographics of the patients studied are shown in
Table 1, and opportunistic pathogens present in HIV-1-
coinfected patients are identified in Table 2. All the patients
recruited for these studies were diagnosed with active disease
at the time of sample collection, and were on antibiotic ther-
apy. First, we quantified the cellular subpopulations to assess
the possible differences between subject groups. We observed
a significant decrease ( p < 0.01) in the percentage and the
absolute count of monocytes/ll of blood from HIV patients
coinfected with OI (OI + median count: 284; range: 176–2066)
compared with HIV-1-infected patients without OI (OI -

median count: 650; range: 88–2002). In addition, a decrease in

FIG. 1. Gate strategies used to determine the expression of Toll-like receptor (TLR)2 and TLR4 on monocytes, myeloid
dendritic receptors (mDCs), and plasmacytoid dendritic receptors (pDCs). Mononuclear cells were gated according to
physical characteristics, excluding dead cells. Monocytes were then gated as CD14 + cells; mDC as Lin 1 - CD11chigh; and
pDC in two ways, BDCA-2 + CD123high or Lin 1 - CD123high. Each specific subpopulation was plotted as histograms to show
the expression of TLR2 and TLR4. Data are presented as overall mean fluorescence intensity (MFI), after subtraction of
isotype staining background.
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the relative number (percentage) of mDC ( p < 0.018) as well as
in the absolute mDC count in total blood was observed in
coinfected subjects (median: 0.17% range: 0.05–1.15%) when
compared with OI subjects (median: 0.40% range: 0.22–
1.15%). In contrast to previous reports, there was no change in
the pDC subpopulation counts (Supplementary Fig. S1; Sup-
plementary Data are available online at www.liebertonline
.com/aid). The results indicate alterations in cellular popu-
lations that are prevalent during HIV infection, primarily in
patients with active coinfections.

TLR2 and TLR4 are increased in DCs from HIV-1-
coinfected patients with OI

Sanders et al. reported that TLR4 expression in lympho-
cytes was increased in HIV-1-infected individuals compared
to healthy controls,25 suggesting a possible role of HIV-1 in
modulating TLR expression. We determined TLR2 and TLR4
protein and mRNA expression levels to assess whether coin-
fection with OI changes TLR expression in antigen-presenting
cells of HIV-1-infected patients (Fig. 2). HIV-1-infected sub-
jects with OI were subdivided based on the use of HAART for
part of the analysis (Table 1 and Fig. 3). TLR2 and TLR4 ex-
pression was increased ( p < 0.01) in mDCs of HIV-1 patients
coinfected with an OI compared with either HIV-1 patients
without an OI or healthy donors (Fig. 2B). In addition, ex-

pression levels of both TLR2 and TLR4 in mDCs were dif-
ferent between HIV-1-infected patients with and without OI,
but no significant difference in TLR2 or TLR4 expression was
observed when HIV-1-infected patients without OI were
compared to controls. Similar results were observed in pDCs
from HIV-1 patients coinfected with OI, but only for TLR4
( p < 0.05) (Fig. 2). In contrast, expression of TLR2 was in-
creased in monocytes from HIV-1-infected patients without
OI compared to healthy controls ( p < 0.05) (Fig. 2B). Interest-
ingly, the low mean fluorescent intensity (MFI) values of
TLR2 and TLR4 in monocytes compared with DCs is due to
high basal fluorescence in monocytes, which decreases the
overall MFI, after subtraction of the isotype control.

Surprisingly, we report TLR2 and TLR4 expression on pDC
(defined as Lin1 - CD123high or BDCA-2 + CD123high PBMCs)
at the protein level in all the individuals in this study (Fig. 2
and Supplementary Fig. S2; Supplementary Data are available
online at www.liebertonline.com/aid). These results were
validated by the isotype control analysis (Supplementary Fig.
S2A), as well as in purified pDCs derived from a healthy
donor sample by using a magnetic bead-based methodology
(Miltenyi, Germany), both at the protein level (Supplemen-
tary Fig. S2B) and the mRNA level (Supplementary Fig. S2C)
(flow cytometry and real time RT-PCR, respectively).

HIV-1-infected patients coinfected with Mycobacterium
tuberculosis showed the most notable up-regulation
of TLR2 and TLR4

HIV-1-infected patients are frequently coinfected with TB,
and active pulmonary or severe and disseminated forms of
tuberculosis can be observed. To determine whether coinfec-
tion with M. tuberculosis specifically influenced the expression
level of TLR2 and TLR4, HIV-1 patients coinfected with OI
were subdivided by their type of coinfected microorganisms
and evaluated for TLR expression levels. HIV-1 patients co-
infected with TB presented the highest induction of TLR2 and
TLR4 expression in monocytes and of TLR2 in mDCs (Table 3)
when compared to HIV-1 patients coinfected with other op-
portunistic pathogens (Table 2) or when compared to healthy
controls. These results demonstrate that HIV-1 infection can
effectively synergize with certain types of OI to increase the
expression levels of TLR2 and TLR4.

Table 1. Demographic Features of HIV-1-Infected Individuals and Controls

HIV-1-infected individuals

Item
With opportunistic infections

(n = 10)
Without opportunistic infections

(n = 39)
Healthy controls

(n = 21)

Age: median (range) 25 (20–63) 36 (20–61) 24 (19–47)
Male:Female 6:4 25:14 8:13

Viral load in RNA copies/ml plasma:
median (range)

83,700 (734–231,000) 17,750 ( < 50–750,000) N/A

With HAARTa: without HAART 4:6 30:9 N/A
CD4 + T cells/ll peripheral bloodb:

median (range)
130 (4–406) 330 (14–950) 646 (460–1143)

aPatients in HAART treatment were using combinations of nucleotide and nucleoside reverse transcriptase inhibitors (abacavir,
lamivudine, didanosine, stavudine, and zidovudine), nonnucleoside reverse transcriptase inhibitors (efavirenz and nevirapine), and protease
inhibitors (lopinavir, fosamprenavir, amprenavir, nelfinavir, and saquinavir).

bCD4 + T cell counts under 200 cells/ll; were receiving fluconazol, acyclovir, and TMS as prophylactic.
HAART, highly active antiretroviral therapy; NA, not applicable.

Table 2. Opportunistic Infections in HIV-1-Infected

Individuals

Opportunistic infections Number of patientsa

Mycobacterium tuberculosisb 4
Candidiasis (severe esophagitis) 3
Cryptococcosisc 2
Histoplasmosisc 2
HSV-1/2 infectionsc 2
Pneumocystis pneumonia 2
Otherd 5

aSome patients had infections by two or more pathogens.
bActive pulmonary and extrapulmonary disease.
cDisseminated infection.
dSyphilis, pneumopathies, and bacterial infections, including

Pseudomonas spp. and E. coli sepsis.
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FIG. 2. Increased expression of TLR2 and TLR4 in DCs from HIV-1 patients coinfected with opportunistic infection (OI).
TLR2 and TLR4 expression on monocytes (CD14 + ), mDCs (Lin1 - CD11chigh), and pDCs (BDCA2 + CD123high) from total
peripheral blood mononuclear cells (PBMCs), and measured by flow cytometry. (A) Analysis of TLR4 expression in pDCs
from the three groups of individuals, healthy donors, and HIV-1-infected patients with and without OIs. The PBMC gated
events are shown to select the pDC subpopulation and TLR4 expression in these cells. For both TLRs and all cellular
subpopulations evaluated, the strategy used for the analysis was the same. (B) The mean fluorescence intensity (MFI) of TLR2
and TLR4 in mDCs and monocytes was plotted for each group: controls (n = 21), HIV-1-infected patients without OI (n = 39),
and HIV-1-infected patients with OI (n = 10). Comparisons were performed using the Kruskal–Wallis ANOVA tests and
Dunn’s post-tests. The level of significance is p < 0.05 (*) and p < 0.01 (**).
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FIG. 3. Higher expression of TLR2 and TLR4 in cells of HIV-1-coinfected patients with OI but without highly active
antiretroviral therapy (HAART). OIs and HIV coinfection are associated with increased TLR expression in (A) dendritic cells
and (B) monocytes from patients without HAART treatment. Mean fluorescence intensity (MFI) of TLR2 and TLR4 in mDCs
and monocytes was plotted for each study group. Comparisons were by Kruskal–Wallis ANOVA tests and Dunn’s post-tests.
The level of significance is p < 0.05 (*) and p < 0.01 (**); controls (n = 21), HIV - OI (HIV-1-infected patients without OIs, n = 39),
HIV + OI (HIV-1-infected patients with OIs) with HAART (n = 4) and without HAART (n = 6).

Table 3. TLR2 and TLR4 Expression in Monocytes and Dendritic Cells from HIV-Infected

Patients with Opportunistic-Infections

Monocytes mDC pDC

Clinical condition TLR2 TLR4 TLR2 TLR4 TLR2 TLR4

HIV-1-infected patients
Syphilis 8.13 9.89 70.59 71.46 65.57 151.60
Fungia 8.78 9.10 160.60 661.60 102.20 390.40
M. tuberculosis 72.36 68.16 197.30 617.90 50.19 153.40
HSV-1/2a 7.18 7.04 121.00 459.60 102.20 390.40

HIV without OI 19.92 13.31 52.08 44.37 29.86 59.13
Healthy donors 10.06 11.44 44.59 21.40 34.44 42.40

aOne of the HIV-1 coinfected patients with fungi (cryptococcosis and candidiasis) also had active and disseminated HSV-1/2 infection.
TLR2 and TLR4 were expressed as the mean fluourescent intensity (MFI) median of HIV-infected patients with each opportunist pathogen.

DC, dendritic cell.
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DCs from HIV-1-infected patients with OI and without
HAART present increased TLR2 and TLR4 expression

The pattern of TLR2 and TLR4 expression in individuals
with or without HAART therapy was then evaluated.
Notably, in the group of HIV-1 patients coinfected with OIs
and without HAART treatment, there were increased TLR2
and TLR4 expression in mDCs, compared to HIV-1-infected
patients without OI or compared to healthy controls (Fig. 3A).
Similar results were observed in pDCs, but only in the case of
TLR4 expression (Fig. 3A). In addition, monocytes of HIV-1
patients coinfected with OI and not undergoing HAART
treatment expressed higher levels of TLR2 compared to
monocytes of HIV-1-infected patients with OI and undergo-
ing HAART therapy (Fig. 3B). Similar results were observed
when the expression of TLR2 was determined in monocytes
from HIV-1-infected patients without OI, as compared to
controls (Fig. 3B). These results suggest that HAART treat-
ment that modulates viral load can contribute to the effect of
OI on the up-regulation of TLR2 and TLR4 in immune cells.

Increased mRNA levels of TLR2 and TLR4 in HIV-1
patients coinfected with opportunistic pathogens

Consistent with the increase of TLR2 and TLR4 protein
expression observed by flow cytometry, there was an increase
in the mRNA level of both TLR2 and TLR4 in PBMCs of HIV-1
patients coinfected with OIs, when compared to healthy do-
nors ( p < 0.05) (Fig. 4). Interestingly, HIV-1-infected patients
also have increased levels of mRNA tumor necrosis factor
(TNF)-a compared to the controls (data to be published sep-
arately).

Expression of TLR2 in monocytes correlates
positively with viremia in HIV-1 patients coinfected
with opportunist pathogens

We next determined the correlation between plasma HIV-1
RNA levels with TLR2 and TLR4 expression in HIV-1-infected
subjects with or without OI. Consistent with the hypothesis
that HIV infection synergizes with OI to induce expression of
TLR2 and TLR4, we observed that the expression levels of

TLR2 in monocytes correlated positively with viral load
(r = 0.786, p = 0.048). Additionally, there was a trend toward
TLR4 correlation with viral load (r = 0.679, p = 0.109) (Fig. 5). A
similar analysis for CD4 + T cell counts and TLR2 or TLR4
expression in HIV-1-infected patients with OI showed no
significant correlations (data not shown).

Discussion

Innate immune activation is critical to control infections. In
the case of HIV infection, however, innate immune activation
also drives HIV replication via signaling pathways down-
stream of TLRs.26 Therefore, HIV is able to exploit the acti-
vation of innate immunity for its own advantage. This feature
of HIV may have important implications for HIV-1-infected
patients who are coinfected with opportunistic pathogens.
Although it is known that OIs in HIV-1-infected individuals
are frequently associated with increased viral loads,27 the
mechanisms by which coinfecting pathogens facilitate AIDS
progression remain poorly understood. Here, we evaluated
the effect of coinfection on TLR2 and TLR4 expression in
monocytes and DCs from in HIV-1-infected patients.

In vitro studies suggest that stimulation of TLR2, TLR4, and
TLR9 causes up-regulation of viral replication14–18 by activat-
ing NF-jB in HIV-1-infected cells. However, activation of NF-
jB through TLR4 alone is not sufficient to activate viral LTR
and virus replication,28 while stimulation via TLR2 always
induces LTR HIV activation. Presumably, this is because TLR4
signaling is also able to induce type I IFN release,29 which acts
as an antiviral factor. On the other hand, the fungal zymosan,
which stimulates TLR2 and dectin-1, was reported to inhibit
HIV replication.30 Nevertheless, pure TLR2 and TLR5 ligands
increase cellular HIV-1 integration, trigger reactivation of latent
HIV-1 provirus in T cells, and activate virus gene expression in
central memory CD4+ T cells.31 Thus, TLR activation may lead
to modulation of HIV infection due to the effect of downstream
signaling effectors on viral replication.

We observed a marked increase of TLR2 and TLR4 ex-
pression in mDCs of HIV-1 patients coinfected with different
pathogens in vivo. Similar results were observed in monocyte-
derived macrophages and PBMCs from healthy donors and

FIG. 4. HIV-1-infected individuals express higher levels of TLR2 and TLR4 mRNAs than healthy donors. TLR2 and TLR4
mRNA levels were measured using real-time PCR, and normalized with the housekeeping gene b-actin. Relative units of
TLR2 and TLR4 transcripts versus b-actin transcripts are shown as a median and range. Comparisons were by Kruskal–
Wallis ANOVA tests and Dunn’s post-tests. The level of significance is p < 0.05 (*); controls (n = 21), - OI (HIV-1-infected
patients without OIs, n = 39), + OI (HIV-1-infected patients with OIs, n = 10).
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in vitro infected with HIV-1, treated with TLR2 and TLR4
agonist. Consequently, with this increase in TLR expression,
an effect on the functionality of TLRs was observed based in
the high expression of proinflammatory cytokines such as
IL-1b, IL-6, IL-8, and TNF-a, and the induction of pDC mat-
uration, compared to mock infection (data to be published
separately). These results extend previous findings that HIV-1
infection itself leads to up-regulation of TLR2.19 Likewise,
HIV-1 and its products can also modulate TLR expression and
functions. For instance, the ssRNA40 (HIV-1-derived RNA)
increased TLR3 and TLR8 expression in activated T cells,25 as
well as TLR4 mRNA expression,20,21 together with an in-
creased proinflammatory response to TLR ligands. Increased
TLR4 expression by T cell subsets was reported in HIV-1-
infected patients.22 Chronic HIV-1-infected patients who failed
to respond to HAART showed reduced expression of TLR3,
TLR4, and TLR9 together with increased expression of TLR7,
which correlated with high HIV-1 RNA levels.23 The results
suggest that the virus-mediated immune-modulator pathway
involved in regulating TLR expression could represent an im-
portant pathogenic event in chronic HIV-1 infection.

Consistent with this hypothesis, an association between
HIV disease progression and polymorphisms in TLR432 and
TLR9,33,34 or the levels of soluble TLR2,35 has been reported.
Interestingly, a 3’-UTR polymorphism in the NLRP3 gene, a
member of the cytosolic NOD-like receptors, was also asso-
ciated with increased susceptibility to HIV-1 infection.36

Overall, these results point to an important role of the TLRs, or
even other PRRs, in modulating AIDS progression.

Whether TLR signaling is beneficial for the host, or en-
hances virus replication and spread, depends on different
factors: the kind of TLRs activated, the doses of TLR ligands
involved, the duration of the stimulation, the cell types
stimulated, and the stage of HIV-1 infection (acute vs.
chronic). Based on our results, we propose a dual role of TLR

during HIV-1 infection. During the initial phase of infection,
TLR signaling could promote IFN-a/b release, which could
have antiviral effects. However during chronic infection, TLR
stimulation could induce a strong inflammatory response that
would increase HIV-1 replication. This can explain the dif-
ferent results obtained by several research groups, showing
an increase or decrease in HIV-1 replication,14,37,38 or even
transmission from DCs to CD4 + T cells,39 after TLR stimula-
tion when using different TLR ligands, virus strains, and
cellular models (mastocytes,16 DCs,40 macrophages, lym-
phoid tissue,41 and microglia42), or animal models (transgenic
mice that incorporate the HIV-1 genome).15,43

The main goal of HAART is to block HIV-1 replication and
achieve immune reconstitution in HIV-1-infected patients. In
this study we report that mDCs of HIV-1-infected subjects
with OI and without HAART present higher expression levels
of TLR2 and TLR4 than those from coinfected patients on
HAART therapy. This could be associated with a higher viral
load since TLR2 and TLR4 are able to mediate the activation of
HIV-1 LTR through the NF-jB pathway.14,15,18 Together,
these results suggest that TLR expression levels could be
influenced by viral factors, opportunistic pathogens, and the
immunological state of the host.

We have also observed that the percentage of monocytes
and mDCs decreased significantly in HIV-1 patients co-
infected with OI and without HAART. In contrast, the
percentage of pDCs was similar in all the groups of HIV-1-
infected individuals studied (Supplementary Fig. S1). Inter-
estingly, despite a lower percentage of these cell types, the
mDCs of HIV-1-infected subjects with OI and without
HAART expressed higher levels of TLR2 and TLR4, the pDCs
expressed higher levels of TLR4, and the monocytes ex-
pressed higher levels of TLR2. Previous reports have shown
restoration in cellular subsets following HAART.44,45 HIV-1
patients coinfected with OIs in our study exhibited restoration
of mDCs, as well as monocytes, after HAART.

Based on these observations, we propose that increased
TLR expression, together with a higher inflammatory re-
sponse, increases viral replication through NF-jB. In addition
to increased TLR4 expression in pDCs, its activity might also,
thereby, induce IFN-a secretion and increased loss of CD4 + T
cells via TRAIL-mediated apoptosis.46 On the other hand,
there is a second possibility, whereby patients with higher
viral load, especially those without HAART, maintain a
proinflammatory state that also increases TLR expression. In
both cases, TLR up-regulation in HIV-1-infected patients
could represent an immune-pathogenic event that would ac-
celerate the progression to AIDS in patients not on HAART,
primarily in the context of an opportunist infection.

TB is one of the most important OIs in HIV-1-infected pa-
tients, especially among Colombian subjects. Patients with TB
and without HIV-1 infection showed no difference in TLR2
expression in monocytes compared to healthy donors,47 while
TLR8 expression was up-regulated in patients with acute TB,
as well as in differentiated macrophages upon infection with
the M. bovis bacille Calmette-Guérin.48 Our results demon-
strate that TLR2 and TLR4 are most strongly up-regulated in
mDCs of patients coinfected with TB and HIV-1, which could
lead to enhanced activation of cells by TB-derived products.

After HAART use, the responder patients (subjects with
HAART in whom the viral load was significantly reduced)
show an apparent ‘‘normalization’’ of TLR expression, despite

FIG. 5. TLR2 expression in monocytes is positively corre-
lated with viral load in HIV-1-coinfected patients with OI.
TLR2 expression was significantly correlated with viral load
( p = 0.048, r = 0.786), and TLR4 tended toward correlating
with viral load in HIV-1-coinfected subjects with OI
( p = 0.109, r = 0.679). For the correlation, seven HIV-1-infected
patients with OI were analyzed, but for the last three pa-
tients, it was not possible to obtain data on the viral load.
Spearman correlations were used with a significance level of
p < 0.05 two-tailed.
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low CD4 cell counts. Thus, the association between TLR ex-
pression and plasma HIV-1 viral load points toward the
regulation of expression by viral products rather than large
shifts in innate cell populations. Interestingly, in monocytes,
expression of TLR2 was also positively correlated with the
viral load, and as one might expect, it was lower in coinfected
patients with HAART compared to patients without HAART.
This is similar to previous reports in chronic HIV-1-infected
patients with advanced disease (CD4 + T cell count less than
200 cells/ml).20,22 However, our data do not show a correla-
tion between TLR expression and CD4 + T cell count (data not
shown). Finally, the mechanisms by which HIV-1 infection
and opportunistic pathogens increase TLR expression and
possibly TLR functions need to be further examined.

Similarly, up-regulation of TLR2 and/or TLR4 during viral
infections has been reported. For example, overexpression of
TLR2 and TLR4 in monocytes of hepatitis B virus (HBV)-in-
fected patients49 and dengue virus-infected patients was re-
ported.50 However, down-modulation of TLR7 and TLR9
expression was reported in cells of HCV- or HBV-infected
patients, which negatively correlated with viral load.51,52

Together, these results suggest an important role of TLRs
during viral infection. On the one hand, they act to increase
antiviral immunity, but they can also promote pathogenic
events with altered TLR expression.

Remarkably, we have also observed increased expression
of TLR4 in pDC (defined as Lin1 - CD123high or BDCA-2 +

CD123high PBMCs) at the protein level in HIV-1-infected pa-
tients. This is the first report of TLR2 and TLR4 expression (at
the protein level) on pDCs (Supplementary Fig. S2), although
previous reports showed very low amounts of TLR2 tran-
scripts in BDCA-4-purified pDCs, as well as minimal CD80
induction after 48 h of lipopolysaccharide (LPS) stimula-
tion.53,54 Moreover, we also observed this phenomenon of
TLR2 and TLR4 expression on pDCs derived from patients
with other viral infections (unpublished data).

Conclusions

In summary, we have identified marked changes in TLR
expression as a consequence of OIs in HIV-1 coinfections. By
increasing TLR expression in DCs, HIV-1 infection may
progressively perturb the immune response and control pro-
cesses that normally protect individuals from coinfection-
associated diseases. We propose that increased TLR expression
during HIV infection leads to increased innate sensing and
responsiveness of the immune system that may also serve as a
primary driver for immune activation and thus HIV-1 pro-
gression. Therapies that could act on these processes may
therefore provide additional opportunities to interrupt HIV-
1-associated disease progression, in combination with anti-
retroviral specific therapy, HAART.

Finally, it is important to consider that therapeutic modu-
lation of TLR signaling could be a double-edged sword, be-
cause the inhibition of TLR function can help control the
chronic inflammation state and decrease HIV-1 replication. On
the other hand, it could also decrease the susceptibility to in-
fections by other microorganisms. For this reason, an integral
understanding of the mechanisms modulating TLR expression
and function is necessary to guide the potential use of TLR-
based therapies for HIV-1 infection, and even other infectious
diseases.
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