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HIV Type 1 Infection Up-Regulates TLR2 and TLR4
Expression and Function in Vivo and in Vitro
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Abstract

Toll-like receptors (TLRs) play a critical role in innate immunity against pathogens. Their stimulation induces the
activation of NF-xB, an important inducer of HIV-1 replication. In recent years, an increasing number of studies
using several cells types from HIV-infected patients indicate that TLRs play a key role in regulating the ex-
pression of proinflammatory cytokines and viral pathogenesis. In the present study, the effect of HIV-1 stim-
ulation of monocyte-derived macrophage (MDM) and peripheral blood mononuclear cell (PBMC)
subpopulations from healthy donors on the expression and functions of TLR2 and TLR4 was examined. In
addition, and to complete the in vitro study, the expression pattern of TLR2 and TLR4 in 49 HIV-1-infected
patients, classified according to viral load and the use of HAART, was determined and compared with 25
healthy subjects. An increase of TLR expression and production of proinflammatory cytokines were observed in
MDMs and PBMCs infected with HIV-1 in vitro and in response to TLR stimulation, compared to the mock. In
addition, an association between TLR expression and up-regulation of CD80 in plasmacytoid dendritic cells
(pDCs) was observed. The ex vivo analysis indicated increased expression of TLR2 and TLR4 in myeloid den-
dritic cells (mDCs), but only of TLR2 in monocytes obtained from HIV-1-infected patients, compared to healthy
subjects. Remarkably, the expression was higher in cells from patients who do not use HAART. In monocytes,
there was a positive correlation between both TLRs and viral load, but not CD4™ T cell numbers. Together, our
in vitro and ex vivo results suggest that TLR expression and function can be up-regulated in response to HIV-1
infection and could affect the inflammatory response. We propose that modulation of TLRs represents a
mechanism to promote HIV-1 replication or AIDS progression in HIV-1-infected patients.

Introduction

IDESPREAD DYSREGULATIONS OF the immune system

have been described during HIV-1 infection. Among
these, CD4 " T cell depletion together with increased levels of
viremia and opportunistic infections are known to promote
the progression to AIDS.! HIV-infected individuals can also
suffer chronic hyperactivation of the immune system and this
persistent immune challenge with high levels of proin-
flammatory cytokines and increase in immune cell activation
is thought to contribute to viral pathogenesis.] Moreover,
advanced HIV-1 infection is known to be associated with re-
duced innate response to new infectious challengers; indeed,
HIV-1 infection can lead to markedly reduced numbers and
altered functions of innate immune cells such as plasmacytoid
dendritic cells (pDCs) and myeloid dendritic cells (mDCs).>?
Given the central role of DCs in linking innate and adaptive

immunity, abnormalities or dysregulation of their function
could help to explain the altered responses observed in HIV-1-
infected subjects. DCs are activated through innate signaling
receptors such as the toll-like receptors (TLRs) and by other
members of pattern-recognition receptors (PRRs).*® PRR ac-
tivation by various stimulatory ligands induces inflammatory
cytokine release, expression of costimulatory molecules, and
migration of DCs into lymphoid tissues, culminating in the
establishment of adaptive immunity.®”

TLRs recognize several conserved microbial structures,
including lipopolysaccharide (LPS), proteins, and nucleic ac-
ids, to activate a common signaling pathway responsible for
inducing the expression of transcription factors, such as the
activator protein 1 (AP-1) and the nuclear factor-xB (NF-
kB),*® that are involved in regulating the expression of
proinflammatory cytokines and interferon (IFN). Subse-
quently, NF-xB can activate the HIV-1 genome by binding to
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the viral long terminal repeats (LTRs) in the provirus, even in
models of HIV-1 latency.'®" TLRs are expressed in HIV-1
reservoir cells such as CD4" T cells, macrophages, and
DCs.'*"? Various reports indicated that HIV-derived RNA
can activate pDCs via TLR7 and TLR8.***** Others studies
have evaluated the ability of TLRs to modulate HIV-1 repli-
cation, as well as TLR modulation during HIV-1 infection.
Indeed, in peripheral blood mononuclear cells (PBMCs) de-
rived from chronic untreated HIV-1-infected patients, an in-
crease in TLR6, TLR7, and TLR8 mRNA was reported; in
contrast, in HIV-1-infected patients with advanced disease, an
mRNA increase was observed for TLR2, TLR3, and TLR4.*
Using PBMCs from HIV-1-infected patients, Heggelund et al.
(2004) also reported the up-regulation of several chemokines
through TLR2 stimulation, compared to PBMCs derived from
healthy donors.** Additionally, it has also been reported that
coculture of DCs and CD4" T cells increases HIV-1 trans-
mission through TLR2 stimulation.”

In HIV-l-infected patients, several alterations of TLR ex-
pression have been documented®** raising the possibility
that during chronic infection proinflammatory signals can
further augment HIV-1 genome expression. The expression
and functions of TLRs have been extensively studied in cells
from HIV-1-infected patients. Here, we report than MDM and
PBMC subpopulations from healthy donors in vitro exposed
to HIV-1 increase the levels of TLRs, the proinflammatory
cytokines, and CD80 expression, in response to either HIV-1
infection or TLR2 and TLR4 stimulation. In addition, in a
cohort of HIV-1-infected patients, increased expression of
TLR2 and TLR4 was observed in mDCs, but only of TLR2 in
monocytes. Together, our results indicate that in vitro and
ex vivo HIV-1 infection can modify TLR expression, altering
the in vitro expression of proinflammatory cytokines. These
results suggest that HIV-1 could perpetuate the dysfunction
and activation of the innate response, and might play a role in
HIV-1 disease progression.

Materials and Methods

Patient cohort

Forty-nine HIV-1-infected patients were classified accord-
ing to viral load (higher than or less than 400 copies of viral
RNA /ml blood) and use of highly active antiretroviral treat-
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ment (HAART) (naive treatment or more than 6 continuous
months of treatment, at the time of sample acquisition)*
(Table 1). Patients with cancer, patients with low hemoglobin
values (less than 8g/dl), and pregnant women were ex-
cluded. Twenty-five age-matched HIV-1-uninfected individ-
uals without illness in the past 3 months were included in the
study as controls; they were volunteers from the general
population. According to ethical guidelines, signed informed
consent was obtained from all patients and controls, before
enrollment into the study. All biomedical investigations were
approved by the bioethics committee of the Universidad de
Antioquia and were conducted according to the principles of
the Declaration of Helsinki.

HIV viral loads and CD4* T cells counts

HIV-1 viral loads were assessed by certified commercial
laboratories in total peripheral blood samples collected by ve-
nipuncture into vacutainers (BD Biosciences, San Jose, CA)
containing ethylenediaminetetraacetic acid (EDTA). The CD4 "
T cell counts were performed using the standard protocols and
flow cytometry (FACS BD Biosciences, San Jose, CA).

Isolation and culture of PBMCs and primary human
monocyte-derived macrophages (MDMs)

Fresh blood was collected from healthy donors by veni-
puncture in tubes containing preservative-free heparin. Fresh
PBMCs were isolated by density gradient centrifugation us-
ing Ficoll/Histopaque (Sigma-Aldrich Chemical Co., St.
Louis, MO). PBMCs were washed three times with phos-
phate-buffered saline (PBS) 1x and resuspended in RPMI
1640 (Invitrogen, San Diego, CA). Aliquots of fresh PBMCs
containing approximately 3x 10° cells were mixed directly in
1ml Trizol reagent (Invitrogen, San Diego, CA) and frozen
before RNA extraction. For ex vivo TLR expression assays,
fresh PBMCs were used immediately after purification.

To obtain the MDMs, elutriated monocytes were cultured
for 7 days in RPMI 1640, supplemented with 2 mM glutamine
and 100ng/ml human recombinant macrophage colony-
stimulating factor (R&D Systems, Minneapolis, MN) at 37°C
in the presence of 5% CO, as previously described.' After 7
days of culture, the resulting MDM monolayers were exam-
ined by microscopy: all the adherent cells had the morphology

TaBLE 1. DEMoGRrAPHIC FEATURES OF HIV-1-INFECTED INDIVIDUALS AND CONTROLS

HIV-1-infected individuals

HAART? HAART?
VL <400 copies/ml VL>400 copies/ml Without HAART Healthy controls
Item n=26 n =12 n =11 n =25
Age: median (range) 36 (17-61) 38 (23-58) 28 (20-52) 25 (19-47)
Male:Female 13:13 8:4 6:5 10:15
Viral load in RNA copies/ml 41,500 12,850
plasma: median (range) Undetectable (500-750,000) (5,140-220,000) N/A

CD4" T cells/pl peripheral

blood®: median (range) 387 (14-950)

237 (31-950) 481 (73-875) 646 (460-1,143)

“Patients in HAART treatment were using combinations of 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) for more than 6 continuous months.

PCD4* T cell counts under 200 cells/ ul, were receiving fluconazol, acliclovir, and TMS as prophylactic drugs.

HAART, highly active antiretroviral therapy; VL, viral load in copies of viral RNA/ml of plasma; N/A, not applicable.
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of MDMs. To assess TLR expression, the MDMs were washed
and detached from the plastic plate using a cell dissociation
buffer (an enzyme-free solution of EDTA plus PBS without
Ca®>* and Mg*") for staining. To increase the chance of de-
tecting an at least 2-fold difference between virus- and mock-
infected cultures, three independent experiments using
MDMs from six healthy donors were used for HIV-1 infection
in vitro and the samples treated with the TLR2 and TLR4
agonists. TLR2, TLR4, and cytokine expression were then
determined.

Preparation of virus stocks

Fully infectious HIV-1 particles were produced following
the protocol of Swingler et al. (2007).>* Briefly, transient cal-
cium phosphate cotransfection of human 293T cells (2x10°
cells seeded in a 75-cm? flask) with 25 ug of pNL4-3.GFP (X4-
tropic virus, in which the GFP reporter gene replaced Nef), or
with 20 ug of pNL4-3Aenv.GFP (in which the envelope gene
was deleted and the GFP reporter gene replaced Nef), in the
presence of 15 ug of a VSV-G expression vector , was used to
obtain the pseudotyped viruses (HIV-l1npa3Grp vsv-c and
HIV-1N1.4-3Aenv.GFP vsv-G), Which were used to obtain an effi-
cient infection of the different cell models. Virus-containing
supernatants were harvested 60h posttransfection, filtered
through a 0.22-um pore membrane, and stored at —80°C until
used. The virus content was measured by the extracellular
reverse transcriptase (RT) activity radioassay as described
previously.?® In addition, a high viral titer of HIV-1H9-HTLV-
IlIcc was collected from H9-HTLV-Illcc chronically HIV-1-
infected cells (NIH AIDS Research and Reference Reagent
Program) within 7 days of culture in RPMI. The supernatant
of 293T cells empty vector-transfected or the supernatants of
the H9 cell line were used as mock. Virus-containing super-
natants were harvested, filtered through a 0.22-um pore
membrane, and normalized for virion content by a sandwich
ELISA assay specific for the major viral core p24 protein, us-
ing the QuickTiter Lentivirus Titer Kit (Cell Biolabs, San
Diego, CA) and following the manufacturer’s instructions.
Values of p24 (pg/ml) or reverse transcriptase units (RTU)
were calculated on the basis of regression analysis of stan-
dards prepared from samples of known concentrations. The
infectious capacity of the viral stocks was determined by
Western blot, to detect Gag-derived proteins.

Monoclonal antibodies

The following monoclonal antibodies were obtained from
BD Biosciences (BD Biosciences, San Jose, CA): Linl FITC
(CD3, CD14, CD16, CD19, CD20, and CD56 cocktail), CD123
PE-Cy5, CD11c PE-Cy5, CD80 PE, and CD86 PE. TLR2 (clone
TL2.1), and TLR4 (clone HTA125) were phycoerythrin con-
jugates (eBiosciences, San Diego, CA). Anti-BDCA-2 FITC and
FcR blocking reagent were from Miltenyi Biotec, Auburn, CA.
Conjugated isotype-control antibodies were used as controls.

Flow cytometry analysis

Flow cytometry was used to evaluate the effect of HIV-1
infection on TLR expression in monocytes, pDCs, mDCs, and
MDMs. For this purpose, freshly isolated PBMCs were re-
suspended in PBS containing 0.5% bovine serum albumin
(BSA) and 0.1% sodium azide for 1x10” cells/ml. After ad-
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dition of the Fc-R blocking reagent, PBMCs were surface
stained with the appropriate antibodies or controls for 25 min,
fixed with 2% formaldehyde, and stored at 4°C until analysis.
All samples were evaluated within 2—4h of staining using a
FACSCan flow cytometer (BD Biosciences, San Jose, CA).
Logical gating was used to identify monocyte (CD14"), pDCs
(BDCA-2*/CD123"8"), and mDCs (Lin1"/CD11c"8") popu-
lations.®* For DC evaluation, at least 200,000 gated events
were acquired and at least 150,000 gated events for mono-
cytes. The acquired events were analyzed using CellQuest
software. TLR expression is expressed as the mean fluorescent
intensity (MFI) of the overall cell subpopulation after sub-
traction of the isotype control.

Quantitative reverse-transcriptase real-time
PCR for TLRs mRNAs

Interleukin (IL)-6 and tumor necrosis factor (TNF)-« mRNA
in PBMCs infected with HIV-1 and treated with TLR agonists,
or TLR2, TLR4, and TNF-o mRNAs in PBMCs from HIV-1-
infected patients was determined by real time RT-PCR. For
mRNA analysis, 1ug of total RNA was treated with 2 units
RNase-free DNase I (Fermentas, Glen Burnie, MD) for 1h at
37°C to remove traces of genomic DNA. The first strand cDNA
was synthesized using the Superscript III kit (Invitrogen, San
Diego, CA) according to the manufacturer’s instructions.
Briefly, total RNA was incubated for 60 min at 42°C with RT
(reverse transcriptase) and random hexamer primers, and then
treated with RNase H for 20 min at 37°C. A none-RT control
was used for each set of reactions. Specific primers were as
previously reported by Kadowaki et al. (2001),*® with designed
intron spanning, avoiding coamplification of genomic DNA in
the real time RT-PCR step. The sequences were: TLR2 (F:
GGCCAGCAAATTACCTGTGTG, R: CCAGGTAGGTCTTGG
TGTTCA), TLR4 (F: CTGCAATGGATCAAGGACCA, R: TCC
CACTCCAGGTAAGTGTT), TNF-u (F: GGCTCCAGGCGGT
GCTTGTTC, R: AGACGGCGATGCGGCTGATG), IL-6 (F:
ATTCGGTACATCCTCGAC, R: GGGGTGGTTATTGCATC),
and f-Actin (F: ATCTGGCACCACACCTTCTACAATGAGC
TGCG) R: CGTCATACTCCTGCTTGCTGATCCACATCTGC).
f-actin was used as a housekeeping gene to account for vari-
ability 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 20s at 95°C, 30 s at 55°C, and
30s at 72°C) in 25ul containing 1ul of undiluted cDNA,
500nmol of each primer, and 1xSYBR green PCR master mix
(Qiagen, Valencia, CA). For comparative purposes, estimation
of the relative amount of mRNA in the samples was determined
according to the following formula: (1 +X)™, where X is the
efficiency of the reaction and AC; is the difference between the
C: (the cycle at which the detected signal is significantly above
the background signal) of the TLR mRINA of interest and the C;
of the endogenous control gene, f-actin. For all the experiments,
the efficiency of the reactions was between 80% and 88%, and,
thus, the formula was used with an average efficiency of 84%
(1.8472%Y). The specificity of amplification was validated by
observing a single peak at the expected T;,, on the analysis of the
melting curve.

In vitro HIV-1 stimulation study

PBMCs and MDMs were cultured at 2x10° cells/ml in 6-
well polystyrene tissue culture plates at 37°C and 5% CO,,



1316

using complete RPMI 1640 medium (BioWhittaker, Walkers-
ville, MD) supplemented with 10% heat-inactivated fetal bo-
vine serum, 50 U/ml penicillin/streptomycin (Sigma-Aldrich
Chemical Co., St. Louis, MO), and 2 mM L-glutamine (Sigma-
Aldrich Chemical Co., St. Louis, MO). The PBMCs and MDMs
were then exposed to HIV-1 (50-6000 pg p24 HIV-1p0-1rv-ices
300.000 RTU HIV-lnrascee vsv-g, or 300.000 RTU
HIV-1NL4-3Aenv.GEP vsv-G), O mock infected during 2h or 18 h,
for expression analysis, and during 2 h for cytokines response.
The cells (PBMCs and MDM) were then washed and cultured
a further 18 h with or without the TLR2 and TLR4 agonists: 10
nM palmitoyl-2-cysteine-serine-lysine-4-Pam2CSK4-  (syn-
thetic lipoprotein for TLR2 /TLR6 heterodimer stimulation) or
10nM palmitoyl-3-cysteine-serine-lysine-4-Pam3CSK4- (syn-
thetic lipoprotein for TLR2/TLR1 heterodimer stimulation)
and 10ng/ml ultrapure LPS from Escherichia coli 0127:B8
(Invivogen, San Diego, CA), respectively. TLR2 and TLR4
expressions were evaluated by flow cytometry and RT-PCR.
The supernatants were harvested after 18h of culture and
assayed for proinflammatory cytokines (TNF-o, IL-6, IL-8,
and IL-1f) by ELISA and Cytometric Beads Array (CBA; BD
Biosciences, San Jose, CA).

ELISA and CBA

To determine whether HIV-1 infection induces secretion
of proinflammatory cytokines through TLR stimulation, an
ELISA assay was used. Briefly, ELISA plates (Nunc, Ro-
chester, NY) were coated overnight at 4°C with 50 ul/well of
antihuman cytokine monoclonal antibodies at 1:250 dilution
in bicarbonate coating buffer (0.1 M NaHCO;, pH 8.2). The
wells were washed and blocked using 200 ul/well of PBS
containing 10% heat-inactivated fetal bovine serum (PBS/
10% FBS) for 2h at room temperature. Serial dilutions
of standard recombinant cytokines and culture superna-
tants were added in each well, and plates were incubated 2 h
at room temperature. Biotinylated mouse antihuman cyto-
kine antibody (BD Biosciences) diluted in PBS/10% FBS
was added and incubation carried out at room tempera-
ture for 30 min. Avidin peroxidase in PBS/10% FBS was
added to the wells and the mixtures incubated for 30 min at
room temperature. The substrate [1:1 mixture of 3,3",5,5-
tetramethylbenzidine (TMB) and H,O,] was added for
15min and the plate was read at 450nm. For CBA (BD
Biosciences), culture supernatants were incubated for 3h at
room temperature with mixed capture beads and the human
inflammation PE (phycoerythrin) detection reagent. After
two washes, the acquisition on the flow cytometer was
performed.

Additional assays were carried out to quantify the IL-6
and TNF-« mRNA levels by RT-PCR in stimulated cells, and
to establish the expression of costimulatory molecules on
cell membranes by flow cytometry. In these cases, the results
are expressed as the fold induction calculated from the ag-
onist mean value divided by the medium alone mean value.
A 2-fold or greater increase was considered biologically
significant.

Isolated pDCs and mDCs were not studied because HIV-1-
infected individuals have much lower numbers of circulating
pDCs and mDCs than uninfected individuals and too much
blood would be required to obtain an adequate number of
purified cells from these infected individuals.

HERNANDEZ ET AL.

Statistical analysis

Data were plotted and analyzed using the Prism 5.0 soft-
ware (Graph Pad Software, CA). All the results of the in vitro
assays shown represent at least three independent experi-
ments. Unpaired two-tailed student t-tests (Mann-Whitney
U-tests) and the ANOVA test were used to assess the statis-
tical significance of TLR expression or function in the different
groups, when more than three independent data were avail-
able. Spearman’s test for matched correlations was per-
formed. Values of *p<0.05 were considered significant, and
values of **p <0.01 were considered highly significant.

Results

TLR2 and TLR4 expression is differentially altered
in PBMCs during early or late exposure to HIV-1 in vitro

Assays were performed to evaluate the modulation of
TLR2 and TLR4 expression in PBMCs exposed to HIV-1
in vitro for short or long times. First, 1 10° PBMCs from four
healthy donors were incubated 2h, with small doses (100 to
1000 pg p24) of HIV-1yo priv-mee and then cultured 18h
more. The TLR2 and TLR4 expression level in monocytes,
mDCs, and pDCs was measured by flow cytometry, and the
mRNA level for both TLRs in PBMCs was measured by
real time RT-PCR. Under these conditions, no significant
differences were observed, compared to the mock (data no
shown). When the viral doses were increased to 4000 pg p24
HIV-1po prLv-mee up-regulation of TLR2 and TLR4 expres-
sion was observed in monocytes (Fig. 1A), but in mDCs there
was a significant decrease in TLR2 expression as the quantity
of virus was increased (Fig. 1A). However, when the PBMCs
were incubated for 2h with the virus, washed, and then in-
cubated for 18 h, the expression of TLR2 and TLR4 in pDCs or
of TLR4 in mDCs was not affected (Fig. 1A). In comparison
to previous results at the protein levels, no changes were
observed at the mRNA level for TLR2 and TLR4 (Fig. 1B).

Our results suggest that late in the infection cycle (18 h after
stimulus) the virus might down-regulate the TLR2 and TLR4
expression and the cell activation through these receptors.
Based on these results, it seemed interesting to determine
what happens with the expression of TLR2 and TLR4 during
the first 3 h of the infection process. To do that, and based on
previous reports on the kinetics of TLR expression,”*® the
experimental strategy was modified. The PBMCs (1 x 109
were stimulated for 2h with HIV-1y9 grivomne (3000 and
6000 pg p24) and incubated for 1h instead of 18 h. Interest-
ingly, if the TLR expression analysis was performed in the first
3h, a significant decrease in TLR2 expression in monocytes
stimulated with 3000pg p24 was observed, compared to
mock-infected cells (Fig. 1C), but with higher doses, TLR2
expression slightly recovered. In contrast, a significant in-
crease was observed for TLR2 in pDCs stimulated with
6000 pg p24, compared to mock-infected cells (Fig. 1C). In
mDCs, stimulation with HIV-1 had no effect on TLR2 ex-
pression at 3h. Regarding TLR4 expression, up-regulation
was observed in monocytes when the cells were stimulated
with 3000 pg p24 of HIV-1; interestingly, in mDCs and pDCs a
dose-dependent up-regulation was observed compared to the
mock (Fig. 1C). Remarkably, in mDCs increased expression of
TLR4 was detected only at higher doses of stimulus (6000 pg
p24).
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FIG. 1. Modulation of TLR2 and TLR4 expression in monocytes and in dendritic cells (DCs) exposed to HIV-1 in vitro.
Peripheral blood mononuclear cells (PBMCs) (1 x 10°) were exposed in vitro to HIV-1iy9 prrrv-miec (2000 and 4000 pg p24 HIV-
1) for 2h, and then incubated for 18h at 37°C and 5% CO, (A and B), or exposed in vitro to HIV-1t9 prrov-mee (3000 and
6000 pg p24 HIV-1) for 2h, and then incubated 1h at 37°C and 5% CO, (C). TLR2 and TLR4 expression was measured at the
protein level by flow cytometry (A and C) and at the mRNA level by real time RT-PCR (B). For flow cytometry analyses,
mononuclear cells were gated according to physical characteristics, excluding dead cells. Monocytes were then gated as
CD14" cells, myeloid dendritic cells (mDCs) as Lin 1~ CD11c"®", and plasmacytoid dendritic cells (pDCs) as Lin 1"
CD123"#", Each specific subpopulation was plotted as a histogram to show the expression of TLR2 and TLR4 by flow
cytometry. The data are presented as overall mean fluorescence intensity (MFI) for toll-like receptors (TLRs) in each cell
subpopulation, after subtraction of isotype staining background. Representative results of three independent experiments are
shown as median and range. In the real time RT-PCR results, the dotted line represents 2-fold induction, compared to the
control. Comparisons were performed using the Kruskal-Wallis ANOVA tests and Dunn’s posttests. The level of significance
was *p<0.05, *p<0.01, and **p<0.001.
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In summary, these results show than PBMCs challenged
with HIV-1yy9 grrv-mee, i vitro, alter TLR2 and TLR4 expres-
sion in monocytes, pDCs, and mDCs. Together, our results
suggest that during the first steps of HIV-1 infection (early
infection), the antigen-presenting cells are activated mainly
through TLR4, but TLR2 could be playing a very important
role in monocytes and pDCs. In contrast, viral entry and
subsequent production of viral proteins (late infection) could

HERNANDEZ ET AL.

promote TLR2 activation in monocytes and mDCs, and ex-
pression of TLR4 in monocytes but not in DCs. To better un-
derstand this behavior, and because the cell line HOHTLV-
IIIcc is a model of chronic HIV-1 infection, it seemed impor-
tant to compare the level of expression of TLR2 and TLR4 in
these cells and in H9 uninfected control cells. An increase in
TLR2 and TLR4 expression in HOHTLV-Illcc was observed
compared to expression in control cells (Supplementary
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FIG. 2. Increased TLR2 and TLR4 expression and function in monocyte-derived macrophages (MDMs) HIV-1 infected

in vitro. (A) MDMs were gated according to physical characteristics, excluding dead cells, and plotted as histograms to show
the expression of TLR2 and TLR4 by flow cytometry. The data are presented as overall mean fluorescence intensity (MFI),
after subtraction of isotype staining background. The MDMs were infected in vitro with HIV-1N14.3.Grp vsv-G for 2h before
stimulation with TLR2 and TLR4 agonists (Pam,CSK, and LPS, respectively) and incubated for 18 h at 37°C and 5% CO..
Comparisons were performed using unpaired two-tailed Student’s t-tests (Mann—-Whitney U-tests). The level of significance
was *p <0.05. Interleukin (IL)-1f (B) release was quantified by ELISA in the supernatants of MDM cultures infected with HIV-
1 for 2 h before stimulation with increasing doses of Pam,CSK (0.15 nM-10 nM) and lipopolysaccharide (LPS) (0.8-50 ng/ml)
and, finally, incubated for 18 h at 37°C and 5% CO,. Comparisons were performed using unpaired two-tailed Student’s t-tests
(Mann-Whitney U-tests). The level of significance was *p<0.05. In (C) MDMs were infected with HIV-1n14.3.Grp vsv-s OF
HIV-1N14-3¢env.Grp vsv-s for 2h before stimulation with Pam,CSK, or LPS and incubated for 20h at 37°C and 5% CO,. IL-6
release was quantified by ELISA in the supernatants. Comparisons were performed using the Kruskal-Wallis ANOVA tests
and Dunn’s posttests. The level of significance was *p <0.05.
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Fig. S1A; Supplementary Data are available online at
www.liebertonline.com/aid). In addition, an increase in TNF-
o mRNA was observed in the H9-infected cells, suggesting
that these cells are constantly producing proinflammatory
cytokines (Supplementary Fig. S1B).

TLR2 and TLR4 activation in HIV-1-infected cells
up-regulates proinflammatory cytokine release

It has been reported that HIV-1 alters the pattern of ex-
pression and function of TLRs in cells from HIV-1-infected
patients. To examine the expression and function of TLR2 and
TLR4 in human macrophages from healthy donors and
stimulated with HIV-1 in vitro, MDMs infected with HIV-
INLa-3.GFp vsv-G, prior TLR2 and TLR4 agonist exposures were
obtained. Sixty percent of the MDMs were infected (data not
shown) and HIV-1 replication (demonstrated by flow cy-
tometry and fluorescent microscopy) was increased when the
MDMs were treated with Pam,CSK; and LPS (data not
shown). Similar to viral replication, TLR expression in MDMs
infected with HIV-1ni4scrp vsv.g and stimulated with
Pam,CSK, or LPS was also increased. HIV-1 infection or TLR2
and TLR4 stimulation individually only slightly increased
TLR2 and TLR4 expression on MDMs, but TLR stimulation on
HIV-1-infected cells shows augmented expression level of
TLR2 and TLR4, compared to the mock (Fig. 2A). Interest-
ingly, when the MDMs were stimulated with the TLR2 ago-
nist and infected with HIV-1n14.3.Grp vsv.g, an increases in
TLR4 expression was also observed, but not the inverse
(TLR4 stimulation only slightly alters TLR2 expression) (Fig.
2A). In conclusion, our results show that the expression lev-
els of TLR2 and TLR4 are increased in MDMs infected with
HIV—lNL4—3.GFP VSV-G and in the presence of a TLR2 agonist.

It now seemed interesting to determine whether the alter-
ation in TLR2 and TLR4 expression by HIV-1 (Fig. 2A) has an
effect on TLR function in MDMs. Experiments designed to
measure the release of proinflammatory cytokines in super-
natants and the expression of costimulatory molecules were
undertaken in HIV-1-infected MDMs in vitro and stimulated
with TLR2 and TLR4 agonists (Pam,CSK, and LPS, respec-
tively). A dose-dependent increase in IL-1f was observed
(Fig. 2B); although the release of this cytokine was higher in
response to the TLR2 agonist. IL-6 production was also in-
creased after HIV-1 infection and in response to TLR2 and
TLR4 agonists, compared to the mock (Fig. 2C). Higher
amounts of IL-6 were observed when the MDMs were stim-
ulated by TLR4. Interestingly, the expression level of IL-6 was
independent of the HIV-1 source used, such as in the presence
of HIV-Inrasgrp vsv-g or without the HIV-1 envelope gly-
coproteins (HIV-1n14-34env.GEP vSV-G)-

PBMCs and MDMs behave similarly toward
HIV-1 infection

To establish whether PBMCs respond similarly to HIV-1
infection as MDMs do, PBMCs were in vitro exposed to
HIV-ng HTLV-IIcc OF HIV'lNL4—34GFP VSV-G and then stimulated
with TLR2 and TLR4 agonists. As in previous results de-
scribed for MDMs, increased IL-6 release was observed in
HIV-1-exposed PBMCs, in response to TLR2 and TLR4 li-
gands (Fig. 3A). IL-6 release was similar whether TLR2 was
activated with Pam,CSK,; or PamzCSK,; (which stimulates
the heterodimers TLR2/TLR6 or TLR2/TLR1, respectively).
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A high release of IL-6, IL-8, and TNF-o was also observed
when the PBMCs were infected with HIV-119 grivommee and
treated with zymosan (another TLR2 agonist) (Fig. 3B). To-
gether, these results suggest that PBMCs and MDMs both are
activated in response to TLR stimulation, leading to proin-
flammatory cytokine release, which is higher in the context of
HIV-1 infection.

To determine if a correlation exists between the production
of IL-6 and TNF-o, and the rate of transcription, the mRNAs of
both cytokines were quantified by real time RT-PCR. The level
of the mRNAs of IL-6 and TNF-a was higher in PBMCs in-
fected with HIV-1 and treated with LPS compared to the mock
(Fig. 3C). When the cells were stimulated with the TLR2 ag-
onists, just a slight increase in IL-6 and TNF-o mRNA levels
was observed (Fig. 3C). These results are in agreement with
the expression of TLR2 and TLR4 observed in PBMCs infected
with increasing doses of HIV-1 (higher TLR expression and
higher TLR responses) (Fig. 1).

HIV-1 infection induces up-regulation of the maturation
marker CD80 in pDC, especially in response
to TLR2 and TLR4 ligands

Since MDMs and PBMCs produce a high secretion of
proinflammatory cytokines (IL-6, IL-1f, and TNF-u) after in-
fection with HIV-1 and through TLR2 and TLR4 activation
with their agonist, we questioned whether this could be as-
sociated with DC maturation. For this purpose the expression
of CD80 and CD86 was analyzed by flow cytometry in
PBMCs exposed to HIV-1yo yrLy-mcc i vitro before and after
treatment with Pam,CSK, and LPS. Twenty-four hours later,
pDCs, mDCs, and monocytes were selected using the specific
marker for each subcellular population and the expression of
CD80 and CD86 was determined. An up-regulation of CD80
was observed in pDCs in vitro exposed to HIV-1 and stimu-
lated by either TLR2 or TLR4 agonist, compared to the pDCs
without TLR stimulation (Fig. 4). In contrast, the treatment of
mDCs and monocytes with TLR2 and TLR4 agonists revealed
no differences in CD80 expression between infected and mock
(data no shown). When CD86 expression was analyzed, nei-
ther monocytes nor DCs showed a significant change in the
expression pattern of CD86 (data not shown). Thus, collec-
tively our results show that in response to TLR2 and TLR4
agonists, the PBMCs and MDMs secreted proinflammatory
cytokines (IL-1f, IL-6, IL-8, and TNF-z), and in pDCs there
was an up-regulation of CD80 expression, in a higher pro-
portion in HIV-1-infected cells than in mock-infected cells.
Our in vitro results were not associated with cell death, be-
cause cell viability (MTT assay) was close to 98% during the
time course of the experiments, for dose of each TLR agonist
and for the viral doses used (data not shown).

CD4* T cells are decreased in HIV-1-infected patients

The expression of TLR2 and TLR4 in monocytes, pDCs,
and mDCs from HIV-1-infected patients was then evaluated
to determine the behavior of TLR in vitro as described above,
and ex vivo. The demographics of the patients examined are
presented in Table 1. PBMCs from 49 HIV-1-infected patients
were subdivided based on the viral load and the use or not of
HAART (Table 1); 25 healthy donors were also examined as
controls for TLR2 and TLR4 expression in monocytes, pDCs,
and mDCs. The quantification of the cellular subpopulations
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FIG. 3. Increased cytokines expression in PBMCs exposed to HIV-1 in vitro and treated with TLR agonists. (A) IL-6

production was quantified by ELISA in the supernatants of PBMC cultures exposed in vitro to HIV-1n14-3.Grp vsv-g or HIV-
1ho mTLV-ce for 2h before stimulation with TLR2 agonists (10 nM Pam,CSK, or 10nM PamzCSK,) and the TLR4 agonist
(10ng/ml LPS), and then incubated for 18 h at 37°C and 5% CO,. Comparisons were performed using the Kruskal-Wallis
ANOVA tests and Dunn'’s posttests. The level of significance was *p <0.05. (B) Tumor necrosis factor (TNF)-o, IL-8, and IL-6
production was quantified by Cytometric Beads Array (CBA; BD Biosciences) in the supernatants of PBMC cultures exposed
in vitro to HIV-1pg grrv-mice for 2h before stimulation with the TLR2 agonist zymosan (10 ug/ml), for 18 h at 37°C and 5%
CO,. Median and range are shown. Comparisons were performed using unpaired two-tailed Student’s f-tests (Mann-—
Whitney U-tests). The level of significance was *p <0.05. (C) The mRNAs of IL-6 and TNF-o were quantified by real time RT-
PCR in total RNA extracted from PBMC cultures exposed in vitro to HIV-1p9 prLy-mec for 2h before stimulation with 10 nM
Pam3CSK, and 10ng/ml LPS, for 2h at 37°C and 5% CO,. Representative results of three independent experiments shown as
median and range are presented, normalized to the control (mock-infected cells, not treated with PAMPs). Dotted line
represents 2- and 3-fold induction.

was established to assess the possible differences between alent during HIV infection (Table 1 and Supplementary

subject groups. In contrast to previous reports,3 there was no
significant change in the percentage or the absolute count of
monocytes, pDCs, and mDCs in peripheral blood obtained
from HIV-1-infected patients compared with healthy donors
(data not shown). However, as expected, the CD4* T cell
counts were decreased in the HIV-1-infected patients, espe-
cially in those whose viral load was higher than 400 RNA
copies/ml, indicating the immune alterations that are prev-

Fig. 52).

Increased levels of expression of TLR2 and TLR4
in mDCs and monocytes from HIV-1-infected patients

TLR2 and TLR4 expression was not affected by the age or
gender of the healthy subjects included in the study (1=25,
data not shown). However, the levels of expression of TLR2
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FIG. 4. CD80 expression is increased in pDCs exposed in vitro
to HIV-1. CD80 expression was measured by flow cytometry in
total PBMCs exposed in vitro to HIV-1p9 piy-mec for 2 h before
stimulation with 10 nM Pam3;CSK, and 10 ng/ml LPS for 18 h at
37°C and 5% CO,. Mononuclear cells were gated according to
physical characteristics excluding dead cells, and pDCs were
then gated as Lin 1~ CD123"8" cells. Representative results of
three independent experiments are shown as median and range
of the fold change in the expression of the marker [mean fluo-
rescent intensity (MFI) in overall subpopulation, after isotype
control subtraction] compared to the control without infection
or TLR stimulation. Dotted line represents 2- and 3-fold in-
duction, compared to the control.

and TLR4 varied greatly among the subjects included, mainly
in the HIV-1-infected patients. Sanders et al. (2008) reported
that TLR4 expression in lymphocytes was increased in HIV-1-
infected individuals compared to healthy controls,® suggest-
ing a possible role of HIV-1 in modulating TLR expression.
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Recently, we have shown increased expression of TLR2 and
TLR4 in mDCs, and TLR4 in pDCs from HIV-1-infected pa-
tients with opportunistic infections without HAART.** In the
present study, we determined the expression levels of the
TLR2 and TLR4 proteins and mRNAs to assess whether HIV-
1 infection alters TLR expression on antigen-presenting cells.
TLR2 expression was increased in monocytes and mDCs
(p<0.01 and p<0.05, respectively) from HIV-1-infected pa-
tients compared to healthy donors (Fig. 5A), but TLR4 in-
creased only in mDCs (p<0.05) (Fig. 5B). No significant
changes in TLR expression were observed in pDCs, consistent
with the results described in Fig. 1A. Interestingly, the low
MFI values of TLR expression (especially for TLR4 expres-
sion) in monocytes compared with DCs were due to high
basal fluorescence in monocytes, which decreases the overall
MFI, after subtraction of the isotype control. In conclusion,
our finding demonstrates that in HIV-1-infected patients,
there were changes in TLR2 and TLR4 levels in mDCs and
TLR2 in monocytes.

HIV-1-infected patients HAART naive with high viral load
showed the most notable up-regulation
of TLR2 expression

To determine whether viral load and/or HAART alter the
expression pattern of TLR2 and TLR4, HIV-1-infected patients
were divided into three groups: (1) HAART users with a viral
load lower than 400 copies/ml, (2) HAART users with a viral
load higher than 400 copies/ml, and (3) patients without
HAART. The expression levels of both TLRs were evaluated.
There was an up-regulation of TLR2 expression in monocytes
and pDCs from HIV-l-infected patients without HAART,
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FIG. 5. Increased expression of TLR2 and TLR4 in monocytes and DCs from HIV-1-infected patients. Mononuclear cells were

gated according to physical characteristics, excluding dead cells. TLR2 (A) and TLR4 (B) expression on monocytes (CD14"),
mDCs (Lin1~ CD11c™"), and pDCs (BDCA2* CD123"8") from total PBMCs were measured by flow cytometry. Data are
presented as overall MFI, after subtraction of isotype staining background. The MFI of TLR2 and TLR4 in monocytes, mDCs,
and pDCs were plotted for each group: controls (n=25) and HIV-1-infected patients (1=49). Comparisons were performed
using unpaired two-tailed Student’s t-tests (Mann—-Whitney U-tests). The level of significance is *p<0.05 and **p <0.01.
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isons were made by Kruskal-Wallis ANOVA tests and Dunn’s posttests. The level of significance is *p <0.05 and **p<0.01.

compared with the controls (Fig. 6). In monocytes an increase
in TLR2 was also observed in patients with HAART and high
viral loads (>400 viral RNA copies/ml). However, in mDCs a
higher expression of TLR2 and TLR4 was observed in HIV-1-
infected patients with HAART but with less than 400 viral
RNA copies/ml (Fig. 6), suggesting that suppression of viral
replication by HAART contributed to higher expression of
TLRs. Interestingly, lower levels of TLR4 mRNA have been
reported in HIV-l-infected patients whose HAART failed
compared to healthy subjects.”” However, the presented re-
sults indicate that HIV-1 infection increases the expression
levels of TLR2 and TLR4 depending on the viral load, the use
of HAART, and possibly under precise circumstances, in-
cluding the time of infection, or even a clinical unapparent
superinfection. This is likely to be an important determinant
of the immune pathogenesis of HIV-1 infection.

Increased mRNA levels of TLR2, TLR4, and TNF-o
in HIV-1-infected patients

To assess the effect of viral load and HAART on TLR gene
expression, we examined whether the levels of the TLR

mRNAs were consistent with the increase in TLR2 and TLR4
protein expression observed by flow cytometry, but in total
PBMCs. For TLR2 mRNA, there was a trend toward an in-
crease in expression in PBMCs from HIV-1-infected patients
with HAART, but it was higher in patients with high viral
loads (Fig. 7). Interestingly, there was a significant increase in
the transcript level of TLR4 on PBMCs of HIV-1-infected pa-
tients with HAART and low viral loads compared to healthy
subjects (Fig. 7). No significant differences, but only slight
increases were observed in patients with HAART and high
viral loads; yet high variability was detected among patients
tested for TLR4 expression. In patients without HAART, the
level of TLR4 mRNA was very similar to that of the control
subjects. Because flow cytometry analyses showed that
CD149 cells (including NK, B, and T cells) presented no
change in TLR2 or TLR4 expression when HIV-1-infected
patients and healthy donors were compared (data not
shown), we suggest that the increase in TLR transcripts ob-
served occurs in the antigen-presenting cell subpopulations.
Examining whether there were significant differences in
TNF-2 mRNA between the different groups of HIV-1-infected
patients, we found that the TNF-o« mRNA level was increased
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FIG. 7. HIV-1-infected individuals express higher levels of
TLR2, TLR4, and TNF-« mRNAs than healthy donors. TLR2,
TLR4, and TNF-o mRNA levels were measured using real-
time RT-PCR, and normalized with the housekeeping gene
f-actin. Relative units of transcripts versus f-actin transcripts
are shown as median and range. Comparisons were by
Kruskal-Wallis ANOVA tests and Dunn’s posttests. The le-
vel of significance was *p<0.05 and **p<0.01. Controls
(n=8), HIV-1-infected patients with HAART and viral loads
less than 400 copies per ml (n=6), HIV-1-infected patients
with HAART and viral loads more than 400 copies per ml
(n=5), and HIV-1-infected patients without HAART (n=3).

in HIV-1-infected patients with HAART (and high viral load)
or without HAART (Fig. 7), indicating a functional link be-
tween the modulation of TLR expression (both protein and
mRNA levels) and inflammatory status.

Expression of TLR2 and TLR4 in monocytes and TLR2
in pDCs correlates positively with viremia
in HIV-1-infected patients without HAART

Finally, to determine the factors influencing TLR2 and
TLR4 expression in monocytes, pDCs, and mDCs from HIV-1-
infected patients, we examined whether there is a significant
correlation between the expression of both TLRs and viral
load. The analyses revealed a significant positive correlation
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between expression of TLR2 and viral load (patients without
HAART) in monocytes and pDCs (r=0.674, p=0.023, and
r=0.654, p=0.028, respectively) (Fig. 8). Similar results were
observed for TLR4 in monocytes (r=0.687, p=0.020). There
was no significant correlation between TLR4 and viral load in
pDCs and mDCs or between TLR2 and viral load in mDCs
(Fig. 8). No significant correlation was detected between TLR
expression and CD4" T cells count (data not shown).

Discussion

Innate immune activation is critical to control infections
and acts as bridge for adaptive immunity through TLR acti-
vation. However, in the case of HIV-1 infection, innate im-
mune activation also drives HIV-1 replication via signaling
pathways downstream of the TLRs.*” While some studies
have explored how different types of cells from HIV-1-
infected patients respond to TLR agonists (effect on expres-
sion and its functionality), the ultimate aim of this study was
to determine the effect on TLR2 and TLR4 expression and
functionality in PBMCs and MDMs derived from healthy
subjects and in vitro infected with HIV-1 and then treated with
agonist for the two TLRs. The altered expression of both TLRs
in antigen-presenting cells from HIV-1-infected patients was
also evaluated.

After in vitro HIV-1-infection of PBMCs, the modulation of
TLRs expression in monocytes, pDCs, and mDCs was dose
dependent (Fig. 1). As previously reported,* flow cytometry
and real time RT-PCR show that pDCs can express TLR2 and
TLR4, suggesting an important role of these receptors in ac-
tivating antiviral responses in the pDCs subsets as well as the
induction of type I IFN production. Indeed, using functional
assays, pDCs were shown to increase the expression of the
costimulatory molecule CD80 in response to TLR2 and TLR4
stimulation (Fig. 4).

The results are in accordance with the previously reported
by Martinson et al. (2007) about the higher expression of the
activation and maturation markers CD40, CD83, and CD86 on
pDC, in response to TLR7 /8 stimulation; but they fail to show
the overexpression of these molecules in HIV-1-infected pa-
tients, compared to healthy donors.*! In contrast, they found a
decrease in IFN-o production in response to TLR7/TLRS8
stimulation in HIV-1-infected patients, compared to healthy
donors.*! Interestingly, TLR stimulation can also activate
CD4" and CD8" T lymphocytes, determined by the expres-
sion of CD38, and even induce the central memory and ef-
fector CD4™ T cells to enter into cell cycle, and after activation
can also induce apoptosis in CD4* T cells.*” Remarkably,
modulation of TLRs expression after HIV-1 infection behaved
differently. When the cells were exposed in vitro to HIV-1 and
cultured for 3h only, TLR2 expression was up-regulated in
pDCs, but down-regulated in monocytes; in contrast, TLR4
was increased in all three cellular subpopulations of antigen-
presenting cells evaluated (Fig. 1C).

These results suggest that during early steps of infection
both receptors could play an important role in initiating an
immune response to control viral spread, which could include
proinflammatory cytokines and type I IFN. However, when
infection was extended to 18 h, the expression of TLR2 in Mon
was increased, while TLR2 expression in pDCs and TLR4
expression in DCs were “normalized” (Fig. 1A). Normally,
during the first 24 h of infection, HIV-1 has expressed all its
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FIG. 8. Expression of TLR2 and TLR4 is positively correlated with viral load in HIV-1-infected patients without HAART.
TLR2 expression was significantly correlated with viral load in monocytes (p=0.023, r=0.674) and pDCs (p=0.028, r=0.654)
from HIV-1-infected patients without HAART. TLR4 expression was also significantly correlated with viral load in mono-
cytes (p=0.020, r=0.687) from HIV-1-infected patients without HAART. In pDCs a negative correlation was observed
between TLR4 expression and viral load in HIV-l-infected patients with HAART (p=0.041, r=-0.522). No significant
correlations were observed in mDCs. HIV-1-infected patients with HAART (n=12) and HIV-1l-infected patients without
HAART (n=9). With the other patients it was not possible to obtain data on the viral load. The curve-fitting was a second
degree polynomial curve by using the data linearization method. Spearman correlations were used with a significance level of
p<0.05 two-tailed. In all cases the x-axis represents the viral load of the HIV-1-infected patients.

proteins and a viral protein could be blocking the TLR2 and
TLR4 pathway in DCs, as a mechanism to diminish host de-
fense response. It has been reported that the HIV-1 Tat protein
increases the half life of the TLR4 mRNA, but decreases TLR4
translation.* Recently, it was reported that exposure to the
HIV-1 proteins Tat and gp120 significantly alters TLR ex-
pression in astrocytes.** Together, these results indicate that
HIV-1 proteins alter the innate response, supporting our hy-
pothesis. Other reports have shown that stimulation of TLR2,
and even other TLRs such as TLR5, can increase cellular HIV-1
integration and trigger reactivation of the latent HIV-1 pro-
virus in T cells, and can also activate virus gene expression in
central memory CD4" T cells.*” In addition, stimulation of
TLR5 enhanced replication of HIV-1, while TLR9 stimulation
suppressed viral replication.*®

The differential effects of these TLR ligands on HIV-1
replication correlated with changes in production of che-
mokines, and the induction of cellular activation and
proliferation.*® Therefore, the precise effect of TLR modu-
lation on the HIV-1 life cycle must be investigated further.
Once infection had been established (after 18 h), TLR2 and
TLR4 were up-regulated in monocytes, probably to main-
tain the proinflammatory cytokine profile, which can also
promote viral replication after provirus formation by ac-
tivating NF-«xB signaling in HIV-1-infected cells, similar to
TLRs.!®* At the same time, TLR2 expression was down-
regulated in mDCs, the most important antigen-presenting
cells, suggesting a viral mechanism to evade the immune
response.’” Thus, TLR activation may promote HIV-1 in-
fection due to the effect of downstream signaling effectors
on viral replication.””

To evaluate the modulation of the TLRs in other cell
subpopulation during HIV-1 infection, TLRs expression was
assessed in MDMs. An increase in TLR2 and TLR4 expres-
sion either in MDMs infected by HIV-1 in vitro and stimu-
lated with their specific agonist, or in monocytes, pDCs, and
mDCs of HIV-1-infected patients, was detected. These ob-
servations agree with the findings that HIV-1 infection itself
leads to up-regulation of TLRs.”® However, other authors
have reported that TLRs signaling could be attenuated in
HIV-1-infected cells,***° although this was observed in a
chronically HIV-1-infected cell line, that may contain some
metabolic alterations affecting intracellular pathways.
Likewise, it has been reported that HIV-1 and its products
can also modulate TLR expression and functions.””*° For
instance, ssRNA40 (HIV-1-derived RNA) increases TLR3
and TLRS expression in activated T cells,*® as well as TLR4
mRNA expression,”? resulting in an increase in proin-
flammatory cytokine production in response to TLR stimu-
lation by HIV-1. Increased TLR4 expression by T cell subsets
has been reported in HIV-1-infected patients; in chronic
HIV-1-infected patients who failed to respond to HAART,
reduced expression of TLR3, TLR4, and TLR9 together with
increased expression of TLR7, which correlated with high
HIV-1 RNA levels, was repor’ced.29

Lately, we have also reported that TLR2 and TLR4 ex-
pression is increased in DCs from HIV-1-infected patients
with opportunistic infections.>* All of these studies were ob-
tained using cells derived from HIV-1-infected patients that
have shown increased response in the presence of TLR li-
gands.23 Here, using MDMs or PBMCs from healthy subjects
and infected in vitro with HIV-1 and stimulated with specific
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agonists for TLR2 and TLR4, an increase of IL-1f and IL-6, IL-
8, and TNF-o was detected (Figs. 2B and C and 3A and B), ora
trend to an increase of the mRNAs for IL-6 and TNF-« in
PBMCs (Fig. 3C), similar to TNF-«, IL-12, and COX-2 in mDC
from HIV-1-infected patients, previously reported.*' Based on
these findings, we can speculate that HIV-1 has developed
strategic mechanisms to alter the expression of TLRs and en-
hance proinflammatory cytokine production, which could
play a key role in immune pathogenesis. However, it can also
be argued that high expression of TLR2 and TLR4 in cells from
HIV-1-infected patients, or in PBMCs from healthy subjects
HIV-1 infected in vitro, results in increased HIV-1 replication.

In support of this hypothesis, an association between pro-
gression of HIV disease and polymorphisms in TLR4>"** and
TLR9,%>* or in the levels of soluble TLR2,*® has been re-
ported. In addition, a 3 UTR polymorphism in the NLRP3
gene, a member of the cytosolic NOD-like receptors, was also
associated with increased susceptibility to HIV-1 infection.”
Overall, these results point to an important link between
TLRs, or even other PRRs, and the inflammatory response in
modulating AIDS progression.

It will be interesting to determine whether alteration of the
TLR signaling pathway leads to an antiviral host response, or
is detrimental to the host by enhancing viral replication and
spread. Based on our results, and on previous reports,” we
propose that the role of TLRs during HIV-1 infection could be
dual. During the initial phase of infection, TLR signaling
could promote antiviral activity through TFN-u/f release,”
whereas during the chronic phase, TLR stimulation could
induce a strong inflammatory response that would increase
HIV-1 replication.

Some authors have reported that exposure of pDCs to viral
gp120 leads to suppression of these cells in a TLR9-dependent
response.59 However, our results show an association be-
tween up-regulation of TLR2, TLR4, and proinflammatory
cytokines with pDC maturation, based on the expression of
CD80 (Fig. 4) and TLR2 in pDCs (Fig. 6). An increase of TLR2,
TLR4, and TNF-o in the H9 HTLV-Illcc cells, a chronically
infected cell line (data not shown), was observed, as also re-
ported in U1 cells,** arguing that during chronic HIV-1 in-
fection, proinflammatory cytokine release is increased.

The main goal of HAART is to block HIV-1 replication and
achieve immune reconstitution in HIV-1-infected patients.
Here, we report that pDCs from HIV-l-infected subjects
without HAART present higher expression levels of TLR2
than those from healthy donors. These results are in line with
our previous findings in HIV-1-infected patients with op-
portunistic infections, who also have higher TLR2 and TLR4
levels in DCs.** This could be associated with a higher viral
load since TLRs can mediate the activation of HIV-1 LTR
through the NF-xB pathway,'®'!"'* suggesting than TLR ex-
pression levels could be influenced by viral factors and by the
immunological state of the host.

Thus, the association between TLR expression and plasma
HIV-1 viralload points to the regulation of expression by viral
products rather than large shifts in innate cell populations.
Interestingly, in monocytes expression of TLR2 and TLR4 was
positively correlated with viral load, as well as TLR2 in pDCs,
all of them in patients without HAART. This is similar to
previous reports in chronically HIV-1-infected patients with
advanced disease (CD4* T cell count less than 200 cells/
ml),>*? as well as in coinfected patients with HIV-1 and op-
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portunistic infections.>* Regarding other TLRs, previous
studies have shown lower levels of TLR3, TLR7, and TLR9 in
patients with high levels of HIV-1 RNA compared to those
with lower levels of viremia.”* However, our data do not
show a correlation between TLR expression and CD4* T cell
count (data not shown). Finally, the mechanisms by which
HIV-1 infection increases TLR expression and function need
to be further examined.

Based on these observations, we propose that increased
TLR expression, together with a higher inflammatory re-
sponse, could increase viral replication through NF-xB. In
addition to increased TLR expression in monocytes/macro-
phages and DCs, up-regulation of TLR activity therefore also
induces IFN-u/ 8 secretion and increases loss of CD4* T cells
via TRAIL-mediated apop’tosis.60 On the other hand, there is a
second possibility, wherein patients with high viral loads,
especially those without HAART treatment, maintain a
proinflammatory state that also increases TLR expression. In
both cases, TLR up-regulation in HIV-l-infected patients
could represent an immunopathogenic event that would ac-
celerate progression to AIDS, due to increased viral replica-
tion. The more interesting aspect of our study is that it was
performed in three cellular subpopulations (monocytes,
pDCs, and mDCs), the most important antigen-presenting
cells, directly from HIV-1-infected patients or from healthy
subjects (HIV-1-infected in vitro), and to our knowledge, this
is the first study relating TLR2 and TLR4 expression in DCs
and HIV-1 infection.

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)-infected pa-
tients®! and Dengue virus-infected patients was reported.®>
However, down-modulation of TLR7 and TLRY expression
was reported in cells of hepatitis C virus- or HBV-infected
patients, which negatively correlated with viral load.5%%4
Together, these results suggest an important role of TLRs
during viral infection and that viruses can modulate their
expression to avoid antiviral immunity or to promote patho-
genic events with altered TLR expression and inflammatory
immune response.

Conclusions

In summary, we have described important changes in TLR
expression as a consequence of HIV-1 infection. By increas-
ing TLR expression in monocytes/macrophages and DCs,
HIV-1 infection may progressively perturb the immune re-
sponse (innate and adaptive) and disturb processes that
normally protect individuals from pathogen-associated dis-
eases. We propose that increased TLR expression during
HIV-1 infection leads to increased innate sensing and re-
sponsiveness of the immune system that may also serve as a
primary driver for immune activation and thus for HIV-1
progression. Therapies that could act on these processes may
therefore provide additional opportunities to interrupt HIV-
l-associated disease progression, in combination with the
antiretroviral-specific therapy, HAART.

Finally, it is important to consider that therapeutic modu-
lation of TLR signaling could be a double-edge sword, because
inhibition of TLR function can help control the chronic in-
flammation state and decrease HIV-1 replication. On the other
hand, it could also increase the susceptibility to infections by
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other microorganisms. For this reason, an integral under-
standing 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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