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Abstract

The complement system is an ancient pattern recognition system that becomes activated during all stages of
HIV infection. Previous studies have shown that C5a can enhance the infection of monocyte-derived macro-
phages and T cells indirectly through the production of interleukin (IL)-6 and tumor necrosis factor (TNF)-a
and the attraction of dendritic cells. C5a exerts its multiple biologic functions mainly through activation of C5a
receptor 1 (C5aR1). Here, we assessed the role of C5aR1 as an enhancer of CCR5-mediated HIV infection. We
determined CCR5 and C5aR1 heterodimer formation in myeloid cells and the impact of C5aR1 blockade on
HIV entry and genomic integration. C5aR1/CCR5 heterodimer formation was identified by immunoprecipi-
tation and western blotting. THP-1 cells and monocyte-derived macrophages (MDM) were infected by R5
laboratory strains or HIV pseudotyped for the vesicular stomatitis virus (VSV) envelope. Levels of integrated
HIV were measured by quantitative PCR after targeting of C5aR1 by a C5aR antagonist, neutralizing C5aR1
monoclonal antibody (mAb) or hC5a. C5aR1 was also silenced by specific siRNA prior to viral entry. We found
that C5aR1 forms heterodimers with the HIV coreceptor CCR5 in myeloid cells. Targeting C5aR1 significantly
decreased integration by R5 viruses but not by VSV-pseudotyped viruses, suggesting that C5aR1 is critical for
viral entry. The level of inhibition achieved with C5aR1-blocking reagents was comparable to that of CCR5
antagonists. Mechanistically, C5aR1 targeting decreased CCR5 expression. MDM from CCR5D32 homozygous
subjects expressed levels of C5aR1 similar to CCR5 WT individuals, suggesting that mere C5aR1 expression is
not sufficient for HIV infection. HIV appeared to preferentially enter THP-1 cells expressing high levels of both
C5aR1 and CCR5. Targeted reduction of C5aR1 expression in such cells reduced HIV infection by *50%. Our
data thus suggest that C5aR1 acts as an enhancer of CCR5-mediated HIV entry into macrophages, the targeting
of which may prove useful to reduce HIV infection by R5 strains.

Introduction

The complement system is an ancient danger sensing
system that can kill microbial invaders directly or indi-

rectly by attracting and activating innate immune cells.
Complement also instructs such cells to drive adaptive im-
mune responses aimed at destructing microbes. Although
complement is activated during all stages of HIV infec-
tion,1 the virus has found several ways to not only escape
complement-mediated killing but to exploit the system for
increased infection and reproduction.2,3 The complement
system recognizes HIV gp41 and gp120 through direct
binding of C1q or mannose-binding lectin (MBL) driving the
activation of either the classical and/or the lectin pathway.2,4

After seroconversion, immune complexes significantly am-
plify complement activation. However, HIV is enveloped
with host cell-derived complement regulators such as CD55
and CD46, which prevent efficient complement-mediated
lysis of virus particles. Furthermore, gp41 and gp120 can
bind the complement regulator protein factor H in the cir-
culation, additionally promoting a nonactivator surface.2

The coating of HIV with C3 fragments allows the virus to
bind to different complement receptors, such as CR1 (CD35),
CR2 (CD21), CR3 (CD11b/CD18), and CR4 (CD11c/CD18).
CR1 is widely expressed on erythrocytes and C3b-coated
HIV uses CR1 on erythrocytes to spread into tissues, where
degradation of C3b into iC3b and C3d,g allows the virus to
infect a wide spectrum of CR2-, CR3-, and CR4-expressing
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cells such as B cells, macrophages, and dendritic cells
(DCs).5–7 B cells that bind C3d,g-coated virus particles may
disseminate and transmit infectious virus to activated T
cells.8 Furthermore, follicular DCs that bind C3d-opsonized
HIV through CR2 provide an important extracellular HIV
reservoir in germinal centers.9

Less is known about the role of the cleavage fragment of
C5, C5a, which is generated when HIV activates comple-
ment at mucosal surfaces. C5a serves as a potent chemoat-
tractant for immature DCs and macrophages, which are
recruited to sites of HIV entry.10 C5a can bind to two re-
ceptors, C5aR1 (CD88) and C5aR2 (C5L2), both of which
belong to the large group of seven-membrane spanning re-
ceptors. While C5aR can couple to several G-proteins such
as Gai2, Gai3, and Gaq, C5aR2 is uncoupled from G-proteins
due to a mutation in the highly conserved DRY motif in the
third transmembrane domain. C5aR1 is expressed on the
cell surface whereas most of C5aR2 is expressed intracel-
lularly.11 Previous studies have shown that C5a can enhance
the infection of MDM and T cells indirectly through the
production of interleukin (IL)-6 and tumor necrosis factor
(TNF)-a and the attraction of DCs.10,12 Complement-
mediated enhancement of HIV infection was also described
for CD4 cells.13

Interestingly, C5aR1 forms heterodimers with the che-
mokine receptor CCR5, a major coreceptor for viral entry for
R5 strains14 in a rat basophilic leukemia cell line.15 CCR5
cell surface levels are highly variable in the human popula-
tion and their regulation has been shown to depend on mul-
tiple factors, including polymorphisms in the CCR5 promoter
and the expression of its chemokine ligands.16,17 Further-
more, CCR5 forms heteromers with CXCR4 and CCR2 in
activated T cells or monocytes. Importantly, small molecule
antagonists of either receptor partially cross-inhibit the
binding of chemokines to the associated receptors, thereby
blunting their functional responses.18 Regulation of CCR5
function or surface expression through heterodimerization
could be of importance, because low CCR5 and high che-
mokine levels are associated with slower HIV-1 disease
progression rates.19,20 Also, variation in CCR5 levels has
implications for the development of resistance to CCR5 in-
hibitors.21

As macrophages express high levels of both molecules, we
hypothesized that heterodimerization of CCR5 and C5aR
could also occur in these cells, and that it could affect HIV
entry. In this study, we show that C5aR1 and CCR5 form
heterodimers in the macrophage cell line THP-1. Further-
more, we found that HIV targets C5aR1 for cell entry/fusion
into MDM, as specific blockade or knock-down of C5aR1
resulted in a significant reduction of HIV entry and integra-
tion. Importantly, our findings indicate that HIV preferen-
tially entered THP-1 cells expressing high levels of both
C5aR1 and CCR5. Our findings thus suggest that C5aR1
serves as an enhancer of CCR5-mediated HIV entry into
macrophages.

Materials and Methods

Human myeloid cells

The monocytic cell line THP-1 (ATCC) was differentiated
for 24 h with PMA (40 ng/ml). Monocytes were purified from
the blood of healthy HIV-uninfected donors (Hoxworth

Blood Bank Center, Cincinnati, OH) using CD14 beads
(Miltenyi, San Diego, CA) and were differentiated into
monocyte-derived macrophages (MDM) by 3-day cultures
with GM-CSF (100 UI/ml, Peprotech, Rocky Hill, NJ). In one
experiment, monocytes from CCR5D32-homozygous unin-
fected individuals (kindly provided by Dr. R.G. Collman,
UPenn CFAR, Philadelphia, PA) were similarly differenti-
ated. Protocols to obtain blood were IRB approved in each
institution.

Determination of C5aR and CCR5 expression
by flow cytometry or western blot

For flow cytometric analysis, differentiated THP1 and
MDM were stained with anti-CCR5 Ab (clone 2D7, BD
Pharmingen, San Jose, CA) and anti-C5aR1 (clone S5/1,
Santa Cruz Biotech, Dallas, TX) at room temperature for
20 min. Quadrants were set up according to staining with
isotype-matched control Abs. To determine the formation
of C5aR-CCR5 heterodimers, THP-1 whole cell lysates
were prepared using a Triton X-100-based lysis buffer.
CCR5 was immunoprecipitated with anti-CCR5 mono-
clonal antibody (mAb) (T22/8 clone) and agarose beads-
conjugated anti-mouse IgG followed by Western blot
analysis of CCR5, C5aR, CCR1, and Gai2. For detection of
CCR1 and Gai2, we used pAbs H-52 and L-5 (Santa Cruz
Biotech).

HIV infection of THP-1 or MDM

HIV viruses were prepared from 293T cells transfected
with different plasmids (all from the NIH AIDS Research and
Reference Reagent Program), using Fugene transfection
(Roche) as recommended by the manufacturer. In particular,
we used plasmids encoding the R5 YK-JRLF full clone. HIV
vesicular stomatitis virus (VSV) pseudotyped virus was ob-
tained by cotransfection of YU2Denv and VSV-G plasmids.
The R5 YK-JRCSF-BlaM-Vpr was obtained by cotransfec-
tion of YK-JRCSF and BlaM-Vpr plasmids. After 2 days, the
supernatants were harvested and the virus precipitated using
polyethyleneglycol. Virus titers were determined using the
TZM-bl cell line, as described.22

Differentiated THP1 cells or MDM were cultured at 37�C
with C5aR1 blocking reagents for 1 h. These reagents were
used at the following concentrations: C5aR antagonist
(C5aRA) A8D71–73 23: 87.8 lM; anti-C5aR1 Ab or isotype-
matched control (Hycult Biotech Plymouth Meeting, PA
and BD Pharmingen): 1 lg/ml; CCR5 antagonist TAK779
(NIH AIDS Research and Reference Reagent Program):
20 lM; or hC5a (Hycult Biotech): 100 lM. Cells were then
infected with YK-JRLF at a multiplicity of infection (MOI)
of 1 or 3 for THP-1 and MDM, respectively. After 6 h of
infection at 37�C, cells were washed twice with complete
RPMI, cultured for an additional 24 h, and then lysed with a
mix of TRIS, Tween 20, NP40, and proteinase K. Cell-
associated HIV-1 DNA was measured in cell lysates by
nested real-Time PCR, as described.24–26 A first amplifi-
cation round was performed using oligonucleotides that
target two Alu sequences and the U3-RU5 sequence of the
HIV-1 LTR.

In the same reaction, CD3 primers were also used to pre-
cisely determine the number of cells. Following the first
amplification, specific primers and a specific labeled probe
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against the HIV-LTR were used to detect integrated HIV,
using real-time PCR (Light Cycler, Roche). In parallel, CD3
primers and SYBR Green were used in another real-time PCR
reaction to quantify CD3 expression. DCt was then used to
calculate the relative expression of HIV, normalized to the
CD3 expression. The efficiency of the amplification process
was verified using the ACH-2 cell line, i.e., a cell line of
human T-lymphocytic leukemia that contains a single copy
of LAV strain proviral DNA (NIH AIDS Research and Re-
ference Reagent Program).

Assessment of cytokine and chemokine production
in response to HIV infection

MDM were cultured in RPMI1640 medium in the absence
or the presence of 10 lg/ml anti-C5aR-antibody S5/1 (Hycult
Biotech) for 1 h prior to 24 h stimulation with 3 MOI R5

YK-JRFL or BaL (NIH). As a positive control, cells were
stimulated with 100 ng/ml Escherichia coli LPS (SIGMA).
Supernatants were collected and analyzed for the production
of TNF-a, IL-1ß, IL-6, IL-10, IL-15, and IL-12p40, as well
as the production of several chemokines including CXCL8
(IL-8), CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-1b),
and CCL5 (RANTES) using MILLIPLEX, Multiplex Im-
munoassay Kit (EMD Millipore, Billerica, MA).

C5aR silencing by siRNA and fusion/entry assay

THP-1 cells were transfected using either C5aR siRNA
(60 nM) or control siRNA, containing a scrambled sequence
that does not lead to specific degradation of any known
cellular mRNA, according to the manufacturer’s instruc-
tions (Santa Cruz Biotech). After 24 h, cells were treated
with PMA (40 ng/ml) for an extra 24 h. Surface levels of

FIG. 1. Formation of CCR5 and C5aR1 heterodimers in human myeloid cells. (a) Flow cytometric analysis of C5aR1
and CCR5 coexpression in differentiated THP-1 cells and monocyte-derived macrophages (MDM). After differentiation,
THP1 and MDM were stained for membrane expression with anti-CCR5 and anti-C5aR1 monoclonal antibodies (mAbs)
or matched isotype control Abs. Quadrants were set up according to staining with isotype-matched control Abs. Per-
centages indicate the percentages of gated cells expressing each marker. (b) Frequencies of C5aR1+, CCR5+, or
CCR5+C5aR1+ MDM. Data show values from 13 individual donors. Bars show the means – SEM. (c) CCR5 was
immunoprecipitated from THP-1 whole cell lysates followed by Western blot analysis of CCR5, C5aR1, CCR1, and Gai2

expression. Left panel: two independent samples indicated as lanes A and B, respectively. Right panel: relative abun-
dance of C5aR1, CCR1, and Gai2 protein as determined by densitometric assessment of the band intensity. Data are the
means – SEM (in percent) of the Western blot signal obtained for each marker in comparison to the CCR5 signal
obtained in the same sample (n = 4).
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CCR5 and C5aR were evaluated by flow cytometry. After
PMA treatment, transfected THP-1 cells were infected
overnight with YK-JRCSF-BlaM-Vpr (MOI = 1).27 The
cells were then loaded with the CCF2-AM dye for 1 h and
the fusion was measured 6 h later by flow cytometry.
Fluorescent blue cells (measured at 405 nm) were consid-

ered infected cells. Uninfected cells loaded with CCF2-AM
were used as a negative control.

Statistical analysis

Statistical analysis was performed using Prism (Graph-
Pad Software 6). HIV proviral DNA levels were compared

FIG. 2. C5a treatment or C5aR1 blockade decreases HIV infection of THP-1 and MDM but does not decrease infection
with vesicular stomatitis virus (VSV)-pseudotyped HIV. (a) Differentiated THP-1 cells were cultured at 37�C with C5aRA
(87.4 lM), anti-C5aR1 mAb S5/1, isotype control mAb (both at 1 lg/ml), or TAK779 (20 lM). The cells were infected with
YK-JRLF at an MOI = 1 for THP-1 or MOI = 3 for MDM. After 6 h, cells were washed, cultured for another 24 h, and then
lysed. Integrated HIV-1 DNA was measured in cell lysates by Alu-RT-PCR. DCt was used to calculate the relative
expression of HIV, normalized to CD3 expression. Eventually, results were normalized to infection in untreated cells. The
graphs show the mean normalized infection levels – SEM from four independent experiments. (b) C5aRA and C5aR1-
specific antibody treatment decreases HIV infection of THP-1 cells in a dose-dependent manner. (c) As in (a), except that
MDM were used instead of THP-1 cells. The graph shows the mean normalized infection levels – SEM of MDM from five
individual donors. (d) As in (a), except that THP-1 cells were incubated with hC5a (100 lM) for 1 h. (e) C5aR1 and CCR5
blocking reagents do not affect the number of cells. Differentiated THP-1 cells or MDM were cultured at 37�C with C5aRA,
anti-C5aR1 mAb S5/1, or TAK779 and infected with YK-JRLF as described above. CD3 DNA levels were measured in cell
lysates by Alu-RT-PCR. The graph shows the mean – SEM of the cycle threshold (Ct) values from ‡4 independent
experiments. (f) Infection of differentiated THP-1 cells with VSV-pseudotyped YU2 in the presence or absence of C5aR1
blockade with C5aR1 mAb (1 mg/ml). Data are the mean values – SEM from three independent experiments.
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using the paired t-tests after normalization. Levels of CCR5
and C5aR1 expression were compared using the paired
t-test. p-values of <0.05 were considered as denoting a
significant difference.

Results

Human myeloid cells express CCR5
and C5aR1 heterodimers

CCR5/C5aR1 heterodimer formation has been described
in a rat basophilic leukemia cell line.15 To determine whether
the CCR5-C5aR complex plays a role in HIV infection of
macrophages, we first analyzed the expression of these two
receptors on human myeloid cells. PMA-differentiated THP1
cells are commonly used to model macrophage infection, and
these cells express high levels of both C5aR1 and CCR5
(Fig. 1a; left panel), whereas nondifferentiated THP1 express
low levels of both receptors (data not shown). Furthermore,
as shown in Fig. 1a (right panel) and Fig. 1b, about 60% of
human MDM express both C5aR1 and CCR5. About 20%
of MDM expressed C5aR1 alone, whereas single expres-
sion of CCR5 occurred in about 5% of MDM (Fig. 1b).

Next, we determined whether CCR5 and C5aR1 are as-
sociated in differentiated THP-1. Whole THP-1 cell lysates
were immune precipitated with anti-CCR5, followed by
Western blotting and using antibodies specific for either
CCR5, C5aR1, CCR1, or Gai2 (as a positive control). As

shown in Fig. 1c (showing two representative cell lysates),
CCR5 (as well as Gai2) coprecipitated with C5aR1 in both
samples. In contrast, CCR1 did not coprecipitate with CCR5
under these conditions suggesting that CCR5 is associated
with C5aR1 and Gai2, but not with CCR1 in the membrane of
differentiated THP-1 cells.

C5a treatment or C5aR blockade decreases HIV
infection of THP-1 cells and primary macrophages

Given that CCR5 and C5aR1 can form heterodimers, we
next tested the impact of C5aR1 blockade on HIV infection
of differentiated THP-1 cells or MDM by the R5 HIV lab-
oratory strain YK-JRLF. C5aR1 was targeted using the
C5aRA A8D71–73,23 which blocks the interaction of C5a
with C5aR1 and C5aR2. To specifically block C5aR1, we
used the C5aR1-neutralizing mAb S5/1 clone.28 Levels of
integrated HIV were measured using the Alu-long terminal
repeat (Alu-LTR) quantitative nested PCR assay, as de-
scribed earlier.24,26

As shown in Fig. 2a, treatment by both C5aR1 blocking
reagents significantly decreased the level of integrated HIV
to levels comparable to those achieved following treatment
by the CCR5 antagonist TAK779. C5aRA and anti-C5aR1
mAb led to a similar reduction, suggesting a predominant
role for C5aR1. This inhibition was not specific for this
particular virus strain, as similar inhibition was observed for
the infection with YU2, another R5 laboratory strain (data

FIG. 3. C5aRA treatment de-
creases CCR5 expression by THP-1
or MDM. Differentiated THP-1 (a)
or MDM (b) were treated with
C5aRA (87.4 lM) for the indicated
times. CCR5 or C5aR1 expression
(MFI) was determined by flow cy-
tometry. The graph shows mean
normalized levels (MFI at time 0
was considered as 100% expres-
sion) (n = 3).

FIG. 4. C5aR1 expression is not affected in macrophages from CCR5D32-homozygote individuals. Plastic-adherent cells
purified from unfrozen peripheral blood mononuclear cells (PBMCs) of two healthy HIV-uninfected and CCR5 WT
individuals and two healthy uninfected CCR5D32-homozygote individuals were differentiated into MDM. After differ-
entiation, MDM were stained with (a) anti-CCR5 or (b) anti-C5aR1 mAbs. The gray histograms indicate isotype antibody
control staining.
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not shown). This effect was dose dependent, as shown in
Fig. 2b. Importantly, similar (>50%) inhibition of HIV in-
tegration was observed in primary MDM pretreated by
C5aRA or anti-C5aR1 mAb, but not by the isotype-matched
Ab (Fig. 2c). Furthermore, we observed a significant re-
duction of HIV integration when THP-1 cells were prepre-
treated with C5a (Fig. 2d). None of the reagents caused
significant cell death and CD3 levels were comparable in all
conditions (Fig. 2e).

To assess the role of C5aR targeting on cytokine produc-
tion during HIV infection, we infected MDM with YK or BaL
HIV strains at an MOI of 3 in the presence or absence of the
C5aR1-specific mAb 5S/1 at a concentration 10-fold higher
than that required to decrease HIV integration. LPS stimu-
lation was used as the positive control. We determined the
production of cytokines and chemokines, including TNF-a,

IL-1ß, IL-6, IL-10, IL-15, IL-12p40, CXCL8, and CCL2-5.
While LPS treatment induced the production of all of these
cytokines and chemokines 24 h after administration (al-
though with different potencies), infection with the two dif-
ferent HIV strains did not result in the production of any of
the cytokines or chemokines. Furthermore, we observed no
impact of anti-C5aR1 treatment on cytokine or chemokine
induction (data not shown).

C5aR affects HIV entry

To determine what step of the HIV life cycle is affected
by C5aR1 blockade, we first used an R5 YU2 strain pseu-
dotyped for the VSV envelope, which mediates entry into
mammalian cells through CD4 and coreceptor-independent
pathways. C5aRA treatment had a minor and nonsignificant

FIG. 5. Decreased C5aR1 surface expression results in reduced CCR5-mediated HIV infection of THP-1 cells. (a) THP-1
cells were treated with C5aR1 siRNA or control siRNA for 24 h, and then differentiated with PMA for an additional 24 h.
Efficiency of C5aR1 silencing was measured by flow cytometry. (b) Transfected cells were loaded with the CCF2-AM dye
and infected with YK-JRCSF-BlaM-Vpr. Fusion was measured 6 h later by flow cytometry. Dot plots show the levels of
cleaved-CCF2-AM in control siRNA-treated cells (left panel) versus C5aR1 siRNA-transfected cells (right panel). Per-
centages of positive/negative cells are indicated; the positivity gate was set up based on the fluorescence level in uninfected
cells loaded with CCF2-AM. The MFI of cleaved CCF2-AM was measured in both experimental conditions, and was 338
and 247 for control siRNA and C5aR1 siRNA-transfected cells, respectively. The data shown are representative of two
independent experiments. (c) Cells gated based on cleaved CCF2-AM fluorescence were assessed for CCR5 and C5aR1
expression. The dot plots represent the frequency of CCR5+C5aR1+ HIV-infected cells in control siRNA-transfected
(left panel) versus C5aR1 siRNA-transfected cells (right panel). The data shown are representative of two independent
experiments.
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effect on infection by this VSV-pseudotyped R5 virus (Fig. 2f).
Levels of infection of THP-1 by wt and VSV-pseudotyped
viruses were similar (means – SEM HIV copies/CD3 in
infected THP-1 were 0.192 – 0.12 vs. 0.126 – 0.12 for wt vs.
VSV-pseudotyped viruses, p = 0.81). These data suggest
that C5aR1 is critical for HIV entry into THP-1 cells.

C5aR1 engagement by C5aRA results
in a decrease of CCR5 surface expression

In search for mechanisms underlying the C5aR1-
mediated infection of MDM and THP-1 cells, we reasoned
that the interaction of the C5aR1 blocking reagents might
decrease the surface expression of CCR5. We thus deter-
mined CCR5 and C5aR1 expression on differentiated THP-
1 cells or MDM treated with the C5aRA. Incubation with
C5aRA induced down-regulation of C5aR1 surface ex-
pression within 10 min on both cell types (Fig. 3). Im-
portantly, CCR5 expression followed the same pattern,
suggesting that both receptors were rapidly internalized
upon C5aR1 engagement (Fig. 3). Notably, CCR5 remained
low 1 h after C5aRA treatment, which is the time when HIV
was added to the cultures in the experiments described
above (Fig. 2).

MDM from CCR5D32-homozygous uninfected individuals
have long been known to be resistant to R5 HIV infection.29–31

Due to the heterodimerization between CCR5 and C5aR1,
we next determined whether the decrease of CCR5 levels
in D32-homozygous uninfected individuals (Fig. 4a) also af-
fected the expression of C5aR1 (Fig. 4b). Importantly, we
found that this is not the case. MDM from D32-homozygous
subjects expressed levels of C5aR1 similar to those from
normal subjects (Fig. 4b). Taken together, these data suggest
that blockade of C5aR1 affects HIV entry through the CCR5-
dependent pathway. Furthermore, our data imply that C5aR1

alone is not sufficient to mediate efficient viral entry and may
act as an enhancer of CCR5-mediated entry.

C5aR facilitates CCR5-mediated HIV entry
into differentiated THP-1 cells

To provide additional evidence for the view that C5aR1
facilitates and increases CCR5-mediated HIV entry, we
knocked down C5aR1 expression in differentiated THP-1
cells by an siRNA approach before infection. This C5aR1-
siRNA-specific treatment reduced C5aR1 expression by
*50% (Fig. 5a, left panel) but did not decrease CCR5 levels
(Fig. 5a, right panel). We next evaluated viral fusion and
entry by a flow cytometry-based assay,27 and observed a
similar reduction (*50%) of HIV entry/fusion, from 7.5% in
control siRNA-treated THP-1 cells to 3.3% in THP-1 cells
that were silenced for C5aR1 expression using C5aR1-
specific siRNA (Fig. 5b, right panel). Reduction of C5aR1
expression in C5aR1-siRNA-treated THP-1 affected the
percentage of cells in which HIV entered, but not the level of
infection in those cells that were infected, as the intensity of
cleaved CCF2-AM was similar in the CCF2-AM+ cells
present in control or C5aR1-siRNA-treated THP-1 cells
(MFI of 1243 vs. 1443 in experiment one and MFI 1406 vs.
1445 in experiment two). In support of the view that the
presence of C5aR1 facilitates HIV entry, the majority of the
HIV-infected THP-1 cells were CCR5+C5aR1+ (*53%), and
inhibition of C5aR1 expression reduced viral entry into these
double-positive cells (Fig. 5c).

Discussion

HIV strains associated with mucosal transmission predom-
inantly use CCR5 for entry into target cells. In depth knowl-
edge of CCR5/HIV interactions is therefore fundamental for

FIG. 6. Model depicting
the impact of C5aR1 CCR5
association on HIV infection.
(a) When MDM express
C5aR1 but lack CCR5, as in
homozygous CCR5D32 indi-
viduals, R5-tropic HIV strain
YK-JRCSF does not enter the
target cell. (b) MDM become
infected by R5-tropic HIV
strains when they express
CCR5. (c) When C5aR1 and
CCR5 are both expressed in
MDM, they tend to form
heterodimers. Our data indi-
cate that such heterodimer
formation is associated with
enhanced infection of R5-
tropic strains, as the virus
seems to preferentially infect
cells that express both re-
ceptors at high levels.
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a better understanding of HIV infection as well as for the
development of new therapeutic and preventive approaches.
Our data provide evidence that CCR5 and C5aR1 form het-
erodimers on human myeloid cells. Importantly, we demon-
strate for the first time that treatment of differentiated THP-1
cell or MDM with reagents that target C5aR1 impair cellu-
lar entry and HIV genomic integration of R5 laboratory
strains in vitro, although these processes were not completely
blocked. C5aR1 could act either as a novel coreceptor for HIV
infection or facilitate CCR5-mediated entry and infection.
Our data support the latter view, as we found strong expres-
sion of C5aR1 on MDMs from CCR5 D32-homozygous in-
dividuals who are resistant to HIV infection.29–31 Our data
also suggest that HIV preferentially infects myeloid cells that
express high levels of both receptors, most likely forming
heterodimer complexes (Fig. 6).

To the best of our knowledge, our finding that a GPCR
(i.e., C5aR1) partners with CCR5 and that this complex
appears to facilitate HIV entry is a novel concept. Of note,
we have recently shown that C5aR1 cooperates with an-
other GPCR, i.e., bradykinin B2 receptor in Trypanosoma
cruzi infection, suggesting that the association of C5aR1
with other GPCRs is a more general phenomenon in host–
pathogen interaction.32 However, our study, which was
designed as a proof of concept that C5aR/CCR5 hetero-
dimerization could affect HIV entry in myeloid cells, is
limited by the fact that we did not study mucosal infection
by primary isolates. Macrophages from the mucosa may
perform differently than MDM, and additional experi-
ments will be necessary using mucosal macrophages or
human mucosal tissue explants to confirm the relevance of
this study.

Looking for underlying mechanisms, we observed that
C5aR1 targeting results in down-regulation of CCR5 sur-
face expression within 10 min. Cross-desensitization of
CCR5 upon C5a or C5adesArg-mediated activation of
C5aR1 associated with cointernalization has been de-
scribed previously.15 Although C5aRA does not promote
C5aR1 signaling including C5aR1 phosphorylation,33 it
may indirectly affect C5aR1 signaling and internalization
by its impact on C5aR2, which couples to ß-arrestin.34 This
indirect regulation of C5aR1 internalization could also
drive CCR5 cross-internalization through the ß-arrestin
pathway. Alternatively, binding of C5aRA to C5aR1 and
C5aR2 may result in the aggregation of the CCR5/C5aR1,
CCR5/C5aR2, or even a trimeric complex comprising CCR5/
C5aR1/C5aR2 that activates a novel signaling pathway not
triggered by any of the receptors or a pathway downstream of
CCR5. Delineating the exact mechanism by which C5aRA
treatment leads to down-regulation of CCR5 surface expres-
sion is beyond the scope of the current study and is the focus
of future experiments.

In addition to our data suggesting that it could serve as
an enhancer of CCR5-driven infection, C5aR1 has previ-
ously been shown to enhance HIV infection through two
other mechanisms. First, Kacani et al. have shown that
preincubation of MDM with C5a for 48 h increased the
susceptibility of such cells for HIV infection 40-fold as
compared with untreated controls. This effect could be
blocked using a C5aR1-specific mAb.12 In search for
mechanisms underlying this effect, the authors found that
C5a increased TNF-a and IL-6 production from MDM.

Furthermore, they have shown that specific targeting of
C5aR1, using the same mAb that we have used in our study
(S5/1), inhibited the C5a-mediated increase of TNF-a or
IL-6, demonstrating that C5aR1 signaling is critical for the
effect. TNF-a and IL-6 are known to increase HIV repli-
cation and HIV infection of MDM, which, in turn, en-
hances secretion of such cytokines.35,36 Importantly, IL-6
is also known to increase C5aR1 expression on macro-
phages.37 Thus, enhanced susceptibility to HIV infection
may also result from increased numbers of receptors avail-
able for infection.

Second, the same laboratory demonstrated that C5a
generated during HIV infection recruits immature DCs and
promotes infection of autologous T cells, probably by in-
creasing the infection in DC/T cell aggregates.10 In the
past, we have assessed the impact of C5aR targeting in
human monocytes on IL-12p70, IL-10, and TNF-a pro-
duction. C5aRA treatment led to marked and dose-
dependent reduction of IL-12p70 and TNF-a production
(albeit to a lower extent than IL-12), and reversed IFN-c
suppression of IL-10 production.38 Thus, our previous data
support the view that C5a signaling drives a more proin-
flammatory milieu whereas its absence is associated with
an antiinflammatory environment. However, in the present
study, the C5aR1-mediated enhancement of early phases of
HIV infection does not appear to be driven by changes in
cytokine induction.

In summary, our results and the findings of the Stoiber
laboratory suggest a biphasic contribution of C5a to HIV
infection, i.e., a direct contribution of C5aR1 during the early
phase of HIV infection through enhanced CCR5-mediated
entry, and an indirect role later on during the infection
through the release of proinflammatory cytokines, the at-
traction of DCs, and the spreading to T cells. Targeting
C5aR1 may prove useful as an additional therapeutic arm to
block HIV at different phases of infection.
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