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ABSTRACT

Macrophages must react to a large number of pathogens and their effects. In chronic HIV infection, the microenvironment
changes with an influx of microbial products that trigger Toll-like receptors (TLRs). That dynamic nature can be replicated ex
vivo by the proinflammatory (M1-polarized) and alternatively activated (M2-polarized) macrophages. Thus, we determined how
polarized macrophages primed by various TLR agonists support HIV replication. Triggering of TLR2, -3, -4, -5, and -8 reinforced
the low level of permissiveness in polarized macrophages. HIV was inhibited even more in M1-polarized macrophages than in
macrophages activated only by TLR agonists. HIV was inhibited before its integration into the host chromosome. Polarization
and triggering by various TLR agonists resulted in distinct cytokine profiles, endocytic activity, and distinct upregulation of re-
striction factors of HIV. Thus, different mechanisms likely contribute to the HIV-inhibitory effects. In chronic HIV infection,
macrophages might become less permissive to HIV due to changes in the microenvironment. The high level of reactivity of po-
larized macrophages to TLR triggering may be exploited for immunotherapeutic strategies.

IMPORTANCE

Macrophages are a major target of HIV-1 infection. Different cell types in this very heterogeneous cell population respond differ-
ently to stimuli. In vitro, the heterogeneity is mimicked by their polarization into proinflammatory and alternatively activated
macrophages. Here we explored the extent to which agonists triggering the TLR family affect HIV replication in polarized mac-
rophages. We found that a number of TLR agonists blocked HIV replication substantially when given before infection. We also
report the mechanisms of how TLR agonists exert their inhibitory action. Our findings may advance our understanding of which
and how TLR agonists block HIV infection in polarized macrophages and may facilitate the design of novel immunotherapeutic
approaches.

Macrophages are part of our defenses against a hostile envi-
ronment (1). They protect us from infecting pathogens

through multiple mechanisms, including phagocytosis, antigen
presentation, immunoregulation, and clearing of apoptotic and
necrotic cells. For this broad range of functions, they have evolved
considerable heterogeneity and plasticity (2) and are equipped
with scavenger receptors, sensing receptors (e.g., Toll-like recep-
tors [TLRs], C-type lectins, helicases, NOD- or RIG-like recep-
tor), and opsonic receptors (e.g., Fc and complement) (1) that
shape their profiles.

One group of sensing receptors, TLRs, recognizes conserved
motifs of all kinds of infecting agents. TLRs are located on the cell
membrane (i.e., TLR1, -2, -4, -5, -6, and -10) or in endosomes
(i.e., TLR3, -7, -8, and -9). All TLRs (except TLR3) share the same
adaptor protein, MyD88 (3). TLR3 uses TRIF, and TLR4 signals
through either pathway, depending on the stimulus. Simply put,
TLR signaling culminates in activation of cytokines or alpha in-
terferon (IFN-�) by activating the mitogen-activated protein ki-
nase pathway, NF-�B, or various interferon regulatory factors (4).
TLR signaling and its downstream effects are cell specific. Indeed,
TLR expression patterns/signaling have been well explored in
most white blood cells, but we know substantially less about their
expression and function in macrophages (5). This knowledge,
however, is needed to understand interactions between the first
line of defense and invading pathogens and, in particular, to ben-
efit from targeted TLR triggering as a therapeutic modality.

Macrophages are also a target for pathogens, including HIV. In
fact, HIV has a preferential cellular tropism for CD4� T cells, and

macrophages are thought to be essential for HIV infection (6).
Studies, however, are mostly limited to ex vivo-generated mono-
cyte-derived macrophages (MDMs). During heterosexual trans-
mission, macrophages are one of the first cell types to encounter
HIV, and they are important for manufacturing and disseminat-
ing virus, as well as for generating an adaptive immune response
(6). Productively infected macrophages may also promote by-
stander killing of T cells. Notably, macrophages from different
tissues are thought to be variably permissive to HIV and, impor-
tantly, act as a long-living reservoir of HIV. Microglial and alveo-
lar macrophages may live for several weeks to years.

Studies of macrophages have been limited mainly to ex vivo-
generated MDMs. MDMs can be polarized ex vivo. Exposure to
IFN-�/tumor necrosis factor alpha (TNF-�) yields proinflamma-
tory (M1-polarized) macrophages, and exposure to interleukin-4
(IL-4) yields alternatively activated (M2-polarized) macrophages
(7). M1 has potent microbicidal properties and promotes strong
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IL-12-dependent Th1 responses. M2 supports Th2-associated ef-
fector functions and has a role in resolving inflammation (re-
viewed in reference 8). Importantly, the action of TLR triggering
in polarized macrophages is largely unknown.

HIV replication differs in M1- and M2-polarized macro-
phages (9). As modeled by Herbein and Varin, M2-polarized
monocytes/macrophages predominate before HIV infection. A
shift to M1-polarized macrophages occurs during acute HIV
infection, and a shift back to M2-polarized macrophages takes
place in later stages of HIV infection (10). Cytokine profiles are
also distinct throughout the course of HIV disease, with a pre-
ponderance of proinflammatory cytokines occurring in the
acute phase (11–13). The cytokine profile also depends on the
disease progression rate (13).

In addition, vigorous HIV replication and subsequent deple-
tion of the lymphoid cells in acute HIV infection disrupt the in-
tegrity of the gastrointestinal tract, with the ensuing translocation
of microbial elements (14, 15), and that translocation may con-
tribute to the shaping of macrophage populations. Indeed, we
showed that chronic HIV infection in HIV-infected humanized
mice results in an increased rate of bacterial translocation, which
is most likely at the origin of the malfunctioning of macrophages
observed in this model (16).

Here, we explored the interactions of TLR triggering, M1 and
M2 polarization, and HIV infection. Specifically, we addressed
one major question. Does TLR triggering have an effect on HIV
replication in M1- and M2-polarized macrophages? In this con-
text, we also completed a comprehensive and comparative analy-
sis of the effects of TLR triggering on HIV infection in MDMs (i.e.,
nonpolarized macrophages). Our findings add to the understand-
ing of macrophage function in HIV pathogenesis.

MATERIALS AND METHODS
PBMC isolation, generation of MDMs, reagents, and plasmids. Buffy coats
from HIV-negative individuals were obtained from the local blood donation
center in Zurich, Switzerland (http://www.blutspendezurich.ch/). Human
peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll (Axis-
Shield PoC AS) gradient centrifugation. To generate MDMs, monocytes
were isolated using CD14 microbeads (catalog no. 130-050-201; Miltenyi)
and cultured in RPMI 1640 medium (BioWhittaker) supplemented with
5% fetal calf serum, 5% human type AB serum (catalog no. H1513;
Sigma), 2 mM L-glutamine, and 1% penicillin-streptomycin for 1 week.
Monocytes were seeded at a cell count of 1.5 � 105 per cm2. M1 and M2
polarization was induced by adding IFN-� (20 ng/ml) and TNF-� (2
ng/ml) or IL-4 (20 ng/ml) (catalog numbers 11343536, 113440047, and
11340017, respectively; ImmunoTools), as described previously (9).

We used Pam2CSK4 at 100 ng/ml; poly(I·C) at 20 �g/ml; LPS at 20
ng/ml; flagellin at 100 ng/ml; 3M-001, 3M-002, and R-848 at 3 �M each;
and CpG2006 at 5 �g/ml. Pam2CSK4, poly(I·C), and flagellin were pur-
chased from InvivoGen (catalog numbers tlrl-pam2, tlrl-pic, and trl-l-
pstfla, respectively), and LPS was purchased from Sigma (catalog no.
62326). TLR agonists 3M-001, 3M-002, and R-848 were kindly provided
by 3M (St. Paul, MN). CpG2006 was purchased from Microsynth, and
fluorescein isothiocyanate (FITC)-dextran was purchased from Sigma
(catalog numbers FD10, FD70, and FD150). Lamivudine was obtained
from the AIDS repository and used at a concentration of 100 �M. Anti-
body to the IFN-� receptor (IFN-�R) was from Alexis (catalog no.
PBL21385). Luciferase expression was quantified with a luciferase assay
system from Promega (catalog no. E1501). Endotoxin was measured us-
ing a Limulus amebocyte lysate chromogenic endotoxin quantification kit
(catalog no. 88282; Pierce).

Generating viruses. We made a stock of replication-competent HIV
by transfecting 293T cells with the proviral DNA YU-2. To prepare repli-
cation-incompetent viruses packaged by various envelope (Env) proteins,
an HIV proviral construct encoding a luciferase reporter gene (pNL4-
3.Luc.R_E_) was cotransfected with vesicular stomatitis virus glycopro-
tein (VSV-G) env, ADA env (HIV subtype B envelope), or a #8 env expres-
sion vector in a ratio of 1:1 with polyethylenimine (PEI) in 293T cells, as
described previously (17). The #8 env expression vector was from primary
CCR5-tropic HIV-1 isolates (i.e., HIV env was PCR amplified and cloned
into the retroviral vector pEneo) (18). Supernatants were harvested 48 h
later, filtered, and frozen at �80°C until use.

HIV p24 capsid antigen (p24) ELISA. A twin-site sandwich enzyme-
linked immunosorbent assay (ELISA) was performed essentially as de-
scribed previously (19). Briefly, a polyclonal antibody (Ab) was adsorbed
to a solid phase to capture p24 antigen (Ag) from a detergent lysate of
virions. Bound p24 was visualized with an alkaline phosphatase-conju-
gated anti-p24 monoclonal antibody (MAb) and luminescent detection
system.

Quantitative PCR for measuring TLR1 to TLR10 and gene profiling.
We quantified TLR1 to TLR10 mRNA and the anti-HIV restriction factors
(i.e., APOBEC3G, TREX, PPIA, TRIM22, TRIM5�, BST2, IFN-	1, and
SAMHD1) with commercially available primers and probes (assays on
demand; Applied Biosystems). Reactions were performed as described
previously (20). Hydroxymethylbilane synthase (HMBS) (also from Ap-
plied Biosystems) was used as a housekeeping gene.

Data generated by real-time quantitative PCR were analyzed in two
steps. First, the mean normalized gene expression (MNE) for every sam-
ple, based on the threshold cycle value of the gene of interest in relation to
that of the housekeeping gene, HMBS, was determined using the software
application Q-Gene (calculation procedure for MNE 2) (21). Second,
normalized gene expression in samples of interest relative to that in the
controls was assessed by calculating the ratio of the MNE for HIV-infected
cells to the MNE for mock-infected cells.

We profiled a selected number of 84 genes with the Toll-like receptor
signaling pathway PCR array from SABiosciences Qiagen (catalog no.
PAHS-018A), according to the instructions of the manufacturer.

Quantifying proviral DNA with Alu PCR. Alu PCR was used with
primers specific for human Alu sequences and HIV-1-based lentiviral
vector sequences. Briefly, DNA was extracted from MDMs infected with
YU-2 and pretreated with the various TLR agonists with a QIAamp DNA
minikit (Qiagen), according to the manufacturer’s instructions. Proviral
DNA was amplified from 200 ng of the extracted DNA in a total volume of
50 �l with 1 �M each primer and 2.5 U of JumpStart Taq DNA polymer-
ase (Sigma-Aldrich). PCR was performed in a DNA thermal cycler
(Biometra, Goettingen, Germany) with 30 cycles of denaturation at 95°C
for 45 s, annealing at 58°C for 60 s, and extension at 72°C for 3 min 30 s; an
initial denaturation at 95°C for 5 s; and a final extension at 72°C for 10
min. The primers for the Alu repeats were 5=-GCGCGGTGGCTCACGC
CTGTAAT-3= (sense) and 5=-CTTAATACTGACGCTCTCGCACC-3=
(antisense). Nested PCR was performed using primers specific for the long
terminal repeat (LTR) region of HIV-1-based lentiviral vector sequences,
to efficiently quantify the provirus. Briefly, DNA amplified in the Alu PCR
(25 �l) was added in a total volume of 50 �l in the presence of 1 �M each
primer and 2.5 U of JumpStart Taq DNA polymerase (Sigma-Aldrich).
PCR was performed in an iQ 5 system (Bio-Rad, Munich, Germany) with
50 cycles of denaturation at 95°C for 10 s, annealing at 55°C for 5 s, and
extension at 60°C for 40 s; an initial denaturation at 95°C for 5 s; and a final
extension at 72°C for 10 min. The primers for the LTR repeats were 5=-A
TAAAGCTTGCCTTGAGTG-3= (sense) and 5=-TGACTAAAAGGGTCT
GAGGGATCTCTAGTTACCAG-3= (antisense). The probe was 5=-TGTG
TGCCCGT-3=. Primers and probes were purchased from Microsynth
(Balgach, Switzerland). Results were considered valid only if the same
results were obtained in at least two separate experiments.

Cytokine measurements. Human cytokines were quantified using a
multiplexed particle-based flow cytometric cytokine assay (22). Cytokine
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kits were purchased from R&D. The procedures closely followed those
described in the manufacturer’s instructions. The analysis was conducted
using a conventional flow cytometer (Guava EasyCyte Plus; Millipore,
Zug, Switzerland).

Measuring endocytosis. For assessment of endocytic activity, polar-
ized or TLR-primed MDMs were incubated with 0.1 mg/ml FITC-dextran
of 70 kDa for 1 h and harvested to quantify macrophages that had taken up
FITC-dextran by flow cytometry.

Flow cytometry. Macrophages were incubated with phosphate-buff-
ered saline containing 0.1% EDTA for staining of cell surface markers and
with 5% trypsin for assessment of endocytosis for 5 min; subsequently,
macrophages were mechanically detached with a cell scraper. We used
MAbs to CD14, CD4, and CCR5 (all from Becton, Dickinson) and to
TLR2, -3, and -4 (Lucerna Chemie AG). Stained cells were acquired on a
CyAn ADP analyzer (Beckmann Coulter), and data were analyzed using
FlowJo software. We first defined the live cells by the side scatter/forward
scatter gate and then quantified the number of cells by the specific marker
of interest.

Statistics. We used the software GraphPad Prism (version 5.04) for
statistical analyses. We indicate the statistical test that we used in the text
below and in the figure legends and considered a P value of �0.5 to be
statistically significant.

RESULTS

TLR2, -3, -4, and -8 exposure reinforces the low permissiveness
to HIV in polarized macrophages. We wondered how M1- and
M2-polarized macrophages support HIV replication when stim-
ulated by different TLR agonists. HIV permissiveness was much
less in M1-polarized macrophages than in M2-polarized macro-
phages (Fig. 1A). Macrophages (MDMs) treated with TLR ago-
nists yielded a heterogeneous picture: MDMs primed with TLR2,
-3, -4, and -8 agonists supported HIV replication poorly, but
priming by TLR5, -7, and -9 agonists had no effect (Fig. 1B; also
see Fig. S1 in the supplemental material).

Triggering of TLR2, -3, -4, or -8 on M1- and M2-polarized
macrophages led to a further decrease of their HIV permissiveness
(Fig. 1C). Remarkably, polarization induced an inhibitory effect
by TLR5 triggering, but not in MDMs. TLR7 and -9 triggering had
no effect in polarized macrophages, as observed in MDMs. We
also wondered whether the extent of permissiveness to HIV differs
in MDMs and polarized macrophages after TLR triggering. The
inhibitory effect on HIV clearly tended to be reinforced by TLR

FIG 1 M1 and M2 polarization and triggering of TLR2, -3, -4, and -8 rendered MDMs poorly permissive to HIV infection. We infected various polarized or
primed macrophages for 6 h with the replication-competent CCR5-tropic strain YU-2, subsequently washed the cells, and added back culture medium with the
corresponding TLR agonists. The culture medium that was added back to M1- and M2-polarized macrophages contained no cytokines. Supernatants were
collected at days 4, 7, and 11 to monitor HIV replication by quantifying p24. (A) Permissiveness of matched M1- and M2-polarized macrophages and MDMs
(control). The area under the curve (AUC) of the p24 Ag over time was determined for each experiment to consider the replication dynamics and not to focus
on one individual time point (n 
 8). Each dot represents the data point obtained with one buffy coat. (B) Effects of various TLR agonists on HIV infection in
MDMs. (C) Effects of TLR agonists on HIV infection in M1- and M2-polarized macrophages. Taking into account the interindividual permissiveness of
macrophages to HIV, the area under the curve of the p24 Ag over time for TLR-treated MDMs was normalized to that for the untreated HIV-infected control (B
and C). Statistical analysis was done using a paired t test with a two-tailed P value (A and C) and one-way analysis of variance (ANOVA), followed by Bonferroni’s
multiple-comparison test (B). *, P � 0.05 compared to MDMs. Pam2CSK4 triggers TLR2, poly(I·C) triggers TLR3, LPS triggers TLR4, flagellin triggers TLR5,
3M-001 triggers TLR7, 3M-002 triggers TLR8, R-848 triggers TLR7/8, and CpG2006 triggers TLR9.
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triggering in M1-polarized but not in M2-polarized macrophages
compared to that in MDMs (see Fig. 2 in the supplemental mate-
rial). TLR agonists did not reduce the viability of macrophages for
up to 7 days after adding them (see Fig. 3 in the supplemental
material).

M1-polarized macrophages show more TLR expression than
MDMs. We examined the baseline expression of TLR mRNAs in
MDMs. TLR1 and -2 levels were very high. TLR3 to TLR8 were
easily detectable, but TLR9 and -10 were at the limit of detection
(Fig. 2A). Thus, MDMs are equipped with all known TLRs, at least
at the level of mRNAs. M1 polarization resulted in the marked
upregulation of all TLRs except TLR5, which was downregulated
(Fig. 2B). M2 polarization showed less impressive changes with
upregulation of TLR4, -5, and -9.

Next, we determined if the mRNA expression levels of TLRs in
polarized macrophages corresponded to protein levels. We fo-
cused our efforts on TLR2, -3, and -4 because they showed prom-
inent increases in mRNA levels overall and antibodies that reliably
bind those TLRs are available. M1-polarized macrophages had
higher levels of TLR2 and -4 mRNA expression than MDMs and
showed parallel increases in mRNA and protein levels (Fig. 3). On
the basis of similar mRNA expression levels, M2-polarized mac-
rophages had protein expression levels similar to those of MDMs.

Strikingly, TLR3 protein expression levels did not change, regard-
less of polarization.

Cytokine secretion and expression profiling of TLR-depen-
dent genes in polarized and TLR-stimulated MDMs. At the base-
line, polarized macrophages expressed amounts of cytokines/
chemokines similar to the amounts expressed by MDMs, with one
exception: M1-polarized macrophages displayed increased levels
of the IFN-induced chemokines CXCL9 and CXCL10 (Fig. 4A).
This is explained by the fact that IFN-� is an essential component
of the M1 polarization medium. MDMs responded vigorously to
Pam2CSK4, LPS, or 3M-002 by releasing various cytokines and
chemokines (Fig. 4A). The response to poly(I·C), flagellin, or 3M-
001, even though TLR3, -5, and -7 were expressed at levels similar
to those for TLR8, was substantially less or there was no response
at all. As expected, on the basis of the TLR9 expression level, no
cytokine was released after CpG2006 treatment. The levels of sev-
eral cytokines, IL-12p70, IFN-�, IL-15, and IL-18, were below the
detection limit (the detection limits of the assays for these cyto-
kines were �5, �15, �2, and �4 pg/ml, respectively).

We next wanted to know if polarization affects cytokine release
in response to TLR triggering, as exemplified by the TLR8 agonist
3M-002. We found that M1-polarized macrophages reacted the
most to 3M-002, followed by MDMs and M2-polarized macro-

FIG 2 TLR mRNA expression pattern in MDMs and M1- and M2-polarized macrophages. (A) MDMs were generated by culturing highly purified monocytes
over 1 week. MDMs (106) were harvested, and RNA was extracted for quantifying the TLRs by real-time PCR. Data are presented as the ratio of the MNE of the
distinct TLRs to the MNE of HMBS. (B) TLR expression level of M1- and M2-polarized macrophages in relation to that for matched MDMs. The levels of TLR
expression of polarized macrophages were compared to those of unstimulated MDMs by a paired t test with a two-tailed P value.
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phages (Fig. 4B). In addition, M1-polarized macrophages showed
a clear trend to a more pronounced response to the TLR4 agonist
LPS and the TLR7 agonist 3M-001 than MDMs (see Fig. S4 in the
supplemental material). The cytokine data obtained in response
to TLR agonists were corroborated by expression profiling of
TLR-dependent genes by the Toll-like receptor signaling pathway
PCR array (SABiosciences Qiagen). M1 polarization resulted in
the upregulation of NF-�B-driven genes, but M2 polarization had
the opposite effect (see Fig. S5 in the supplemental material). Trig-
gering of TLR2, -4, -5, and -8 had an even more prominent effect
on NF-�B-driven genes than M1 polarization. The signatures of
TLR2-, TLR4-, and TLR8-primed macrophages are consistent
with TNF-� secretion.

TLR agonists act very early in HIV replication and do not
depend primarily on IFN-� secretion. Using replication-incom-
petent lentiviral constructs pseudotyped with CCR5-tropic HIV
or VSV envelopes with an LTR-driven luciferase reporter gene, we
found that the TLR agonists (i.e., TLR2, -3, -4, -5, and -8 agonists)
resulted in a marked decrease of luciferase expression (Fig. 5A).
3M-001 (TLR7 agonist) and CpG2006 (TLR9 agonist) had no
effect at all. The TLR8 agonist, 3M-002, appeared to act on the
very first steps of the HIV replication cycle, since the anti-HIV
effects vanished when it was given immediately after infection
(Fig. 5B and C). Indeed, using a nested Alu PCR, we found that
treatment with the TLR2, -3, -4, and -8 agonists resulted in mark-
edly reduced levels of proviral DNA, corroborating the finding

that the TLR agonists blocked HIV replication before HIV inte-
gration (Fig. 5C). We excluded the possibility that triggering of
TLRs modifies the levels of CD4 and CCR5 expression (see Table
S1 in the supplemental material).

Since TLR agonists are potent inducers of type I IFNs, we de-
termined if IFN is a key player in the anti-HIV effects. Various
treatments of the macrophages resulted in no measurable IFN-�
secretion (detection limit, �15 pg/ml). However, IFN-	 levels
were increased in response to poly(I·C) by real-time PCR (see Fig.
8). In any case, blocking the IFN axis with neutralizing antibodies
to the IFN receptor (IFN-R) either modestly reversed the HIV-
inhibitory effect in response to TLR3 and -4 or had no effect at all
in the case of TLR8 triggering (Fig. 6). Notably, HIV replication
was massively increased in MDMs when IFN-R was blocked, sug-
gesting that HIV-infected macrophages are modulated by type I
IFNs. We verified that the viral stock was free of endotoxin (23).
Irrespective of this issue, the production or release of IFN-� does
not explain the potent HIV-inhibitory effect of the TLR8 agonist
3M-002. The inhibitory effects obtained with the TLR3 and -4
agonists poly(I·C) and LPS, respectively, can only partially be at-
tributed to the production or release of IFN-�, since we would
otherwise expect a massive increase in HIV replication similar to
that in the controls when adding neutralizing antibodies to IFN-
�R. Inefficient blocking of the IFN pathway by the neutralizing
antibody to IFN-�R might be another explanation for the partial
reversal of the inhibitory action by the TLR3 and -4 agonists, but

FIG 3 TLR2, -3, and -4 protein expression in M1- and M2-polarized macrophages and untreated MDMs. M1- and M2-polarized macrophages and untreated
MDMs were harvested and stained with MAbs against TLR2, -3, and -4. Since TLR3 is located endosomally, we performed a permeabilization step before adding
the MAb. The results of one representative example of three experiments are shown. Red lines, unstained; green lines, MDMs; blue lines, M1- and M2-polarized
macrophages stained with the corresponding MAb. Max, maximum; PE, phycoerythrin; BV, brilliant violet.
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we excluded this possibility since at the concentration used, the
neutralizing antibody to IFN-�R entirely prevented the upregula-
tion of the IFN-stimulated genes IFIT1 and RSAD2 in MDMs
treated with IFN-�, speaking in favor of its efficacy (see Fig. S6A in
the supplemental material).

Since HIV enters macrophages by a macropinocytosis-like
pathway (24), we also investigated the endocytic capacity by quan-
tifying the uptake of FITC-labeled dextrans of 10, 70, and 150 kDa
(25). M1-polarized macrophages and macrophages primed with
TLR3, -4, and -8 agonists showed reduced dextran uptake, and
M2-polarized macrophages and macrophages primed with the
TLR2 agonist showed dextran uptake similar to that of MDMs
(Fig. 7). Thus, no uniform pattern subsequent to polarization or
priming explains the default antiviral program.

Triggering of TLR3 and -4 results in the upregulation of sev-
eral restriction factors of HIV. We focused the analysis of restric-
tion factors to HIV, based on the work of Cobos Jimenez et al.
(26). We observed that triggering of MDMs by the TLR3 and -4
agonists poly(I·C) and LPS, respectively, resulted in the upregula-
tion of all restriction factors examined and in the suppression of
cyclophilin, a cellular factor that is incorporated into viral parti-
cles. The lack of cyclophilin attenuates viral replication (Fig. 8). In
contrast to TLR3 and -4 agonists, polarization and the other TLR
agonists resulted in changes to only one of those factors or none at
all. Very nicely, adding the neutralizing antibody to IFN-�R re-
duced substantially but not completely the level of IFN-	 when
adding poly(I·C) to MDMs, data congruent with a modest direct
triggering effect by poly(I·C) and a much more dramatic autocrine
effect after a first wave of IFN-	 release. The efficacy of the neu-
tralization of the IFN axis by the antibody to IFN-�R is convinc-
ingly demonstrated, in that it completely prevented the poly(I·C)-
dependent upregulation of all restriction factors examined (see
Fig. 6B in the supplemental material).

DISCUSSION

Here, we examined the effects of TLR triggering on the HIV per-
missiveness of M1- and M2-polarized macrophages and MDMs.
We have three major findings. (i) TLR2, -3, -4, and -8 triggering
and polarization induced a default program that rendered MDMs
poorly permissive to HIV by blocking HIV replication before the
integration of HIV into the host chromosome. (ii) TLR2, -3, -4,
and -8 triggering reinforced even the low permissive state of po-
larized macrophages vis-à-vis HIV. (iii) M1-polarized macro-
phages, in particular, stood out for their high reactivity to TLR
agonists, as illustrated by the upregulated TLRs and prominent
secretion of cytokines. Thus, polarized macrophages are more re-
sponsive to TLR triggering than MDMs. This particular property
should be kept in mind when developing immunomodulatory
strategies. On the other hand, polarization in concert with TLR
triggering may limit viral replication in natural HIV infection.

We found that polarization and triggering of TLR2, -3, -4, and
-8 rendered macrophages poorly supportive of HIV replication.

Our data agree with those from previous reports of HIV replica-
tion in polarized macrophages and macrophages treated with TLR
agonists (9, 27–31). Remarkably, TLR triggering reinforced the
anti-HIV effects in polarized macrophages but did so more in
M1-polarized than in M2-polarized macrophages. In contrast to
unpolarized MDMs, polarization made macrophages responsive
even to the TLR5 agonist flagellin and, thus, poorly permissive to
HIV. In contrast, the TLR7 and -9 agonists had no anti-HIV ac-
tivity even in polarized macrophages. The TLR-dependent anti-
HIV effect in MDMs was not at its peak: the absolute inhibition in
M1-polarized macrophages was even more pronounced.

We hypothesized that the higher reactivity of the TLR axis in
polarized macrophages explains most of their non-HIV permis-
sive state. M1 polarization resulted in the marked upregulation of
all TLRs except TLR5, and M2 polarization resulted in the rather
modest upregulation of TLR4, -5, and -9. Other TLRs were not
affected by M2 polarization. We selected TLR2, -3, and -4 to de-
termine if mRNA levels reflect protein expression levels. We fo-
cused on these three TLRs because they showed prominent in-
creases in mRNA expression levels and reliable antibodies for
staining them are available. mRNA and protein levels were con-
gruent in M1-polarized macrophages, with parallel increases be-
ing found for TLR2 and -4, but in M2-polarized macrophages,
there were no changes overall. TLR3 behaved differently: it
showed no change in protein levels, irrespective of increases in
mRNA levels. Thus, our data must be interpreted cautiously. So
far, increases in TLR expression might contribute to the rein-
forced anti-HIV effect in M1-polarized macrophages after TLR
triggering. However, other mechanisms must be involved in the
increased inhibitory effects in M2-polarized macrophages and
most likely also in M1-polarized macrophages exposed to the var-
ious TLR agonists; for example, in M1-polarized macrophages,
the TLR5 agonist flagellin had an anti-HIV effect despite de-
creased levels of TLR5 expression.

MDMs and polarized macrophages had similar baseline levels
of cytokines and chemokines, except for the levels of CXCL9 and
CXCL10 in M1 polarization. MDMs responded to TLR2, -4, and
-8 agonists with vigorous cytokine secretion and to TLR3 and -5
agonists with less pronounced secretion. Over time, M1-polarized
macrophages secreted substantially more TNF-� than M2-polar-
ized macrophages or MDMs in response to the TLR8 agonist
3M-002, corroborating the finding of the higher reactivity of M1-
polarized macrophages. Sensitization was also observed when
M1-polarized macrophages were triggered by LPS or 3M-001
(TLR7 agonist). While these data are mostly consistent with the
data reported by Cassol et al. (9), that the levels of IL-10 in M2-
polarized macrophages did not increase in our hands was, at first
glance, surprising. However, the differences in cytokine secretion
patterns can largely be explained by analysis of the cytokines; we
assessed cytokines in the supernatant 1 day after polarization, and
Cassol et al. (9) focused on days 3 and 7.

FIG 4 The most prominent cytokine secretion in response to TLR triggering was in M1-polarized macrophages, followed by MDMs. (A) MDMs were polarized
or exposed to Pam2CSK4, poly(I·C), LPS, flagellin, 3M-001, 3M-002, and CpG2006 for 24 h, and supernatants were analyzed for cytokines and chemokines (n �
3). (B) M1- and M2-polarized macrophages were challenged with 3M-002 (TLR8 agonist) for 24 h. Subsequently, supernatants were collected to quantify the
amounts of TNF-�, IL-6, and macrophage inflammatory protein 1� (MIP-1�) released (n 
 3). MDM (ctrl) ¡ 3M-002, untreated macrophages (control)
treated with 3M-002; M1 ¡ 3M-002, M1-polarized macrophages treated with 3M-002; M2 ¡ 3M-002, M2-polarized macrophages treated with 3M-002. The
agonists are described in the legend to Fig. 1. The results for MDMs (control [Ctrl]) and either polarized macrophages or macrophages treated with the distinct
TLR agonists were compared by the unpaired t test with a one-tailed P value.

Anti-HIV Effects of Triggering TLRs in Macrophages

September 2014 Volume 88 Number 17 jvi.asm.org 9775

http://jvi.asm.org


Schlaepfer et al.

9776 jvi.asm.org Journal of Virology

http://jvi.asm.org


PCR profiling of TLR-dependent genes supports the data ob-
tained with cytokines: a low to moderate increase of TLR-depen-
dent genes in M1-polarized macrophages may be optimal for a
TLR agonist to display a maximal response. The minor changes in
M2 macrophages in the PCR array data and cytokine secretion are
consistent with a previous report (32) on transcriptome analysis
of various macrophage types. Besides, we observed no or a very
low increase in the expression of TLR-dependent genes in
poly(I·C)- or 3M-001 (TLR7 agonist)-treated MDMs and a very
strong increase in expression in MDMs treated with Pam2CSK4,
LPS, flagellin, or 3M-002. The higher reactivity of M1-polarized
macrophages might explain the reinforced nonpermissive HIV
state in response to the various TLR agonists. However, M2 mac-
rophages clearly behaved differently than M1 macrophages, and
only minor changes from the behavior of MDMs were observed.

We also investigated the level at which polarization and trig-
gering of TLRs interfere with HIV replication and potential mech-
anisms in the poorly HIV-permissive state of macrophages. We
focused on polarization and TLR triggering. The ultimate mech-
anism(s) for either is still controversial, and a comparison for
obtaining detailed insight would be straightforward. We used a
one-replication-round-pseudotyped HIV strain encoding a lucif-
erase reporter gene. HIV replication was clearly inhibited in po-
larized MDMs or MDMs primed with TLR2, -3, -4, and -8. We
complemented the data obtained with the luciferase assay by
quantifying the proviral DNA in MDMs treated with the various
TLR agonists. We found that the TLR2, -3, -4, and -8 agonists

resulted in markedly reduced proviral DNA, indicating that HIV
replication was inhibited before integration. The rather discor-
dant effects of the TLR5 agonist—a lack of any effect on proviral
integration but a substantial decrease in luciferase activity—may
point to a TLR5 agonist-mediated mechanism acting after the
integration of HIV. Strikingly, this TLR5 agonist-mediated anti-
HIV activity is no longer apparent in the spread of infection.

As an example, priming was effective against HIV only when
the TLR8 agonist was given before the HIV challenge in a one-round
replication assay. This finding suggests that TLRs’ inhibitory activity
is effective at a very early stage (e.g., when they interfere with HIV
trafficking or via a restriction factor). The expression level of the CD4
and CCR5 HIV receptor complex was not affected by the different
treatments, and so HIV entry does not appear to be a restrictive step.

Not everyone agrees with us. For example, we and Cassol et al.
(9) detected a clear reduction in HIV replication in polarized mac-
rophages, but they found a decrease in the number of M1- and
M2-polarized macrophages expressing CD4 that might contribute
to the anti-HIV effects and a restriction in later steps of the HIV
replication cycle in M2 macrophages. Indeed, they observed the
synthesis and accumulation of viral proteins in M2-infected mac-
rophages. We saw no differences in CD4 expression and a block in
HIV replication. Long before the concept of M1 and M2 polariza-
tion was suggested, Schuitemaker et al. reported that HIV was
inhibited in a dose-dependent manner when macrophages were
cultured with IL-4 for 5 days (27). They found no downmodula-
tion of CD4, similar to our findings. Irrespective of this open

FIG 5 HIV replication is inhibited before translation in M1- and M2-polarized macrophages and in TLR-primed macrophages. (A) Polarized and TLR-primed
macrophages were inoculated by spinoculation (centrifugation at 1,200 � g for 2 h at room temperature) with HIV env-pseudotyped reporter (luciferase) viruses
and 24 h later were analyzed for luciferase activity (n 
 3). ADA is a well-described envelope, and env #8 is the envelope of a primary isolate cloned by our
laboratory. Both were obtained using CCR5. (B) 3M-002 (TLR8 agonist) was added to the culture medium either for 24 h before or immediately after HIV
challenge with VSV env-pseudotyped reporter (luciferase) (the same inoculation protocol used for HIV env-pseudotyped viruses). After 24 h, the MDMs were
analyzed for luciferase activity. n.s., not significant. (C) Analysis of integrated HIV DNA by Alu PCR with primers specific for human Alu sequences and for
HIV-1-based lentiviral vector sequences. MDMs were pretreated with the various TLR agonists and infected with the replication-competent HIV strain YU-2,
and DNA was extracted 24 h later. The agonists are described in the legend to Fig. 1.

FIG 6 Neutralization of IFN-� with antibodies to the IFN receptor reversed the TLR-dependent HIV-inhibitory effect only to a small extent or not at all. MDMs
or TLR-primed macrophages were pretreated with neutralizing Ab (nAB) to IFN-R and subsequently infected with YU-2. HIV replication was monitored over
time by quantifying the p24 in the supernatants (n 
 3). The area under the curve of the p24 Ag over time is presented for each individual experiment. The
agonists are described in the legend to Fig. 1. Statistical analyses were done using the paired t test with a two-tailed P value.
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question, TLR agonists unequivocally had a reinforcing anti-HIV
effect in polarized macrophages.

HIV is thought to enter macrophages by endocytosis (33). In-
deed, the different treatments affected endocytosis substantially:
M1-polarized macrophages, as well as MDMs treated with
poly(I·C), LPS, and 3M-002, displayed a significant reduction of
endocytosis. To what extent reduced endocytosis or even a TLR-
triggered autophagic process contributes to the anti-HIV effect is
unknown. The TLR-dependent reduction in endocytosis is remi-
niscent of a proposed vitamin D- and cyclic AMP-dependent au-
tophagic mechanism that apparently inhibits HIV replication in
response to a TLR8 agonist (30). Reduced endocytosis is also ob-
served in macrophages from HIV-infected humanized mice (16).
The finding that endocytosis in M2-polarized or TLR2 agonist-
primed macrophages was similar to that in MDMs suggests that
endocytosis most likely has no role in the anti-HIV effects in this
setting.

We also investigated the role of anti-HIV-active IFN-� (34)
and well-known HIV restriction factors (26). Neutralizing the IFN
axis reversed the anti-HIV effects only modestly when triggering
the TLR2 pathway; this occurred to a greater extent when trigger-
ing the TLR3 and -4 pathways but only minimally when triggering
the TLR8 pathway. TLR3 and -4 triggering was associated with a
fairly uniform upregulation of a number of HIV restriction factors
and downregulation of cyclophilin A (Fig. 8). A lack of incorpo-
ration of cyclophilin A into viral particles in the presence of cyclo-

sporine results in attenuated viral replication (35). All these re-
striction factors are encoded by IFN-stimulated genes (26) and
may contribute to the TLR3- and TLR4-induced HIV-inhibitory
effects. Surprisingly, IFN-� was not increased in response to the
various TLR agonists; however, we observed a quite impressive
increase of IFN-	 in response to poly(I·C), as reported by Gendel-
man et al. (23). Irrespective of whether IFN levels were detectable
or not, the partial reversion of the TLR3- and 4-mediated anti-
HIV activity when neutralizing the IFN axis may be explained by
prevention of the upregulation of IFN-dependent HIV restriction
factors. The efficacy of blocking the IFN axis by this neutralizing
antibody to IFN-�R is convincingly demonstrated by the com-
plete prevention of poly(I·C)-dependent up- and downregulation
of HIV restriction factors in MDMs which were pretreated with it
(see Fig. S6B in the supplemental material).

As noted above, the anti-HIV effect of TLR8 triggering might
occur via an autophagic process (30). Swaminathan et al. recently
reported that TLR3 and -4 triggering upregulates microRNA miR-
155, which targets several HIV-1-dependent factors involved in
the early steps of the HIV replication cycle (29). Like us, they
found that the suppression of infection, or a lack thereof, did not
correlate with different effects on CD4 or CCR5 expression, type I
interferon induction, or the production of proinflammatory cy-
tokines or 	-chemokines. For the sake of completeness, we note
that Verani et al. demonstrated that the TLR4-dependent release
of 	-chemokines is a key factor for LPS-induced HIV inhibition

FIG 7 M1 polarization and triggering of TLR3, -4, and -8 result in substantially less endocytic activity than that from MDMs. For assessing endocytic activity,
polarized macrophages or TLR-primed MDMs were incubated with 0.1 mg/ml FITC-dextran of 70 kDa for 1 h and harvested to quantify macrophages that had
taken up FITC-dextran by flow cytometry. (A) Mean fluorescence intensity of one representative example. Red lines, macrophages exposed to FITC dextran at
4°C; green lines, MDMs; blue lines, MDMs treated with the various TLRs. (B) Compilation of the results of all the experiments performed. Data from assays with
FITC-dextran at either 10 or 150 kDa were similar. We used the paired t test to calculate the statistics. The agonists are described in the legend to Fig. 1. MFI, mean
fluorescence intensity.
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FIG 8 Triggering of TLR3 and -4 results in the upregulation of a number of restriction factors of HIV. Polarized macrophages and MDMs were harvested after
a 24-h treatment with various TLR agonists in concert with untreated MDMs and analyzed for the various anti-HIV restriction factors and PPIA (PPIA,
peptidylprolyl isomerase A gene; cyclophilin, protein produced by PPIA) as outlined in the Materials and Methods section. Statistical analysis was done using
analysis of variance, followed by Bonferroni’s multiple-comparison test. *, P � 0.05 compared to unstimulated MDMs.
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(36). 	-Chemokines, which are thought to act by interfering with
either CCR5 binding or its downregulation, are unlikely to be the
sole mechanism, since VSV envelope-pseudotyped particles were
blocked, just as the HIV env-pseudotyped particles were. In that
sense, Victoria et al. reported that the HIV-inhibitory effect of
TLR2 activation was reversed only when the TLR2-triggered IL-10
and 	-chemokines were neutralized at the same time (31). While
there is a default anti-HIV program in polarized and TLR agonist-
primed macrophages, their distinct biological properties make us
believe that different anti-HIV mechanisms function in different
settings.

Looking at the reduced permissiveness of polarized or primed
macrophages, we speculate that the predominant presence of qui-
escent and thus permissive macrophages when HIV is transmitted
contributes to the explosive HIV replication during the acute
phase of HIV infection. Later, through an overall change in the
milieu or TLR-dependent triggering, macrophages in HIV infec-
tion have an activated phenotype that supports productive HIV
replication less well. This activated phenotype, however, may be
passed on to neighboring cells, which may contribute in turn to
the HIV-associated immune activation (37).

In summary, polarization renders macrophages susceptible to
a second trigger that then renders them highly active. Here we
demonstrate that the TLR2, -3, -4, -5, and -8 agonists reinforce the
nonpermissive state of polarized macrophages to HIV. Although
both polarization and activation of the TLR axis inhibit HIV rep-
lication before integration, one mechanism alone is unlikely to
explain the anti-HIV effects. A thorough elucidation of the vari-
ous mechanisms/differences is highly desirable for understanding
their role in pathogenesis and for their potential application in
immunomodulation, including as adjuvants in the future.
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