


CD209 Macrophages Resist Dengue Virus

and reverse primer' 8ETCGCCCGCAGACATGGCCTTATCG-
TCATCGTCGGGCCCCTTCCTGTACCA-GTTGATTTT and
inserted into the plasmid pT352. Téis a shuttle vector containing
selection markers for yeast aBdcolias well as a metallotheionein-
inducible expression cassette rosophileells. In the construct,
called pT352/DV3 sE-GFP, the DV prM-E sequence is in-frame
with the Drosophila BiP signal peptide, which directs the
recombinant protein to the secretory pathwdyrosophil&2 cells
(Invitrogen) were co-transfected with pT352/DV3 sE-GFP and a
vector conferring resistance to blasticidine, using the effectene
transfection reagent (Qiagen). The selected cells were adapted to
serum-free growth medium and grown to high density before
induction with CuSQ at 500uM. The supernatant was collected

10 days later and concentrated using a flow concentration system
with a 10 KDa-cutoff membrane (Vivascience), and DV3 sE-GFP
was purified by affinity chromatography using a Steptactin column.
The eluate was concentrated and further purified by size-exclusion
chromatography, using a Superdex 200 10/300 column (GE
Healthcare) with 0.5 M NaCl and 50 mM Tris (pH 8.0). Purified
DV3 sE was concentrated to 10 g/liter in Vivaspin ultrafiltration spin
columns (Sartorius).

dMQare permissive for productive DV infection. Studies of thesgyy/3 sg protein binding and CD209 expression of dermal
cells have been hampered by the lack of suitable isolatimaeIIS

techniques from human skin and culture methods to generate Dermal cells were collected 48 h after culturing in complete

the cells from monocytic precursors, medium, RPMI medium supplemented 10% fetal calf serum

Here, we confirmed that human di@l express CD209 and S . .
! . . o (FCS) and antibiotics (Invitrogen), ang B)° cells were incubated
showed that they bind DV E protein. Based on the finding thatWith 1, 2, 4 or 8ug recombinant DV3 SE-eGFP fusion protein in

dMQ stained for intracellular IL-10, we developed a method tog_1 ml complete medium at 3C for 30 min. The cells were then

generate the cells from monocytes in the presence of IL-10. Thwashed twice with complete medium and incubated with anti-
monocyte-derived di bound E protein and acquired DV in CD14-APC, anti-CD1a-PE and anti-HLA-DR-PerCP mAb (BD

intracellular vesicles, but were resistant to viral replication. TheB. ) . - .
- - ) : iosciences) in PBS/2% FCS for 15 min. Following 3 washes, the
inability of DV to grow in these dermal-type @lwas attributable cells were fixed in 0.4% formaldehyde and analyzed by flow

to accumulation of internalized virus particles into poorly-acidified

phagosomes. These findings advance our understanding of t ctjometry (FAg:St Ca!|buc;,_BtD. B;_lostcnenf(t:es). Ihe frelact:lvel M:FI for
host innate resistance to DV at the early stages of infection an onors was determined In triplicate aftér gating for -

P e R™ or CD14"HLA-DR ™ cells using the following formula: (MFI
have implications for other pathogens recognizing CD209. (FL1) protein SE-eGFP — MFI (FL1) no protein SE-eGFPY/MFI

(FL1) no protein sE-eGFP. To determine CD209 expression,

3x10° cells were incubated with anti-CD209-PerCPCy5.5 (clone

Dermal cell suspensions DCN46, BD Biosciences), anti-CD14-APC, anti-CD1a-PE and
Before blood and tissue samples were collected for the study, &fti-HLA-DR-PerCP mAb in PBS/2% FCS for 15 min and, after

healthy donors and patients gave written informed consent invashing, fixed and analyzed by flow cytometry.

agreement with the Helsinki Declaration and French legislation. A ) ]

prospective IRB approval was not obtained since there was ngmmunofluorescence of skin sections

need as specified by French law of the health protection act when Formaldehyde-fixed, paraffin sections were rehydrated and
employing healthy material destined for disposal or one-timeantigen was retrieved in citrate buffer pH 6 at’@sfor 45 min.
biomedical research. A retrospective IRB approval was givenBiotin was blocked using the avidin-biotin blocking kit (Vector
Fresh skin (about 50 &nwas obtained from patients undergoing Inc.), and sections were saturated in 5% human serum at room
breast reduction surgery or abdominoplasty. The skin wagemperature for 40 min. The following primary Abs were used:
trypsinized to peel off the epidermis and the remaining dermisgoat-anti IL-10 (1:75 dilution, R&D Systems), mouse anti-CD209
was processed as described elsewhere [10] with the modificatidd ng/ml, R&D Systems), mouse anti-CDla (Immunotech) and
that only collagenase type | (1 mg/ml, Invitrogen) was used formouse anti-CD14 (1:40 dilution, Novocastra). The secondary Ab
18 h at 37C. The resulting cell suspension was pipetted and(Jackson) were: biotin-conjugated donkey anti-goat followed by
serially filtered through 10@m and 70um cell strainers (BD streptavidin-Alexa 488 (Molecular Probes-Invitrogen) and k(ab)’
Biosciences) to remove undigested tissue fragments and to obtaimabit anti-mouse followed by Cy3-conjugated donkey anti-rabbit.
homogeneous cell suspension. Sections were observed by confocal microscopy (LSM510 Zeiss).

Materials and Methods

Protein se-eGFP production Cell culture and phenotypic analysis

A DNA fragment containing the DV3 genomic region (Swiss-Prot Monocytes were isolated from 200 ml of adult human peripheral
accession number P27915) coding for the prM-E protein (1674 ntiblood using negative-depletion beads (Dynal-Invitrogen) or by
total, including all of prM and the E ectodomain, ending at codon counterflow centrifugal elutriation. To obtain MDA 3x10°
392 of E, at the end of domain Ill) was amplified by PCR with monocytes were cultured for 5 days in 5 ml of complete medium
forward primer BTTATGCATATTACTGGCCGTCGTGGCC containing 10 ng/ml M-CSF (R&D Systems), 20 ng/ml IL-10
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(Immunotools) and 20 ng/ml GM-CSF (Schering-Plough) with cells were then cultured without additional cytokines for 48 h to allow
refreshment of GM-CSF (10 ng/ml) and IL-10 (10 ng/ml) at day 3. re-expression of cell surface markers, such as CDla and CD209, lost
For MDDC, 3 x10° monocytes were cultured for 5 days in 5 ml of during the collagenase treatment (data not shown). Binding of DV3 E
complete medium containing 50 ng/ml GM-CSF and 10 ng/ml protein to dermal cells was assessed by flow cytometry after staining
IL-4 (Schering-Plough) with readdition of cytokines at day 3. Non-with CD14 and CD1la-specific antibodies. CD14 is expressed by
adherent cells were harvested. Expression of markers was measuddMQ and CD1a by dDC [7-9]. To detect E protein binding, the

by FACS using specific antibodies and their corresponding isotypsoluble form of DV3 E protein (SE) was fused to the reporter protein
controls. To assay for DV3 sE protein binding, cells were pre-eGFP and purified from &rosophikxpression system. As shown in
incubated for 10 min in complete medium in the absence orFigure 1A, CD1a" dDC showed only a limited capacity to interact
presence of 5 mM EDTA before adding |8y DV3 sE-eGFP  with DV3 sE protein, whereas CD14dMQ readily bound the
protein. After 30 min at 37C, the cells were washed three times in protein. This is corroborated by the distinct expression of CD209 by

complete medium and analyzed by flow cytometry. dMQ (Fig. 1A), whereas dDC expressed little, if any, CD209 (data
not shown). Increasing amounts of DV3 sE protein were added to the
Viral infections dermal cell suspension to test if dDC bound the protein at higher

5x10° MDdM Q and MDDC were exposed to DV serotype 1 concentrationsFigure 1B shows that even at high concentrations,
(strain FGA/NA d1d) [11], serotype 2 (strain 16681), or serotype 3here was little binding of DV3 sE protein to dDC, whereas it bound
(strain PaH 881, isolated in 1988 in Thailand) in RPMI medium to dMQin a dose-dependent fashion. These findings identif@as!
supplemented with 0.2% bovine serum albumin for 2 h. Viral potential key cellular targets of DV.
growth was determined at 40 h post-infection. Virus titration was T0 address the question of whether @\re infected by DV
performed as previously described [3]. Infectivity titers wereand whether they are permissive for viral production, we
expressed as focus forming unit (FFU) on mosquito AP61 cell linéstablished cell culture conditions to generate dermal-tygz M
(DV1 and DV3) or plaque forming unit (PFU) on mammalian from monocytes. We observed on human skin tissue sections that
BHK cell line (DV2). Different titering assays were performed todMQ expressing CD14 or CD209, but not the CD1aDC,
independently confirm our findings, despite the fact both methods$tained for IL-10 Fig. 2A). When purified human monocytes
may not be equivalent. The limit of titer determination was fixed were cultured in M-CSF and increasing concentrations of IL-10,
at 1§, below which viral production was considered non- the cells expressed CD14 and CD209 in an IL-10 dose-dependent
significant. For FACS analysis, infected cells were fixed an&hanner Fig. 2B). Similar to DC [12], the addition of GM-CSF
labeled for intracellular viral antigens with antiserum raised inincreased CD209 levelsFig. 2B), so that a homogeneous
mice that had received intracerebral DV injection [3]. IRN- CD14°CD209" cell population could be obtained with CD209

released from DV1-infected MDdiand MDDC was measured expression nearly identical to that of DC derived from monocytes

by ELISA (R&D Systems). in the presence of GM-CSF and IL-&igure S1A). Western
blotting of cell lysates confirmed the presence of CD209 as a major
Microscopy on cultured cells band of 49 kDa in both Cell-types [l3figure SIB) The MQ

To observe live DV internalization by MDDC and MDdK) expressed coagulation factor Xllla and CD163, two other cell
the cells were exposed to DV1 at an MOI of 100 &Cafor ~ Surface markers of did[14] (Fig. 2C). The MQand the DC were
30 min or at 37C for 1 h and fixed in 2.5% glutaraldehyde. Cells 20th able to bind eGFP-tagged DV3 sE protein, which was
were postfixed in osmium tetroxide, dehydrated in ethanoliNhibited by EDTA Fig. 2C). This distinguishes the monocyte-
containing 1% uranyl acetate, treated with propylene oxide andderived DC from dDC. Upon activation by lipopolysaccharide
embedded in resin (Durcupan ACM, Fluka). Ultrathin sections(LPS). the M rapidly released IL-10, whereas DC or monocytes
were stained with lead citrate and examined by transmissiofroduced little of this cytokingigure S1C). _
electron microscopy (TEM) (Hitachi H600). Images were acquired Monocyte-derived d\D (MDdMQ and monocyte-derived DC
using a CCD camera (Hamamatsu). To visualize DV3 sE-eGFEMDDC) were analyzed for D_V infection using low-passage DV1 and
internalization and endosomal acidification, cells were incubatedV3 strains grown in mosquito cells [3] as well as the prototype DV2
with 10uM LysoSensor Blue DND-167 (Molecular Probes- strain 16681 [15]. The cells were exposed to DV1 at a multiplicity of
Invitrogen) for 30 min at 37C. Protein SE-eGFP was added at a infection (MOI) of 1 for 2 h, washed, and then cultured for 40 h. As
concentration of Jug/ml, and cells were viewed after different shown inFigure 3A, intracellular viral antigen was clearly detected
incubation times using a confocal microscope (LSM510, Zeissi? MDDC by flow cytometry, whereas no specific immuno-labeling
The blue color emitted by the LysoSensor dye was digitallyV@s observed in MDdIQ. An analysis of DV replication in these cells
converted into red. For TEM, cells were fixed in 2% paraformal- infected at an MOI of 1 (DV1 and DV3) or 2 (DV2) showed that
dehyde and 0.2% glutaraldehyde. Cells were embedded in 10/1DDC were highly permissive to productive |nfect|0ﬂ1¢f’ FFU/
agarose, permeabilized with 0.2% saponin and saturated with 20§11 or PFU/mI) (Fig. 3B); in contrast, progeny virus production was
BSA before incubation with fig/ml polyclonal rabbit anti-GFP ~ undetectable in DV-infected MDdIQ (<10° FFU/mi or PFU/mI).
antibody (Rockland). The antibody was visualized by pre_Con3|stent with this finding, no IF-was produced by DV-infected
embedding labeling using a goat anti-rabbit IgG conjugated toMPdM Q even at an MOI of 10, whereas MDDC readily released
0.8 nm gold particles, according to manufacturer's instructiondN-a when infected with DV at an MOI of 1 or 10 [16Fig. 3C).
(Aurion). Cells were fixed in 1% glutaraldehyde, and gold particled 0 Verify that MDAMQ acquired the virus, both myeloid cell-types

were enhanced using a silver kit (HQ silver, Nanoprobes). Cell¢€re exposed to high DV input (MOI of 100) and electron
were then treated and observed as above. microscopy analysis was performed after 30 min°@t dnd after

1 h at 37C (Fig. 3D). Cell surface-bound (at@) and endosomal

vesicle-associated virus particles (a&C37vere clearly detected in

both cell-types. Thus, internalization of DV can occur in MDEGM
We wished to determine whether human GMre targets of DV but does not result in productive infection.

infection. To this end, healthy human skin from patients undergoing In an effort to define the molecular basis of the inability of DV to

plastic surgery was processed to obtain a dermal cell suspension. Tgiew in MDAMQ. we asked whether internalized DV was

Results
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Figure 1. Dermal M ¢ bind DV3 sE protein. A. The single-cell dermal suspension was incubated without (None) or withu® of DV3 sE-eGFP
fusion protein for 30 min at 37C, washed, labeled for CD1a and CD14, and analyzed by flow cytometry. Live and large cells were pre-gated using the
FSC/SSC channels. To test for CD209 expression, the cell suspension was incubated with anti-CD209 mAb or its isotype control together with anti-
CD14 mAb and analyzed by flow cytometry. Arrows point to DV3 sE protéicells. The data is representative of 4 donor8. The cell suspension was
incubated with increasing amounts of DV3 sE-eGFP protein before labeling for CD1a, CD14 and HLA-DR. The relative mean fluorescence intensity
(MFI) of DV3 sE protein was determined for CD'HLA-DR (dMQ) and CD14HLA-DR (dDC) cells and shown as a function of DV3 sE-eGFP protein
concentration. The analysis was performed in triplicate (mea$D) for 3 donors.

doi:10.1371/journal.pntd.0000311.g001

sequestered in a manner that hampers productive infection, usingith the expression of the DV attachment receptor CD209.
DV3 sE-eGFP fusion protein. To monitor DV3 sE protein Dermal DC displayed only a limited capacity to interact with DV3
internalization in MDdMQ and MDDC, the cells were incubated SE protein and expressed little CD209. In accordance with these
with pH-sensitive LysoSensor dye and analyzed by confocdlndings,in situimmuno-labeling of human skin section revealed
microscopy Kig. 4). This dye accumulates in acidic organelles,CD209 expression by d@but little on DC [7-9]. Both cell types
where its fluorescence emission is highest. After 5 mirf@t, &/3 carry the MR [7], which also recognizes DV E protein [5]. Due to
SE protein was observed in vesicle-like structures in both cell-types. Bie nature of our binding assay, the dermal cells with the highest
30 min and 60 min, DV3 sE protein dispersed to acidified affinity for DV3 sE protein would acquire the most DV3 sE
perinuclear lysosomes in MDDC. In marked contrast, whenprotein, suggesting that dDC may capture the recombinant
MDdM Q were examined at these time-points, a large fraction ofenvelope protein when physically isolated from@Nnh the skin,
internalized DV3 SE protein was excluded from the acidicthe abundance, the location and the co-expression of CD209, L-
compartment and remained in non-acidic, large endosomes. ElectroBIGN and MR are likely to determine the nature of the DV-
microscopy analysis using a colloidal gold-conjugated antibody tgapturing immune cell.

GFP demonstrated that DV3 SE protein accumulated in large Based on the observations that @dtained for intracellular IL-
phagosomes in MDdIQ, located close to the plasma membrane 10 in situand that IL-10 is produced by dR ex viv§l7,18], we
(Fig. 5). On the other hand, at 30 min, in MDDC, DV3 sE protein tested the effect of IL-10 on the formation of @Mfrom
was mostly found in small perinuclear vesicles in the environment ghonocytes. By combining IL-10, M-CSF and GM-CSF, a
the endoplasmic reticulum. Taken together, these data suggest theemogenous cell population was obtained which carried CD209
the inability of DV to productively infect MDdND is due to  and other markers characteristic of @Mrapidly produced IL-10
accumulation of virus particles in immature endosomal vesicles who# response to LPS or other toll-like receptor ligands (data not

pH does not allow efficient viral-cell membrane fusion andShown), and bound DV3 sE protein. Like MDDC, the MDA
Subsequent virus uncoating. were Capable of |nternal|z|ng live DV but, distinct from MDDC,

they displayed an inherent resistance to viral growth. In contrast to
DV3 sE protein found in acidified compartments in MDDC, we
observed that DV3 skE protein accumulated in non-acidified
In the present study, we demonstrated for the first time thephagosomes in MDdX). The DC vesicles containing DV3 sE
interaction of dMQ with DV3 sE glycoprotein, which correlates protein or live virus were bell-shaped or tubular, whereas they

Discussion
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Figure 2. Generation of dermal-type M ¢ with IL-10. A. Human CD14 and CD209 dMQ stained for IL-10. Formaldehyde-fixed sections of
human skin were incubated with anti-IL-10 goat Ab and anti-CD14, anti-CD209 or anti-CD1a mAb. The goat Ab was detected using a biotin-labeled
donkey anti-goat Ab, followed by streptavidin-Alexa 488, and the mAbs were revealed by rabbit anti-mouse Ab followed by Cy3-donkey anti-rabbit
Ab. The data is representative of 3 donors. The dotted line delimits the dermo-epidermal junctid@. Adult blood monocytes were cultured for

5 days in medium containing fetal calf serum and 10 ng/ml M-CSF without or with a low (10 ng/ml) or a high (30 ng/ml, bold type) concentration of
IL-10 in the absence or presence of 30 ng/ml GM-CSF. Non-adherent cells were collected and, after gating for viable cells, were analyzed for
expression of CD14 and CD209. Dot plot quadrants were placed according to isotype contrélsDermal-type MY were generated in M-CSF/IL-10/
GM-CSF as in panel B and compared to DC obtained from monocytes in GM-CSF and IL-4. Expression of cell surface markers was measured by FACS.
Specific staining is in black and isotype controls are in grey. DV3 sE-eGFP protein binding was measured by FACS after incubating the cells with DV3
SE protein in the absence or presence of EDTA. Shown in black is the fluorescence of cells incubated with DV3 sE-eGFP protein and in grey is
fluorescence of cells without the fusion protein.

doi:10.1371/journal.pntd.0000311.9002

were round, larger and close to the plasma membrane in te M dMQ can act to trap infecting virions in a fusion-incompetent

To our knowledge, this identifies MDd® as the first innate endosomal environment and thus to prevent DV spread to dDC at
immune cell capable of protecting the human host from DV the anatomical site of the mosquito bite. We cannot formally
infection and virus propagation. From this data, we propose thaexclude the possibility that downstream delays in the viral life cycle
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Figure 3. MDdM ¢ are resistant to permissive DV infection. A. 5x10° MDDC and MDd\MDwere exposed to DV1 at an MOI of 1 for 2 h, washed,
and after 40 h processed for intracellular DV antigen detection by FACS. Graph shows the mear$% of intracellular DV antigens from 4 donors. * is
significant (p<0.05) by the two-tailed student’'¢-test. B. Focus/plaque-forming assays (FFU/PFU) showing the mean tite®® of DV1, 2 and 3 from
supernatants of MDDC and MDdRI (3 donors each). %10° cells were exposed to DV1 and DV3 at an MOI of 1 and to DV2 at an MOI of 2 for 2 h,
washed, and after 40 h, the supernatant was collected. The infectious titer was determined on AP61 cells (DV1 and DV3) and on BHK cell$S(DV2).
IFNa secretion of non-infected (Mock) or infected MDDC and MDdMwvas determined with increasing MOI of DV1. The data is expressed as the
mean+SD of triplicate values and is representative of 3 donoiS. Both cell-types were exposed to DV1 at an MOI of 100. Transmission electron
micrograph showing virions bound to plasma membranes at°€, and internalization into vesicles 1 h after exposure to virus at°&
doi:10.1371/journal.pntd.0000311.g003

contribute to the inability of DV to replicate in MDdIQ, but the  unnecessary immune activation. However, other pathogens that
finding that West Nile virus productively infects these cells (dataecognize C-type lectins, such as mycobacteria, may exploit these
not shown) indicates that they are not generally refractory tocells to escape immune attack. Accumulating CD268Q in
flavivirus growth. leprosy skin lesions have been associated with mycobacterial

IL-10, required for CD209 expression and blockage of persistence [19]. Important questions to address in future are
endosome acidification, is likely to be produced by theQdM whether DV is eliminated in MDA\, whether infected MDAND
themselves, constitutively, or in response to stimuli such as U\gradually release DV, as shown for the foot-and-mouth disease
light [17]. In this context, a key question is whether mosquitovirus and pulmonary Mp[20], and whether rapid DV growth can
salivary proteins, co-injected with the infectious virus, would als@ccur when the M convert to DC. Improved knowledge of the
trigger IL-10 production by dMD or, on the contrary, provoke an molecular mechanisms for suppressing pathogen growth in
inflammatory response. Inflammatory cytokines of the Th2 T-MDdM Q will provide new insight into the crucial role of d
helper cell type, IL-4 and IL-13, may be responsible for thein protective immunity to infectious agents at the skin level.
formation of CD209MR™ DC, which are permissive for DV
infection and viral progeny production [3-6]. Alternatively, the Supporting Information
presence of anti-DV non-neutralizing antibodies raised against a, . f derived D dd |
heterotypic DV serotype may render dDC susceptible to Dvgggr;:;ropigggsanson of monocyte-derived DC and dermal-
infection at the site of the mosquito bite. N )

The abundance and strategic position of th@i the dermis is Found at: doi:10.1371/journal.pntd.0000311.s001 (0.95 MB TIF)
consistent with their function as first defense barrier againsAlternative Language Abstract S1 Translation of the abstract
pathogens by isolating and eliminating them and thus avoidingnto French by M. Decossas
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Figure 4. DV3 sE-eGFP protein is excluded from acidic compartments in MDdM ¢. Confocal microscopic analysis of the localization of DV3
sE-eGFP protein at different time-points in cells loaded with the fluorescent LysoSensor dye (optimal fluorescence at pH 5.1). For the overlaysimage
blue color was converted to red to allow better co-visualization with eGFP. After 5 min incubation, sE-eGFP was endocytosed into vesicles close to
the plasma membrane in both cells types. After 30 min and 60 min, sE-eGFP-containing vesicles acidified in the perinuclear area in MDDC, whereas in
MDdMQ sE-eGFP remained in non-acidified, large vesicles. The data is representative of 3 experiments.

doi:10.1371/journal.pntd.0000311.9004

5 min

30 min

Figure 5. DV3 sE-eGFP protein-containing vesicles are distinct in MDDC and MDdM ¢. Cells were processed for electron-microscopic
localization of sE-eGFP using gold-conjugated anti-GFP Ab followed by silver enhancement. Five min after incubation with sE-eGFP, the protein was
bound to the plasma membrane (arrow heads) and entered both cell-types in small endosomes, invaginated from the plasma membrane (arrows). At
30 min, in MDDC, sE-eGFP was localized to small, peri-nuclear endosomes, often associated with the ER, whereas irQMbeldE-eGFP was
concentrated in large phagosomes. The inset shows a high-magnification view of sE-eGFP inside a tubular-shaped vesicle.
doi:10.1371/journal.pntd.0000311.g005
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