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Introduction

Dengue is a major public-health concern in tropical and
sub-tropical regions of the world. It is the most rapidly
spreading mosquito-borne viral disease, with a 30-fold

Summary

Dengue is a mosquito-borne disease that affects millions of people world-
wide yearly. Currently, there is no vaccine or specific treatment available.
Further investigation on dengue pathogenesis is required to better under-
stand the disease and to identify potential therapeutic targets. The chemo-
kine system has been implicated in dengue pathogenesis, although the
specific role of chemokines and their receptors remains elusive. Here we
describe the role of the CC-chemokine receptor CCR5 in Dengue virus
(DENV-2) infection. In vitro experiments showed that CCRS5 is a host fac-
tor required for DENV-2 replication in human and mouse macrophages.
DENV-2 infection induces the expression of CCR5 ligands. Incubation
with an antagonist prevents CCR5 activation and reduces DENV-2 posi-
tive-stranded (+) RNA inside macrophages. Using an immunocompetent
mouse model of DENV-2 infection we found that CCR5 '~ mice were
resistant to lethal infection, presenting at least 100-fold reduction of viral
load in target organs and significant reduction in disease severity. This
phenotype was reproduced in wild-type mice treated with CCR5-blocking
compounds. Therefore, CCR5 is a host factor required for DENV-2 repli-
cation and disease development. Targeting CCR5 might represent a thera-
peutic strategy for dengue fever. These data bring new insights on the
association between viral infections and the chemokine receptor CCR5.

Keywords: CC-chemokine receptor 5; chemokines; dengue virus; inflam-
mation; viral replication.

increase in global incidence over the past 50 years."”
Infection with any of the Dengue virus (DENV) serotypes
can be asymptomatic, or can cause the classic dengue
fever or evolve to severe disease, which leads to death if
untreated.” > It is estimated that 390 million dengue

Abbreviations: ATCC, American Type Culture Collection; CCR, CC-chemokine receptor; DENV, Dengue virus; DMEM, Dul-
becco’s modified Eagle’s medium; MOI, multiplicity of infection; p.i., post-infection; RANTES, regulated on activation normal T
cell expressed and secreted; THP-1, human monocytic leukaemia cell line; WT, wild-type; w/v, weight/volume
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infections occur each year, of which 96 million manifest
as the fever.® Besides its importance, disease pathogenesis
is not fully understood, which renders treatment of
dengue fever and severe dengue largely supportive. In
addition, delay in the development of vaccines puts a
serious burden on the health-care systems of low-income
countries.”®

Severe forms of dengue are characterized by an
intense inflammatory response associated with haemor-
rhagic phenomena, including plasma leakage, thrombo-
cytopenia, bleeding and hypovolaemic shock.”'® The
development of severe dengue involves a complex inter-
play between viral, host and environmental factors.'" "’
DENV can interact and infect leucocytes, such as den-
dritic cells,"* monocytes and macrophages,”” resulting in
cell activation and production of inflammatory media-
tors that shape both innate and acquired immune
responses.

The C-C chemokine receptor 5 (CCR5) is involved in
the recruitment of mononuclear leucocyte populations to
tissues,'® among other functions.”'® CCR5 was originally
described by Gao et al. in 1993' as a receptor for the
chemokines CCL3 and CCL5 and was later found to be
also activated by CCL4.” The discovery of CCR5 is con-
comitant with its association with HIV-1.*" Individuals
homozygous for the CCR5A32 allele express a non-func-
tional CCR5 that confers protection from HIV infec-
tion.”! This aspect of HIV biology resulted in the
development of CCR5 inhibitors to treat HIV-seropositive
patients.”***  Among these inhibitors, the modified
chemokine of regulated on activation normal T cell
expressed and secreted (Met-RANTES) effectively blocks
CCR5-mediated leucocyte recruitment and activation,*>
and has been used in disease models with an inflamma-
tory component, including arthritis,”” asthma®® and peri-
odontitis.”®

The association of CCR5 with HIV was the first to be
described, followed by associations with different viral
pathogens. CCR5 expression may be a risk factor for
severe infections with flaviviruses, which share the same
genus with DENV. Prevalence of the ccr5A32 allele is
associated with severe meningoencephalitis in tick-borne
encephalitis virus®® and symptomatic infection in West
Nile encephalitis virus.”® In a mouse model of West Nile
encephalitis virus infection, CCR5 expression is up-regu-
lated in wild-type (WT) mice and CCR5-deficient mice
are markedly susceptible to infection.”

The cytokine storm observed in patients with severe
dengue fever includes increased levels of CC chemokines.
All CCR5 ligands and CCRS5 itself were demonstrated to
be expressed in dengue patients’*>* and in different den-
gue infection models.”> *® Previous work from our group
demonstrated that mice deficient for the CC chemokine
receptors CCR2 and CCR4 have reduced disease severity
after DENV-2 infection.”
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The role of CCR5 in driving inflammatory diseases,
together with clinical evidence on its role in flavivirus
and dengue infection, places CCR5 and its ligands as
interesting candidates for investigation. Here we demon-
strate that CCR5 is a host factor required for DENV-2
replication and development of infection. DENV-2 poorly
replicates in macrophages treated with CCR5-blocking
compounds or deficient for this receptor. CCR5 defi-
ciency or pharmacological blockade in vivo reduces
DENV-2 load in tissues and prevents disease develop-
ment. The role of CCR5 in dengue indicates clear differ-
ences in how flaviviruses exploit the chemokine system
during infection, indicating that CCR5 is an important
host factor for dengue development.

Materials and methods

Ethics statement

All experimental procedures were approved, and complied
with the University of Minas Gerais’s (UFMG) Commit-
tee for Ethics in Animal Experimentation (CETEA) regu-
lations, under protocol number 113/2009. All efforts were
made to minimize animal number and suffering during
the experimental procedures.

Mice

Eight- to 12-week-old C57BL/6 (H-2D) WT mice were
acquired from Centro de Bioterismo (CEBIO) of UFMG
(Belo Horizonte, Brazil). CCR5 '~ mice, 8-12 weeks old,
backcrossed at least 10 times in C57BL/6, were kindly
provided by Dr Leda Q. Vieira and bred in the labora-
tory’s animal facility. All animals were kept under con-
trolled temperature (23°) with a strict 12-hr light/dark
cycle, food and water available ad libitum under specific
pathogen-free conditions.

Virus

Stocks of DENV-2 strain NGC were generated by clarified
suspension of infected brains from a single passage in
newborn mice and another passage in C6/36 mosquito
cells. DENV-2 strain P23085 was obtained from the State
Collection of Viruses, Moscow, Russia, and adapted as
previously described.’® Virus adaptation was performed
in a maximum containment biosafety level 3 laboratory
of the SRC VB ‘Vector’, Koltsovo, Russia. Sequence of
portions of the E and NS1 genes of the mouse-adapted
virus was deposited at GenBank under the accession
number AY927231. The identity of our DENV-2 P23085
strain was confirmed in vitro and in vivo.”> For the
current set of experiments, virus stocks were generated
by propagating the adapted virus stocks in LLC-MK2
cells [kidney, Rhesus monkey; American Type Culture
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Collection (ATCC), Manassas, VA] to a maximum of two
passages. Cell culture media (Dulbecco’s modified Eagle’s
medium; DMEM) containing DENV were harvested and
stored at —80°, as well as the DENV-2 NGC stocks. Virus
titres were determined by plaque assay in LLC-MK2 cells,
expressed as plaque-forming units (PFU) per ml of sus-
pension.

In vitro experimental infection

THP-1 cells (human leukaemic monocytes; ATCC) were
activated by treatment with PMA at 0-5 pum for 3 hr at
37° in 5% CO,. All experiments used 1 x 10° THP-1
cells per well. Cells were incubated with or without Met-
RANTES (Met-R, kindly donated by Merck-Serono, Zug,
Switzerland) at a concentration of 1 pg/ml. Infections
were performed with DENV-2 NGC at a multiplicity of
infection (MOI) of 0-1. Cells were washed in RPMI-1640
between each step (plating, infection, treatment) and
before harvesting for viral RNA. Samples were stored at
—80° until processing.

For the viral entry experiment, the protocol described
previously was followed.** Briefly, cells were treated
with or without Met-R and infected with DENV-2
NGC at an MOI of 1. After 2 hr, cells were kept at 4°,
washed three times in PBS and incubated for 3 min in
alkaline buffer to release bound viral particles. Cells
were washed again in chilled PBS and harvested for
RNA extraction.

Murine peritoneal macrophages were collected by peri-
toneal lavage in 0-34 M ice-cold sucrose, seeded in six-well
plates (1 x 10° cells/well) and incubated at 37° in 5%
CO, for adherence. Then, cells were washed in DMEM
and treated for 60 min with Met-R. After washing, cells
were incubated with mouse-adapted DENV-2 P23085 at
an MOI of 0-1 for 1 hr, washed twice and maintained in
DMEM until sample collection. Cell culture supernatant
and cellular extract samples were assessed for virus titres
by plaque assay in LLC-MK2 cells.

Bone-marrow-derived macrophages and dendritic cells

Bone marrow was sterile harvested from femur and tibia
of C57BL/6 mice. Cells were washed, counted and differ-
entiated using two culture conditions. Bone-marrow-
derived macrophages were cultured for 7 days in DMEM
supplemented with 20% (v/v) horse serum and 30% L929
cell conditioned medium. Bone-marrow-derived dendritic
cells were cultured in RPMI-1640 supplemented with
10% fetal calf serum (Hyclone), f-mercaptoethanol
(50 nv; Invitrogen, Carlsbad, CA) and 5% J558L cells
supernatant. At day 10, non-adherent cells were har-
vested. For infection, bone-marrow-derived macrophages
and dendritic cells were plated at 1 x 10° cells/well and
incubated with mouse-adapted DENV-2 P23085 at an
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MOI of 0-1 for 1 hr. Then, plate wells were washed twice
and maintained in DMEM until sample collection at the
desired time-points.

In vivo experimental infection

Mice were handled and kept in a biosafety level 2 labora-
tory animal facility. Mice were inoculated intraperitone-
ally with mouse-adapted DENV-2 P23085 (200 PFU) or
mouse-adapted DENV-3 (1000 PFU, genotype I, acces-
sion number JN697379)*" diluted in 100 pl of endotoxin-
free PBS. Lethality rates were observed every 12 hr until
day 14 or 28 post-infection (p.i.) and disease parameters
were evaluated at days 3, 5 and 7 p.i. Wild-type mice
were treated with CCR5 antagonists Met-R or UK-
484900, a Maraviroc analogue (a kind gift of Dr Stephen
M. Shaw, Pfizer Global Research and Development, Sand-
wich, Kent, UK). Compounds were administered in a
preventive schedule: 1 day before infection to day 6 p.i.,
or in a therapeutic schedule: 3 days after infection to day
6 p.i. Each animal received Met-R 0-5 mg/kg dissolved in
0-1% BSA weight/volume (w/v) in PBS or UK-484900
10 mg/kg dissolved in HCI 0-006 M in 0-9% NaCl solution.
Both compounds were injected daily (subcutaneously). At
day 7 p.i., mice were anaesthetized intraperitoneally with a
ketamine (100 mg/kg)/xylazine (10 mg/kg) solution to
recover blood samples and killed for spleen and liver
collection. Samples were stocked at —80° before analysis.

Virus titration

Cell culture and tissue samples were assayed for viral load
as previously described.***’ Tissue samples were prepared
as 10% w/v homogenates in DMEM. Samples were seri-
ally diluted, adsorbed in an LLC-MK2 monolayer for 1 hr
and overlaid with Medium 199 (Gibco, Grand Island,
NY) supplemented with 3% (v/v) fetal calf serum in 1-5%
(w/v) carboxymethylcellulose, (Sigma, St Louis, MO).
Cultures were fixed after 7 days and stained with crystal
violet 1% (w/v) for counting of viral plaques and the
results were expressed as PFU per 100 mg of tissue or per
ml of blood/cell culture sample.

Quantitative RT-PCR

Total RNA was isolated from THP-1 cells using a QIAgen
Viral RNA Isolation Kit and stocked at —80°. Real-time
RT-PCR was performed on a StepOne sequence-detection
system (Applied Biosystems, Foster City, CA) using SYBR
Green PCR Master Mix (Applied Biosystems) after reverse
transcription reaction of 2 pug of RNA using Moloney-
murine leukaemia virus reverse transcriptase (Promega,
Madison, WI). For DENV(+) strand detection, reverse
transcription was carried out using the reverse primer
(below) for the subsequent quantitative RT-PCR reaction,
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whereas the forward primer was used for reverse tran-
scription to detect the DENV(—) strand. The relative level
of DENV-2 RNA was determined by the ACt method,
where Ct values for each sample were subtracted from Ct
values from negative controls (27*“') and expressed as
relative abundance of viral (+)-stranded RNA. The fol-
lowing primer pairs spanning the DENV NS4b gene were
used: 5'-AAAGAATTCCCAGGACTTCAAGCAAAAGCA3
(forward) and 5-AAAGGATCCTCAGAGCATTACTTG
TCCTAACTG-3' (reverse).

Haematological parameters

Blood was obtained from the brachial plexus of anaesthe-
tized mice in heparin-containing syringes and stocked
before analysis. Platelets and leucocytes were quantified in
an optical microscope using a Neubauer chamber and a
haematocrit index was determined on centrifuged blood
samples in heparinized glass capillaries. Results are pre-
sented as counts/mm’ per ml of blood (cells) or percent-
age (haematocrit).

Quantification of cytokine and chemokine concentrations

Concentrations of CCL5, CCL4, tumour necrosis factor-o
and interferon-y in culture supernatant or tissue samples
were measured by ELISA using commercially available
antibodies and according to manufacturer’s procedures
(R&D Systems, Minneapolis, MN). Samples were placed
in duplicate and ELISA measurements for a given
experiment were conducted in the same plate. Results
are expressed as pg/ml, pg per 100 mg of tissue or
fold increase in protein level in culture supernatant.
The detection limit of the ELISA was in the range of
4-8 pg/ml. Graphs are representative of three indepen-
dent experiments.

Determination of myeloperoxidase activity

For myeloperoxidase analysis, as an indirect index of neu-
trophil accumulation, tissue homogenates were prepared
in 1 ml of PBS containing 0-5% hexadecyltrimethyl
ammonium bromide and 5 mm EDTA using a Dispomix
tissue homogenizer Medic Tools, Zug, Switzerland and
the protocol was followed as already described.” Results
are expressed as arbitrary units (optical density at
492 nm) and were corrected for the activity of other per-
oxidases, which were not inhibited by 3-amino-1,2,4-
triazole.

Histopathology

For histopathological analysis, a portion of liver was
obtained from mice at day 7 p.i., immediately fixed in 4%
buffered formaldehyde, processed and embedded in paraffin.
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Tissue sections (4 pm thick) were stained with haematoxylin
and eosin and examined under light microscopy. Pictures
were taken using an Olympus BX51 upright microscope
(200x magnification; Olympus, Tokyo, Japan).

Immunofluorescence microscopy

PMA-activated THP-1 cells were seeded on gelatine-
coated coverslips, with or without Met-R and infected
with DENV-2 NGC at an MOI of 0-1, for 1 hr at 4°.
Cells were washed and fixed with 4% (w/v) paraformalde-
hyde on ice. At room temperature, cells were permeabi-
lized with 0-1% (v/v) Triton X-100 and stained with
phycoerythrin-conjugated anti-CCR5 antibody (BD Bio-
sciences, San Jose, CA) and/or anti-pan-DENV 2.5 pg/ml
(anti-dengue virus 1 + 2 + 3 + 4 antibody; Abcam, Cam-
bridge, UK) followed by Alexa Fluor 488-labelled second-
ary anti-mouse antibody (Molecular Probes, Eugene,
OR). All experiments were performed in duplicate,
together with control groups without primary antibodies.
Coverslips were mounted in Mowiol 4-88 (Polysciences,
Inc., Warrington, PA) and analysed using a C2 Eclipse Ti
confocal microscope (Nikon, Tokyo, Japan). Images were
analysed with Vorocrry 3D image analysis software (Perk-
inElmer Inc., Waltham, MA).

Flow cytometry

Spleen samples were collected, homogenized in 40-pm
sterile strainers and resuspended in PBS with 2% fetal calf
serum and 2 mM EDTA. Red blood cells were removed
with lysis buffer (Sigma-Aldrich, St Louis, MO). Cells
were stained using monoclonal antibodies against mouse
CD3 (peridinin chlorophyll protein-Cy5-conjugated),
CD4 (Pacific Blue-conjugated), CD8 (allophycocyanin-
Cy7-conjugated), CD69 (phycoerythrin-conjugated) and
isotype controls. All antibodies were purchased from BD
Biosciences. Limits for the quadrant markers were set
based on negative populations and isotype controls. Cells
were acquired (5 x 10° events) on a BD FACSCanto 11
(BD Biosciences) cytometer and analysed using the FLowJo
7.5.3 software (TreeStar Inc., Ashland, OR). The percentage
of an analysed population in front of total acquired events
was used in the construction of graphs.

Statistical analysis

Results are shown as means + SEM. After checking for
data normality, differences were compared using analysis
of variance followed by a Student-Newman—Keuls post-
hoc analysis. Differences between lethality curves were cal-
culated using a Log-rank test (GrapH Prism software 6.0).
Results with P < 0-05 were considered significant. All data
are representative of at least two experiments (n =7 to
n = 12 replicates or n = 8 to n = 14 mice).

© 2015 John Wiley & Sons Ltd, Immunology, 145, 583-596



Results

CCR5 is a host factor required for DENV-2
replication in macrophages

Mononuclear phagocytes are primary targets for
DENV.">* These cells express the CCR5 receptor on
their surface.*” We sought to investigate if CCR5 block-
ade would influence DENV infection by establishing an
in vitro DENV-2 infection assay using the human mono-
cyte-like cell lineage THP-1. Cells were stimulated with
PMA for differentiation into adherent macrophages and
then infected with DENV-2 strain NGC (Fig. 1). We
found that DENV-2 (+) RNA abundance was reduced in
macrophages treated with the CCRS5/CCRI receptor
antagonist Met-R before DENV-2 infection at 18, 24 and
48 hr p.i. when compared with non-treated infected mac-
rophages (Fig. 1a). DENV-2 infection of macrophages
was accompanied by the production of CCRS5 ligands.
Indeed, CCL5 levels were increased in cell culture super-
natants at early time-points (2 and 6 hr p.i.), followed by
an increase in CCL4 levels from 12 to 48 hr p.i. when
compared with non-infected controls (Fig. 1b, c).

To further study the effect of CCR5/CCR1 blockade on
DENV-2 replication, THP-1-derived macrophages were

(a)
2.0x10*
1.5x10*

1.0x10*

over NI

5.0x10°

Relative viral (+) strand RNA

Figure 1. CC-chemokine receptor 5 (CCRS5)
blockade in vitro influences dengue virus 2
(DENV-2) infection of macrophages. (a) THP-
1-derived macrophages were treated with or
without Met-RANTES (Met-R), infected with
DENV-2 NGC and harvested for viral (+)
strand RNA at the defined time-points. (b)
CCL5 and (c) CCL4 protein levels in culture @)

S 1sx10°
supernatants of THP-1 derived macrophages T
after infection with DENV-2 NGC compared _§ 1.0x10°
with levels in non-infected (NI) culture super- ";%
natants. (d) Experimental design and legend of §§ 5.0x10°
results displayed in (e), (f) and (g), showing §
relative time and periods of Met-R treatment % o
and DENV-2 infection in macrophage cultures. =
THP-1 macrophages were treated with Met-R <@
and infected with DENV-2 NGC to evaluate Z  20x10?
influence in DENV-2 entry (e) and replication g 15x10%
(), as measured by (+) strand viral RNA inside b5
cells or by (—) strand viral RNA (g). Data are ég 1:0x10?
representative of at least two independent > 5.0x10'
experiments. *P < 0-05, **P < 0-01 or E
***P < 0-001 when compared with the positive c 0

control.

© 2015 John Wiley & Sons Ltd, Immunology, 145, 583-596

CCR5 and Dengue infection

incubated with Met-R before, during and after infection
with DENV-2 (Fig. 1d) and harvested for RNA extraction
at 2, 18 and 48 hr p.i. (early, intermediate and late phases
of infection, respectively). Met-R treatment before infec-
tion did not alter viral (+) RNA at 2 hr p.i. (Fig. le), but
reduced viral (+) RNA abundance at intermediate and
late phases when compared with DENV-2-infected non-
treated cells (Fig. 1f). In contrast, Met-R addition to cell
culture during or after infection could markedly increase
the amount of viral (+) RNA inside macrophages at 2 hr
p.i. (Fig. 1le), but caused a greater reduction in viral (+)
RNA levels at later phases of infection compared with
positive or Met-R-treatment before infection control
groups (Fig. 1f). Macrophages that received Met-R after
DENV-2 infection remained in contact with Met-R for
the entire experiment, which may explain the greater effi-
ciency of this strategy to reduce viral RNA levels inside
infected macrophages. This suggests that exposure to
Met-R would prevent CCR5 activation by chemokines,
therefore decreasing macrophage permissiveness to
DENV-2 replication.

Flavivirus replication requires the generation of viral
negative strand (—) RNA, to act as substrate for the syn-
thesis of novel (+) viral RNA molecules, which are used
as templates for protein synthesis and viral progeny
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assembly.***”  We complemented our experimental
approach by assessing DENV-2 (—) RNA levels in macro-
phages treated with or without Met-R (Fig. 1g). We
observed that Met-R treatment had no effect on viral (—)
RNA levels at 2 hr p.i. but increased the abundance of
viral (—) RNA at 18 and 48 hr p.i. when compared with
infected not-treated macrophages. Hence, the decrease in
viral (+) RNA observed in Met-R-treated macrophages is
associated with an increase in (—) RNA accumulation.
Importantly, Met-R treatment after infection, which is
most effective in reducing viral (+) RNA levels, markedly
increased viral (—) RNA accumulation at intermediate
and late phases of infection, indicating that CCR5 block-
ade interferes with DENV-2 RNA metabolism.

In summary, DENV-2 infection induces the expression
of CCRS5 ligands, whereas CCR5 blockade by Met-R pre-
vents receptor activation. Moreover, CCR5 activation is
necessary for macrophage permissiveness to DENV repli-
cation and largely influences viral RNA abundance in
cells.

CCR5 is not a viral receptor but co-localizes with
DENV-2 at the macrophage membrane

The ability of Met-R to increase viral (+) RNA abundance
to high levels after 2 hr of infection led us to hypothesize
that CCR5 could be involved in DENV-2 entry in macro-
phages. To directly assess the participation of CCR5 on
viral entry, THP-1-derived macrophages were treated with
or without Met-R, infected with DENV-2 and washed in
an alkaline buffer to release viral particles not internalized
during adsorption before RNA extraction (Fig. 2a). Met-
R presents partial agonist activity, which causes chemoki-
ne receptor internalization,*® leading to CCR5 depletion
from macrophage surfaces before DENV-2 adsorption.
We observed that CCR5 blockade and/or internalization
by Met-R before DENV-2 infection did not alter the
amount of viral (+) RNA inside macrophages. This indi-
cates that CCR5 was not required for DENV entry into
cells and therefore was not directly involved in DENV-2
entry. To further study these phenomena, THP-1-derived
macrophages were infected with DENV-2 at 4°, followed
by immediate fixation in formaldehyde, to allow for virus
adsorption to macrophage surfaces but prevent virus
internalization (Fig. 2b). After staining for DENV-2
(green) and for CCR5 (red), we observed that DENV-2
and CCRS5 fluorescence signals overlapped at the cell sur-
face, yielding a yellow fluorescence signal, consistent with
co-localization. Met-R treatment before infection pre-
vented DENV-2/CCR5 fluorescence overlap (Fig. 2c).
Importantly, the intensity and coverage of the DENV-2
signal was unaltered by Met-R, which is in agreement
with our data showing that viral entry occurs indepen-
dently of CCR5 and with the current literature regarding
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Figure 2. CC-chemokine receptor 5 (CCR5) is not a viral receptor
but co-localizes with dengue virus 2 (DENV-2) at the macrophage
membrane. (a) THP-1-derived macrophages were treated with or
without Met-RANTES (Met-R), infected with DENV-2 NGC and
washed in a high-salt alkaline buffer to remove membrane-bound
virus. DENV-2 virions that were able to enter macrophages were
assessed by quantitative RT-PCR. (b) THP-1 cells were infected at
4°C and stained immediately after virus adsorption for CCR5 (red)
and DENV-2 (green) presence at the cell membrane. Sites of co-
localization are shown in yellow. Images taken at 400x magnifica-
tion. (c) THP-1 cells treated with Met-R before infection do not
present co-localization of CCR5 and DENV-2. Images taken at 200x
magnification. Graphs and panels are representative of two indepen-
dent experiments.
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DENV receptors.*” > Also, Met-R treatment reduced the
intensity and amount of CCR5 signal in the macrophage
surface; which is consistent with the ability of Met-R to
block and to cause receptor internalization, so reducing
CCRS5 availability at the surface.

CCRS5 is required for DENV-2 replication in murine
macrophages

To evaluate the in vivo role of CCR5 in experimental den-
gue infection in mice, we first aimed to reproduce our find-
ings in vitro using primary murine macrophages and a
mouse-adapted DENV-2 strain. Naive peritoneal macro-
phages from WT mice were treated in vitro with Met-R and
infected with DENV-2 P23085 to evaluate viral replication
kinetics (Fig. 3a). DENV-2 P23085 was able to replicate in
murine macrophages, reaching a peak of replication in cul-
ture at 72 hr p.i. Met-R treatment led to a decrease in
DENV-2 titres throughout all evaluated time-points. This
result corroborates the ability of Met-R to impair DENV-2
replication in vitro in different host cells. Also, DENV-2
infection of murine bone-marrow-derived macrophages
induced the expression of CCL5 at 24 and 48 hr p.i.
(Fig. 3b), indicating that DENV-2 infection causes CCR5
ligand production in murine mononuclear phagocytes.
Next, we evaluated whether DENV-2 replication would
be impaired in the absence of CCR5 using primary mac-
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rophages collected from CCR5™/~ mice. Naive peritoneal
macrophages from WT and CCR5 ™/~ mice were infected
with DENV-2 P23085 and assessed for the production of
infective virus in the supernatant and inside cells (Fig. 3c,
d). We found that DENV-2 P23085 infection of WT mac-
rophages led to increasing virus titres between 24 and
96 hr, both in culture supernatant (Fig. 3¢) and inside
macrophages (Fig. 3d). In contrast, CCR5 deficiency led
to steady DENV titres in culture supernatant and reduced
PFU levels inside macrophages, suggesting that DENV-2
replication is impaired in CCR5 '~ macrophages. At
48 hr p.i, virus titres were 10-fold lower in the CCR5 '~
group compared with WT (Fig. 3d).

These results indicate that pharmacological blockade of
CCR5 also reduces DENV-2 replication in murine macro-
phages. Moreover, the DENV-2 replication impairment
observed in CCR5 "/~ macrophages provides evidence for
the involvement of CCR5 receptor in DENV-2 replication
in macrophages.

CCR5 '~ mice are protected against lethal challenge
by DENV

We next performed in vivo experiments to investigate
whether CCR5 deficiency or blockade would impair
DENV-2 infection and disease development. Mice
infected with the mouse-adapted DENV-2 P23085 strain
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Figure 3. CC-chemokine receptor (CCR5) is required for dengue virus 2 (DENV-2) replication in murine macrophages. (a) Murine peritoneal
macrophages were treated with or without Met-RANTES (Met-R) and infected with the mouse-adapted DENV-2 P23085 strain at a multiplicity
of infection (MOI) of 0-1. Viral replication was measured up to 96 hr post-infection (p.i.) in the culture supernatant by plaque assays. (b) Wild-
type (WT) murine bone marrow-derived macrophages (BMDM) infected with 0-1 or 0-01 MOI of DENV-2 P23085 express and secrete CCL5 in
the culture supernatant, measured at 24 and 48 hr p.i. by ELISA. (¢, d) Murine peritoneal macrophages from WT or CCR5™'~ mice were
infected with DENV-2 P23085 and assessed for infective DENV-2 in the culture supernatant (c) and inside cells (d) up to 96 hr p.i. by plaque
assay. Data are representative of three independent experiments. *P < 0-05, **P < 0-01, ***P < 0-001 or ****P < 0-0001 when compared with

positive controls.
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Figure 4. CC-chemokine receptor 5-deficient (CCR5/~) mice are protected against lethal challenge by dengue virus (DENV). Wild-type (WT)
and CCR5 "~ mice were inoculated intraperitoneally with 200 plaque-forming units (PFU) of mouse-adapted DENV-2 P23085 (a) or 1000 PFU
of mouse-adapted DENV-3 (b) diluted in 100 pl PBS and observed daily for 14 days post-infection (p.i.). Results are expressed as percentage of
survival in each group and are representative of three different experiments. P < 0-01 and P < 0-05 for (a) and (b), respectively, compared with

infected WT controls.

manifest a disease sharing several features with human
clinical disease.”****> Both WT and CCR5 '~ mice
were infected with a semi-lethal inoculum of DENV-2
P23085, or a mouse-adapted DENV-3 strain,*’ and moni-
tored daily for survival rates (Fig. 4). WT mice suc-
cumbed to infection between day 6 and day 8 p.i. with
either DENV-2 P23085 (Fig. 4a) or mouse-adapted
DENV-3 (Fig. 4b), with an average 30% survival. Surpris-
ingly, CCR5™'~ mice were protected from infection with
both viruses, presenting no lethality up to 28 days (Fig. 4
and see Supplementary material, Fig. S1). Hence, CCR5
deficiency confers protection to experimental dengue
infection in vivo using two mouse-adapted strains of dif-
ferent serotypes.

CCRS5 deficiency prevents DENV-2 viral replication
and disease development in vivo

To investigate if CCR5 deficiency affects disease develop-
ment, WT and CCR5 /™ mice were infected with DENV-
2 P23085 and spleen, liver and blood samples were col-
lected for viral load and immunopathology assessment
(Fig. 5). DENV-2 titres were detectable in tissues of WT
mice as early as day 3 p.i., but not in tissues of CCR5 '~
mice (Fig. 5a). At day 5 p.i., DENV-2 infection was estab-
lished in both groups, although viral load in the CCR5 '~
group was reduced 10-fold in the spleen, slightly reduced

in the liver and undetectable in the blood when compared
with the WT group. At the peak of infection on day 7, viral
load was undetectable in spleen and blood of CCR5 '~
mice but was greatly increased in WT mice. Similarly,
CCR5 '~ mice presented a 100-fold reduction in DENV-2
load in the liver when compared with the high viral load
observed in WT mice. This indicates that DENV-2 replica-
tion is impaired in vivo in the absence of CCR5.

The aforementioned reduction in viral load was accom-
panied by a significant reduction in disease parameters in
CCR5 '~ mice. At day 5 p.i., WT mice already presented
discrete changes in haemoconcentration and platelet
counts, which preceded the development of severe haema-
tological alterations at day 7 p.i. (Fig. 5b). These haema-
tological changes were not observed in CCR5 '~ mice at
any time-point evaluated (Fig. 5b). Also, WT mice pre-
sented high levels of interferon-y and tumour necrosis
factor-o. in the spleen at day 7 p.. (Fig. 5¢), whereas
CCR5'~ mice presented reduced or non-detectable levels
of these cytokines. Neutrophil accumulation in the spleen
and liver, as measured by myeloperoxidase activity, was
significantly reduced in CCR5 /" when compared with
WT tissues (Fig. 5d). Importantly, DENV-2 infection
induced the expression of CCR5 ligands in the spleen and
liver of infected WT mice (Fig. 5e). Seven days after
infection, CCL3 levels were increased in both spleen and
liver when compared with the non-infected control

Figure 5. CC-chemokine receptor 5 (CCR5) deficiency prevents dengue virus 2 (DENV-2) -induced disease and reduces viral load in tissues.
Wild-type (WT) and CCR5 ~'~ mice were inoculated with 200 plaque-forming units (PFU) of DENV-2 P23085 and killed at days 3, 5 and 7
post-infection (p.i.) for sample collection. (a) Viral loads in spleen, liver and blood were measured by plaque assay. (b) Platelet count and hae-
matocrit, as indicators of haematological alteration, were measured at days 5 and 7 p.i., together with (c) interferon-y (IFN-y) and tumour necro-
sis factor-oo (TNF-o) levels in spleen homogenates. (d) Neutrophil accumulation in the spleen (left) and liver (right) as indicated by
myeloperoxidase (MPO) activity. (e) DENV-2 induction of CCR5 ligands CCL3 and CCLS5 in the spleen and liver at day 7 p.i. as evaluated by
ELISA. (f) Haematoxylin & eosin stained liver sections of experimental groups at day 7 p.i. (NI, non-infected). Data are representative of two
independent experiments. *P < 0-05, **P < 0-01, when compared with positive controls, except for (e) where compared with negative controls.
ND: not detectable.
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group. CCL5 levels were increased in the liver when com-
pared with the non-infected group, but no differences
were observed in the spleen, because of high basal levels
of CCLS5 in this organ. The levels of these chemokines in
DENV-2-infected CCR5'~ mice were similar to non-
infected controls. Histological analysis of the hepatic
parenchyma in infected WT mice revealed signs of hepa-
tocyte degeneration, necrosis, loss of organ architecture
and an extensive mononuclear cell recruitment, which
were not observed in infected CCR5 '~ or non-infected
liver sections (Fig. 5f).

Together, these data indicate that CCR5 ™/~ mice are
protected from DENV-2 P23085 infection and associated
inflammatory responses. Although both groups were
infected by DENV-2 P23085, the reduced DENV-2 load
in CCR5/~ mice tissues during the infection suggests
that CCRS5 is a host factor required for virus replication
in vivo.

Pre-treatment with CCR5 antagonists protects mice
from DENV-2 infection

To validate our findings on the protection observed in
CCR5/~ mice, WT mice were treated with the CCR5/
CCR1 antagonist Met-R in a preventive (1 day before
infection) or therapeutic (3 days post-infection) schedule
before infection with DENV-2 P23085. We examined tis-
sues and blood for disease parameters at day 7 p.i. and
found that only the preventive treatment with Met-R was
effective in protecting WT mice against experimental den-
gue infection (Fig. 6). Preventive treatment (pre-treat-
ment) reduced viral load at least 10-fold in infected
organs and abolished viraemia in infected WT mice
(Fig. 6a), similar to the findings in CCR5 '~ infected
mice. Treatment after infection (post-treatment) was
unable to reduce viral replication in tissues and blood
compared with the DENV-2-infected control group
(Fig. 6a).

Met-R pre-treated mice also had less haemoconcentra-
tion and thrombocytopenia (Fig. 6b), reduced levels of
interferon-y and tumour necrosis factor-o in the spleen
(Fig. 6¢) and less neutrophil accumulation in the spleen
and liver (Fig. 6d) at day 7 p.i. when compared with
infected WT mice. Liver histology indicated that pre-
treatment with Met-R prevented hepatocyte degeneration
and necrosis and preserved organ architecture (Fig. 5f).
Post-treatment with Met-R prevented thrombocytopenia
(Fig. 6b), but could not prevent haemoconcentration,
cytokine production or neutrophil accumulation in
organs (Fig. 6¢, d), which were similar to levels observed
in non-treated WT infected mice. Interestingly, Met-R
pre-treatment did not alter the levels of CCL3 observed
in the spleen upon DENV-2 infection, but led to an
increase in CCL4 and CCL5 levels in this organ
(Fig. 6e). Met-R post-treatment had no effect on the
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expression levels of any chemokine compared with con-
trol groups.

Finally, we tested a small molecule antagonist of CCR5,
UK-484900, an analogue of Maraviroc which interacts
with CCR5 differently from the polypeptide Met-R
(Fig. 6f). Mice pre-treated with UK-484900 were pro-
tected from lethal infection with DENV-2 P23085, pre-
senting survival rates up to 70%, in contrast to the 20%
survival observed in infected control groups. Treatment
after infection (post-treatment) with UK-484900 could
not protect mice from DENV-2-induced lethality. Hence,
pharmacological blockade of CCR5 can prevent lethality
and disease through experimental DENV-2 infection only
when applied before infection, then mimicking CCR5
genetic ablation as observed when using CCR5~/~ mice.

Discussion

We describe a hitherto unknown association between the
chemokine receptor CCR5 and DENV, in which the virus
requires receptor activation during infection to sustain
replication and develop disease. These findings relate to
the well-established association of CCR5 and flavivirus
infections in an unexpected way: as a host factor that
contributes to viral replication, rather than as a key mole-
cule driving protective immune responses such as
observed in West Nile virus, tick-borne encephalitis virus
and Japanese encephalitis virus infections.”>*">* However,
diseases caused by these viruses are characterized by
encephalitis, in contrast to the haemorrhagic fever and
shock caused by DENV, with rare exceptions.”> Hence,
these diseases must have pathogenic mechanisms relying
on different roles for CCR5 and its ligands during infec-
tion.

A recent study discussed the possible association of
CCR5A32 allele frequency and primary acute dengue dis-
ease.’”® The authors found no association between
CCR5A32 allele frequency and acute dengue, probably
because of the small number of samples analysed in the
study. Sierra et al.”* suggest that increased expression of
CCR5 in peripheral blood mononuclear cells from pri-
mary-infected dengue patients would lead to a more effi-
cient T-cell effector response in secondary DENV
infection. Oliveira-Pinto et al.”® showed that during acute
dengue infection, CCR5 expression on both CD4" and
CD8" T-cell populations is markedly increased. In our
in vivo model, the percentage of activated (CD69-express-
ing) CD4" and CD8" T cells is increased in the spleen of
DENV-2-infected CCR5 '~ mice, most notably CD8" T
cells (see Supplementary material, Fig. S2). At least in this
experimental model, CCR5 does not seem to be essential
for lymphocyte migration/activation in target organs. It is
possible that due to its protective phenotype, CCR5 '~
mice might present reduced lymphopenia,”” making their
T-cell response more effective and sustained.

© 2015 John Wiley & Sons Ltd, Immunology, 145, 583-596
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Figure 6. Treatment with CC-chemokine receptor 5 (CCR5) antagonists before but not after infection resembles the phenotype of CCR5-defi-
cient mice. Wild-type (WT) mice were treated daily with 10 pg of Met-RANTES 1 day before infection until day 6 p.i. (Pre-Treatment) or on
day 3 until day 6 p.i. (Post-Treatment). Mice were inoculated with 200 plaque-forming units (PFU) of DENV-2 P23085 and killed at day 7 p.i.
for sample collection. (a) Viral loads in spleen, liver and blood were measured by plaque assays. (b) Haematocrit and platelet count, as indicators
of haematological alteration. (c) Interferon-y (IFN-y) and tumour necrosis factor-o (TNF-o) levels in spleen homogenates and (d) neutrophil
accumulation in the spleen (left) and liver (right) as indicated by myeloperoxidase (MPO) activity. (¢) DENV-2 induction of CCR5 ligands
CCL3, CCL4 and CCLS5 in the spleen as evaluated by ELISA. (f) Survival rates of DENV-2 P23085-infected WT mice treated with the CCR5
antagonist UK-484900 before (Pre-Treatment) and after (Post-Treatment) infection. Data are representative of two independent experiments.
*P < 0-05, ¥***P < 0-001 when compared to positive controls.
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It remains elusive whether CCR5 blockade would
impair DENV-2 replication in cell types other than mac-
rophages. Our data showed that BMDC also express and
secrete a CCR5 ligand upon DENV-2 infection (see Sup-
plementary material, Fig. S3). Myeloid dendritic cells are
known to support DENV-2 infection and express CCR5,
which might require CCR5 activation to become permis-
sive to DENV-2 infection. In contrast, in vitro experi-
ments performed with the hepatocarcinoma cell line
HepG2 showed that treatment with Met-R or CCL5 had
no effect on DENV-2 replication (see Supplementary
material, Fig. S4). Therefore, it is likely that DENV-2 rep-
lication in hepatocytes does not require CCR5 activation,
which is in line with the recovery of higher virus titres
from the liver of CCR5 /™ infected mice, in comparison
to the spleen from these animals (Fig. 5a).

Although well described for HIV infection, molecular
mechanisms suggesting the utilization of CCR5 by DENV
(and other flavivirus) for effective viral replication in the
host cells have not been described. Our data indicate that
DENV-2 and CCRS5 co-localize at the macrophage mem-
brane but CCR5 is not required for viral entry, although
Met-R treatment increases DENV (+) RNA inside macro-
phages if included during or immediately after DENV
adsorption (Fig. 1d). We suggest that this increase in
DENV-2 RNA is an indirect consequence of Met-R-
induced CCR5 internalization, because DENV receptors
at the macrophage surface (e.g. CLEC-5A, mannose
receptor) and CCR5 are anchored in membrane lipid
rafts and can be internalized by clathrin-dependent endo-
cytosis.***®°° Met-R addition after adsorption would
induce internalization of CCR5 when most virions are
bound to macrophage viral receptors at the cell mem-
brane, therefore dragging DENV-2 virions together with
Met-R/CCR5 complexes to the interior of macrophages.
Le Sommer et al.*® showed that G protein-coupled recep-
tor kinase 2 (GRK2) promotes flaviviridae entry and rep-
lication in host cells, where GRK2 participates in multiple
steps of flavivirus life cycle and viral RNA synthesis.
GRK2 is highly expressed in leucocytes, including mono-
cytes,” and is known to participate in CCR5 signalling
events after ligand activation.®* Hence, it is likely that
CCR5 and GRK2 roles in flavivirus RNA synthesis are
associated, given that blockade of these molecules ulti-
mately results in impaired viral replication. Although we
do not propose a molecular mechanism to explain the
dependency of CCR5 for DENV-2 productive infection in
host cells, the involvement of signalling pathways (i.e.
Erk1/2, GRK2) should be further explored.

Our initial in vitro data using Met-R treatment could
not exclude a role for CCR1, which is also expressed in
macrophages,” but it is unlikely that this receptor partic-
ipates in DENV replication. CCL4 expression was con-
comitant to the reduction in viral RNA abundance in
Met-R-treated macrophages (Fig. la, b), suggesting that
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CCL4 could be involved in chemokine receptor-mediated
cell permissiveness to DENV-2 infection. CCL4 does not
bind CCR1 and Met-R possess higher affinity for CCR5.%!
More importantly, we previously described the role of
CCRI in experimental dengue infection in vivo, where no
differences were observed in the viral load recovered from
WT and CCR1™'~ mouse tissues.’

It must be mentioned that delayed treatment with
Met-R was ineffective in our experimental system, indi-
cating that such strategies may be useful only if given
very early in the course of infection. Our mouse model
of DENV-2 infection resembles an acute and severe dis-
ease in immunocompetent animals and is based on a
mouse-adapted DENV-2 strain that is highly virulent to
the murine host.®> We believe that such a degree of viral
adaptation is helpful to identify host molecules involved
in DENV-2 infection, but poses several limitations, and
so requires testing in other DENV infection models to
fully assess the beneficial effects of CCR5 blockade and
mechanism of action. In contrast to intracellular host or
viral molecules, CCR5 and its chemokine ligands can be
easily targeted, given that a small-molecule CCR5 antag-
onist developed against HIV is available (Maraviroc,
Pfizer). Also, there are ongoing clinical trials for other
CCR5 antagonists and CCL5-blocking molecules, which
will increase the possibilities of pharmacological inter-
vention in the chemokine system in the context of den-
gue.*

In summary, we provide experimental data highlighting
the role of CCR5 in contributing to DENV-2 replication
and disease development in vitro and in vivo. We believe
that further studies aiming to decipher the molecular and
cellular mechanisms underlying these findings must be
conducted so as to envisage prevention and treatment
using safe CCR5 antagonists in areas where dengue is
endemic.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. CC-chemokine receptor 5 deficient (CCR5-/-)
mice do not present delayed mortality after semi-lethal den-

596

gue virus 2 (DENV-2) infection. Wild-type (WT) and
CCR5'~ mice were inoculated intraperitoneally with
200 plaque forming units of DENV-2 P23085 and observed
daily for 28 days post-infection (p.i).

Figure S2. CC-chemokine receptor 5 deficient mice
(CCR5-/-) develop an increased T lymphocyte response
to dengue virus 2 (DENV-2) infection.

Figure S3. Dengue virus 2 (DENV-2) induces the
expression of CC-chemokine receptor 5 (CCL5) in mur-
ine bone marrow dendritic cells (BMDCs).

Figure S4. Treatment with CC-chemokine receptor 5
(CCR5) antagonist or ligand does not alter dengue virus
type 2 (DENV-2) replication in HepG2 cells.
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