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C-type lectins such as DC-SIGN and L-SIGN, which bind mannose-enriched carbohydrate modifications of
host and pathogen proteins, have been shown to bind glycoproteins of several viruses and facilitate either cis
or trans infection. DC-SIGN and L-SIGN are expressed in several early targets of arbovirus infection, including
dendritic cells (DCs) and cells of the reticuloendothelial system. In the present study, we show that DC-SIGN
and L-SIGN can function as attachment receptors for Sindbis (SB) virus, an arbovirus of the Alphavirus genus.
Human monocytic THP-1 cells stably transfected with DC-SIGN or L-SIGN were permissive for SB virus
replication, while untransfected controls were essentially nonpermissive. The majority of control THP-1 cells
were permissive when attachment and entry steps were eliminated through electroporation of virus transcripts.
Infectivity for the DC-SIGN/L-SIGN-expressing cells was largely blocked by yeast mannan, EDTA, or a
DC-SIGN/L-SIGN-specific monoclonal antibody. Infection of primary human DCs by SB virus was also
dependent upon SIGN expression by similar criteria. Furthermore, production of virus particles in either
C6/36 mosquito cells or CHO mammalian cells under conditions that limited complex carbohydrate content
greatly increased SB virus binding to and infection of THP-1 cells expressing these lectins. C6/36-derived virus
also was much more infectious for primary human DCs than CHO-derived virus. These results suggest that (i)
lectin molecules such as DC-SIGN and L-SIGN may represent common attachment receptor molecules for
arthropod-borne viruses, (ii) arbovirus particles produced in and delivered by arthropod vectors may prefer-
entially target vertebrate host cells bearing these or similar lectin molecules, and (iii) a cell line has been

identified that can productively replicate alphaviruses but is deficient in attachment receptors.

In a natural infection, arthropod-borne viruses (arboviruses)
are introduced into the skin of a vertebrate host by the bite of
an infected mosquito. Viruses of the Alphavirus genus, Toga-
viridae family, have adapted to exploit cells of the macrophage-
dendritic cell (DC) lineage for dissemination to regional lymph
nodes draining the site of inoculation in the skin (13, 28, 36,
37). However, it is unclear by what mechanism alphaviruses
target DCs. Analysis of alphavirus receptor usage is compli-
cated by the broad cell tropisms of these viruses in vitro and
the rapid acquisition of envelope glycoprotein mutations in
laboratory strains that confer high-efficiency attachment to
cell-surface heparan sulfate (HS) structures (2, 3, 24). Such
mutations promote efficient binding to cell surfaces and high
levels of infectivity per virus particle in vitro, but are attenu-
ating in vivo (2, 22-24). In contrast, the virulent consensus
wild-type strains do not bind efficiently to HS or cell surfaces
and exhibit much lower infectivity for cultured cells than HS-
binding laboratory strains (2, 22, 24). While the high-affinity
laminin receptor protein has been shown to enhance infectivity
of cells by cell culture-adapted, presumably HS-binding, alpha-
virus strains (27, 46), a receptor capable of mediating infection
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by wild-type alphaviruses has yet to be identified. Similar issues
have been encountered for arboviruses in the Flaviviridae fam-
ily, until recently, when dengue virus was shown to use C-type
lectins as attachment receptors leading to productive infection
of DCs (30, 44).

The C-type lectin family of Ca*"-dependent carbohydrate
binding proteins have a wide range of biological functions.
High-level expression of the C-type lectin DC-SIGN (for DC-
specific ICAM-3 grabbing non-integrin) has been demon-
strated on immature DC and macrophage subpopulations
abundant in the dermis of the skin, at mucosal surfaces, and in
lymph nodes and peripheral tissues (40, 42). In addition to
their role in DC migration and T-lymphocyte activation via
interaction with ICAM-3 (14), DC-SIGN molecules function
as “scavenger” receptors. Microorganisms invading peripheral
tissues are sensed and captured via conserved pathogen-asso-
ciated molecular patterns and then internalized for processing
and antigen presentation (8). A DC-SIGN homologue termed
L-SIGN (for liver/lymph node-specific ICAM-3 grabbing non-
integrin) or DC-SIGNR (DC-SIGN related) is expressed on
endothelial cells in liver sinusoids, lymph node, gastrointestinal
tract, and placenta (1, 41). Endothelial cells have been specu-
lated to play a similar role to macrophages and DCs in antigen
capture and clearance from the blood (10). DC-SIGN and
L-SIGN bind preferentially to high-mannose oligosaccharides
through a carbohydrate recognition domain in their C termini
(5,9, 29).

12022



VoL. 77, 2003

A number of viruses with heavily glycosylated envelope pro-
teins, including Ebola virus (39), hepatitis C virus (HCV) (33),
human cytomegalovirus (17), and human immunodeficiency
virus (HIV) (15, 31, 32), have been demonstrated to bind cells
via DC-SIGN/L-SIGN molecules with the interaction facilitat-
ing trans infection of neighboring permissive cells and/or en-
hancing cis infection of the lectin-bearing cell. The presence of
immature, mannose-containing carbohydrate structures, not
fully processed during transport through the Golgi apparatus,
appears to be required for efficient binding to SIGN lectins,
perhaps explaining why some glycosylated viruses do not bind
DC-SIGN (39). Ebola virus GP, HIV gp120, and HCV E1 and
E2 envelope proteins are highly glycosylated, containing hybrid
and high-mannose sugars (26, 33). Modulation of N-glycans on
HIV Env or Ebola virus GP dramatically affected DC-SIGN
infectivity enhancement, and murine leukemia virus, which
typically does not interact efficiently with DC-SIGN/L-SIGN,
could do so when produced in the presence of a mannosidase
I inhibitor (26). Notably, high-mannose and Man;GInNAc,-
containing carbohydrates, both of which are DC- and L-SIGN
ligands (9), represent the most extensively processed carbohy-
drate modifications of Sindbis (SB) virus glycoproteins derived
from mosquito cells (18, 19).

In the light of these previous findings, we reasoned that use
of C-type lectins for DC entry might be a general property of
arboviruses and that the virus-receptor interaction might be
enhanced for virus derived from invertebrates, which represent
the natural source of initially infecting virus particles. In the
present study, we have identified DC-SIGN and L-SIGN as
cell-surface proteins able to mediate the binding to and infec-
tion of cells by the wild-type consensus sequence SB virus
strain TR339. Furthermore, TR339 virions produced in mos-
quito cells or under conditions that limit the processing of viral
carbohydrate modifications exhibit greatly increased binding to
and infectivity for DC-SIGN/L-SIGN-expressing cells as com-
pared with mammalian cell-produced virus. Thus, in the case
of arboviruses, pattern recognition receptor (PRR) proteins of
the C-type lectin family can distinguish self from nonself via
the carbohydrate modifications of arthropod-derived glyco-
proteins, and arboviruses derived from cells of the arthropod
vector can use these molecules as infection receptors. We also
identify human THP-1 cells, a premyelocyte cell line derived
from a leukemia patient (45), as a cell type that, while highly
permissive for alphavirus replication, lacks cell-surface recep-
tors capable of promoting efficient entry of wild-type or cell-
adapted SB virus.

MATERIALS AND METHODS

Cell lines. Baby hamster kidney (BHK-21; ATCC CCL-10) cell lines were
maintained in alpha minimal essential medium («MEM) supplemented with
10% donor calf serum (DCS), 2.9-mg/ml tryptose phosphate, 0.29-mg/ml L-
glutamine, and 100-U/ml penicillin-0.05-mg/ml streptomycin (pen/strep) (37°C,
5% CO,). Chinese hamster ovary K1 (CHOKT1) cells were maintained in Ham’s
F12 supplemented with 10% fetal bovine serum (FBS), 0.29-mg/ml L-glutamine,
and pen/strep (37°C, 5% CO,). The Lecl CHO (ATCC CRL1735) and wild-type
parental Pro-5 CHO cell lines (ATCC CRL-1781) were maintained in «MEM,
supplemented with 10% FBS, 0.29-mg/ml L-glutamine, and pen/strep (37°C, 5%
CO,). The Aedes albopictus-derived cell line C6/36 was maintained in «MEM,
supplemented with 10% FBS and 0.29-mg/ml L-glutamine (30°C, 5% CO,). DF-1
chicken fibroblasts (ATCC CCL-12203) and human Hep-2 HeLa cell derivatives
(ATCC CCL-23) were maintained in Dulbecco’s minimal essential medium
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(DMEM) with 10% FBS, L-glutamine, and pen/strep as described above and
incubated at 39 and 37°C, respectively.

Parental control THP-1 cells and THP-1 cells stably transfected with human
DC-SIGN (THP DC-SIGN) or DC-SIGN with a cytoplasmic truncation (THP
DC-SIGNA35) were generously provided by Dan Littman (New York University
School of Medicine, New York) (25), and THP-1 cells expressing L-SIGN/DC-
SIGNR (THP L-SIGN) were provided by Vineet KewalRamani (National Can-
cer Institute, Frederick, Md.) (1). Cell surface expression of DC-SIGN, DC-
SIGNA35, and L-SIGN was confirmed by immunofluorescent staining and flow
cytometric analyses with the DC-SIGN/L-SIGN cross-reactive anti-DC-SIGN
monoclonal antibody (MAb) 612 (47) or isotype control antibody (R&D Sys-
tems).

MDDCs. Human peripheral blood mononuclear cells (PBMCs) were isolated
from normal donors over a Ficoll-Hypaque gradient according to standard pro-
cedures (44). Monocytes were purified from PBMCs by a 1-h adherence step at
37°C in cRPMLI. Purified cells were then cultured in 800-U/ml human granulo-
cyte-macrophage colony-stimulating factor (hu-GM-CSF) (Peprotech) and
1,000-U/ml human interleukin-4 (hu-IL-4) (Peprotech) for 6 days. Loosely ad-
herent cells (DCs) were harvested by pipetting and concentrated by centrifuga-
tion. DC-SIGN expression on human monocyte-derived DCs (MDDCs) was
quantitated by antibody staining and flow cytometry as described for THP-1 cells.
Infection and infectivity-blocking conditions were as described for THP-1 cells;
however, infection rates were quantitated by counting of green fluorescent pro-
tein (GFP)-positive (fluorescence setting) versus total cells (bright-field setting)
in 24-well plates (Corning) by using a Nikon TE-300 fluorescence microscope
with an Endow GFP filter.

Viruses. The construction of the SB AR339 consensus sequence pTR339
plasmid and mutant pS1K70 plasmid (22, 24) and the E2S1GFP double sub-
genomic promoter virus expressing GFP (pE2S1GFP) (K. D. Ryman, W. B.
Klimstra, and R. E. Johnston, submitted for publication) has been described
previously. Virus derived from the pE2SIGFP plasmid begins with the prefix
“39GFP.” The E2S1 sequence differs from the AR339 consensus sequence only
at E1 position 72, and virus derived from this clone has cell attachment and
mouse virulence phenotypes identical to those of the AR339 consensus sequence
virus, TR339 (36). The SIK70GFP double subgenomic promoter virus expressing
GFP was constructed by a BssHII-to-Xhol restriction fragment exchange from
E2S1GFP into pS1K70. Infectious viral RNA was generated by in vitro tran-
scription with mMessage mMachine (Ambion) from Xhol-linearized virus plas-
mid DNA templates and transfected into cells by electroporation. Progeny virus
particles released into supernatant were clarified by centrifugation and stored at
—80°C in single-use aliquots. To prepare various virus stocks, TR339, S1K70,
E2S1GFP, or SIK70GFP transcripts were electroporated into either CHO K1 or
the CHOKI1 normal clone Pro5 (viruses derived from either cell line were
designated 39GFP-C or 39-C) or C6/36 (39GFP-M or 39-M viruses) cells. Mam-
malian cell-derived stocks with altered glycosylation were generated by electro-
poration of Lecl CHO cells (39GFP-L or 39-L viruses) with TR339 or E2S1GFP
virus RNA or by similar electroporation of CHO Pro-5 control cells, which were
cultured in 1 mM 1-deoxymannojirimycin (1-DMJ; Sigma) after electroporation
(39GFP-DMJ or 39-DMJ viruses). Progeny virions were harvested 24 h post-
electroporation, and their titer was determined by standard BHK cell plaque
assay.

Virus growth curves. For one-step growth curves, triplicate wells containing
~10° THP-1 cells in 50 ul of phosphate-buffered saline (PBS)-1% DCS with
Ca®"-Mg?* (virus buffer [VB]) suspension were infected at a multiplicity of
infection (MOI) of 1 PFU of TR339 per cell derived from C6/36 or normal CHO
cell lines (39-M or 39-C viruses). After 1 h of infection at 4 or 37°C, cells were
washed three times in VB, and the medium was replaced. At each time point,
progeny virions in 10-l aliquots of supernatant from triplicate wells were inde-
pendently quantitated by standard BHK plaque assay, and titers were expressed
as BHK PFU per milliliter.

Flow cytometric analysis of infected cells. Triplicate wells containing ~5 X 10°
THP-1 cells were infected with equal BHK cell titer PFU of 39GFP or
S1K70GFP double-promoter viruses expressing GFP in a total of 50 pl for 1 h at
37°C (MOI of ~0.5 PFU per cell). Twelve to 14 h after infection, virus-infected
and mock-infected THP-1 cells were washed three times in VB by pelleting in
V-bottom 96-well plates (Sarstedt), fixed for 10 min at 4°C with 4% paraformal-
dehyde (in PBS), and resuspended in fluorescence-activated cell sorter (FACS)
buffer (PBS-Ca-Mg-2% DCS) at ~2 X 10° cells per ml. The percentage of
GFP-positive cells was quantitated by flow cytometric analysis on a FACSCalibur
flow cytometer (Flow Cytometry Facility, Louisiana State University Health
Sciences Center—Shreveport). Expression of GFP was monitored by fluores-
cence microscopy and recorded photographically at constant camera settings to
facilitate comparison of GFP fluorescence intensity between samples. Fluores-
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cence micrographs were taken on a Nikon TE-300 fluorescence microscope with
an Endow GFP filter.

Blocking of infectivity. In dose-response experiments, triplicate wells of
THP-1, CHOKI1, or Hep?2 cell lines were treated with 0.2 to 200 g of mannan
per ml (Sigma), 0.2 to 20 pg of anti-DC-SIGN MAb 612 per ml (47), or isotype
control antibody (R&D Systems). In other experiments, the cell lines or MDDCs
were treated with 200-p.g/ml mannan (Sigma), 20-p.g/ml anti-DC-SIGN MADb 612
(47) or isotype control antibody (R&D Systems), or 5 mM EDTA for 30 min at
room temperature prior to infection with GFP-expressing viruses.

Virus attachment assays. Production of [**S]methionine-labeled virus and the
assay for cell attachment were completed as previously described (22, 24), with
the following exceptions. Radiolabeled TR339 or SIK70 viruses were produced
by infection (MOI of >5) of cultures of C6/36 (39-M virus), CHO Pro5 (39-C
virus), or Lecl (39-L virus) cells or cells treated after infection with 1 mM 1-DMJ
(39-DM]J virus). Viruses were purified from clarified cell supernatants by using a
discontinuous sucrose gradient (20%/60% [wt/wt] in TNE buffer [SO mM Tris-
HCI, 100 mM NaCl, 1 mM EDTAY]), followed by pelleting through 20% sucrose
in TNE buffer. Radiolabeled virus particles were resuspended in HEPES-buff-
ered RPMI 1640 medium supplemented with 1% fetal bovine serum (FBS) and
stored at —80°C.

THP-1 control and L-SIGN-, DC-SIGN-, and DC-SIGNA35-transfected
THP-1 cell attachment assays were conducted in 96-well V-bottom plates. Ap-
proximately 10° cpm of each radiolabeled virus diluted in VB was mixed with 10°
THP-1 cells in a total volume of 50 pl, and this mixture was incubated at 4°C for
1 h with gentle agitation. Cells were washed three times with VB and resus-
pended in 200 pl of VB, and **S radioactivity of 100 pl of the resuspended cells
was quantitated with a liquid scintillation counter (Beckman).

RESULTS

Cell-surface expression of DC-SIGN and L-SIGN on THP-1
cells is correlated with SB virus infection. We had previously
observed that yeast mannan, a competitive inhibitor of carbo-
hydrate binding to C-type lectins, could inhibit the infection of
the murine macrophage/monocyte cell line RAW 264.7 by the
consensus sequence, wild-type SB virus strain TR339 (data not
shown). Therefore, we reasoned that C-type lectins might serve
as alphavirus receptors. To study the role of the C-type lectins
in SB virus entry, we used DC-SIGN- and L-SIGN-transfected
THP-1 (THP-1 DC-SIGN and THP-1 L-SIGN, respectively)
cell lines and the corresponding nontransfected THP-1 cells as
controls (1, 25). We also used the A35 THP-1 cell line, which
expresses DC-SIGN lacking 35 amino acids of the cytosplasmic
tail (25). This mutation has been shown to prevent the endo-
cytosis of DC-SIGN and therefore would show dependence of
infection upon endocytosis of the receptor. We observed sim-
ilar levels of staining of the cross-reactive MAb 612 (R&D
Systems) (Fig. 1A) on DC-SIGN- and L-SIGN-transfected
THP-1 cells. Although the A35 THP-1 cells exhibited similar
percentage of positive cells to the DC-SIGN and L-SIGN cells,
the mean fluorescence intensity was approximately threefold
lower (data not shown), suggesting either an effect of the
mutation on antibody binding or the level of expression of
mutant protein was lower.

Initially, we infected the THP-1 cells with the 39GFP-C
(E2S1GFP derived from CHO cells designated 39GFP-C; sim-
ilarly derived normal TR339 designated 39-C) virus derived by
electroporation of mammalian CHOKI cells. While numbers
of green cells were slightly increased by 12 h postinfection
(hpi) in the presence of DC- or L-SIGN molecules (as high as
~5.0% in one experiment versus <1.0% for THP-1 cells),
infection rates were low in repeated experiments (Fig. 1B). In
contrast, infection of the DC- or L-SIGN-expressing THP-1
cells with virus derived from C6/36 mosquito cells (GFP-ex-
pressing virus designated 39GFP-M; normal virus designated
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39-M) resulted in high levels of infectivity for the cells reaching
as high as 60 or 70% GFP positive for L-SIGN- or DC-SIGN-
expressing cells, respectively (Fig. 1B and see Fig. 3). Mean
fluorescence intensities of DC-SIGN- and L-SIGN-expressing
THP-1 cells infected with 39GFP-M were similar (data not
shown). Infection rates for the DC-SIGN A35 cells were low
but reproducibly higher than those for the THP-1 control cells.
The dependence of infection and GFP expression on the pres-
ence of a suitable receptor and the high permissivity of the
control THP-1 cells for SB replication were demonstrated by
electroporation of cells with in vitro-transcribed E2S1GFP
RNA (Fig. 1B). More than 80% of the cells expressed GFP
12 h after electroporation. In all of the virus infection experi-
ments, THP-1 cells were infected with equivalent BHK cell
PFU of 39GFP-C or 39GFP-M virus. It is of note that the BHK
cell titers of virus stocks produced on either cell type did not
differ in the BHK cell plaque assay titer by more than twofold.
Control THP-1 cells obtained from either laboratory (D. Litt-
man or V. KewalRamani) were essentially nonpermissive re-
gardless of virus production conditions (<1.0% positive by
flow cytometry); however, GFP-positive cells were occasionally
observed (Fig. 1C). In addition, control THP-1 cells trans-
fected with an empty pcDNA3.1 vector (Invitrogen) and se-
lected for G418 resistance exhibited similar rates of infection
(data not shown). Assessment of the temperature dependence
of infection with 39GFP-M virus on the THP-1 cells indicated
that interactions with DC-SIGN were equally efficient at 37 or
4°C; however, infectivity for L-SIGN-expressing cells was ~4-
fold lower at 4°C (Fig. 2).

To determine if SIGN-dependent infection of THP-1 cells
was independent of the HS-binding phenotype of SB strains,
we infected the cells with a CHOKI1 cell-derived GFP-express-
ing S1K70 mutant of TR339 that attaches efficiently to cell
surface HS and exhibits much greater infectivity than TR339
for cells in such lines as BHK and CHOKI1 (22). Efficient
binding to and high infectivity for CHOK1 cells by this cell
culture-adapted virus are due to a glutamic acid-to-lysine mu-
tation at position 70 of the E2 glycoprotein protein that confers
efficient interaction with HS (22). In contrast to the high in-
fectivity of this virus for CHOKI (22) and several other cell
types, including cells of human origin (data not shown), the
S1K70 virus exhibited very low rates of infection of control
THP-1 cells that were similar to those of 39GFP-C by flow
cytometry analysis (Fig. 1B).

We further tested the infectivity of virus particles derived
from human THP-1 monocyte and avian DF-1 fibroblast cells,
since vertebrate species-specific variation in viral carbohydrate
modifications has been documented for alphaviruses (19). In
addition to mosquitoes, rodents, humans, and birds can be
infected with alphaviruses, and natural circulation is found
between mosquitoes and rodent or bird reservoir hosts (16).
The 39GFP virus derived from THP-1 cells exhibited low in-
fectivity for DC-SIGN-expressing cells, similar to CHOK1 cell-
derived virus, and slightly increased infectivity for L-SIGN-
expressing cells (Fig. 3). SB virus derived from DF-1 chicken
fibroblasts exhibited approximately fivefold and twofold higher
infectivity for DC- or L-SIGN-expressing THP-1 cells, respec-
tively, than the mammalian cell-derived viruses.

SIGN-expressing THP-1 cells are productively infected. To
confirm that GFP expression correlated with a complete virus
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FIG. 1. DC-SIGN/L-SIGN expression and SB virus infection of THP-1 cells. (A) Histogram of flow cytometric analysis of cell surface
DC-SIGN/L-SIGN expression on THP-1 control and transfected cells. Control THP-1 cells were stained with MADb 612, and transfected cells were
stained with MADb 612 or the isotype control MAb. (B) Infectivity of 39GFP-M (solid bars), 39GFP-C (hatched bars), or CHOK1-derived HS
binding mutant (SIK70GFP) SB virus (open bars) for control or transfected THP-1 cells and electroporation efficiency of TR339GFP transcripts
(crosshatched bars) for control THP-1 cells. *, S1IK70 infectivity not measured. (C) Fluorescence micrographs (magnification, X100) of THP-1 cells
infected with 39GFP-M virus. Equal numbers of each THP-1 cell type were infected with 39GFP-M as described in Materials and Methods and
then diluted 10-fold into 96-well plates, incubated for 12 h, and photographed on the fluorescence microscope. Bright-field observations confirmed
that each view shown contained similar numbers of cells. The arrow indicates a rare GFP-positive cell in control THP-1 cells.
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FIG. 2. Effect of infection temperature on infectivity of 39GFP-M
for THP-1 cells. Solid bars, 37°C; hatched bars, 4°C.

replication cycle, we completed growth curves infecting DC- or
L-SIGN-expressing cells with 39-M or 39-C. Supporting the
GFP expression results, the 39-M virus exhibited rapid produc-
tion and release of infectious progeny in DC- or L-SIGN-
expressing cells (Fig. 4). The 39-C virus was clearly able to
infect the SIGN-expressing cells; however, a longer time was
required for virus titers to reach levels similar to 39-M. Despite
extensive washing of infected cells, titers of supernatants taken
immediately after infection (time zero) were always much
higher for the 39-M virus, presumably reflecting the much
greater binding of this virus by the DC-SIGN/L-SIGN-express-
ing cells. By 24 to 48 hpi, titers of 39-C from these cells were
similar to those of 39-M, indicating that the CHOK1-derived
virus could infect, replicate, and spread. Infection of the cells
with the 39GFP-C virus also showed spread of the GFP signal
by 48 hpi (data not shown).

As described above, infection of DC-SIGN/L-SIGN-express-
ing THP-1 cells with the 39GFP-C virus was inefficient. It is
possible that initiation of subsequent rounds of infection of
THP-1 cells was enhanced in growth curves by altered carbo-
hydrate modifications of virus produced in initially infected
THP-1 cells, resulting in more efficient interactions with SIGN
molecules and enhanced growth. However, as indicated above,
THP-1-derived virus was similar to CHOKI1-derived virus in
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FIG. 3. Infectivity of 39GFP-M (solid bars), 39-GFP-C (hatched
bars), or 39GFP derived from THP-1 (crosshatched bars) or DF-1
(open bars) cells for control THP-1 or DC-SIGN/L-SIGN-expressing
cells.
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FIG. 4. Growth of TR339 in cultures of transfected THP-1 cells.
DC-SIGN-transfected cells (squares) or L-SIGN-transfected cells (cir-
cles) were infected with 39-M (open symbols) or 39-C (solid symbols)
virus.

infectivity for DC-SIGN/L-SIGN-expressing cells. This sug-
gests that the initial infection rates measured with CHOK1-
derived virus were sufficient to promote multiple rounds of
virus growth.

Notably, modest increases in titer were observed in control
THP-1 cells infected with either C6/36-derived or CHOKI-
derived viruses, particularly after 24 hpi, suggesting that the
viruses could infect the cells (data not shown). Therefore, the
THP-1 cells or at least some cells within the population (<1%
by flow cytometric analysis), were permissive for SB virus in-
fection. We observed that substantial increases in titer were
correlated with the appearance of small-plaque variants of
TR339 in plaque assays. Therefore, it is likely that TR339 can
adapt to more efficient infection of THP-1 cells. Considering
the poor infectivity of TR339 with the BHK-/CHO cell-adap-
tive E2 K70 mutation (Fig. 1B), it is likely that THP-1 cell-
adaptive mutations differ from those selected on BHK or
CHOKI cells.

Limited processing of carbohydrate in SB virus glycopro-
teins correlates with efficient infection of SIGN-expressing
THP-1 cells. Production of virus in C6/36 arthropod cells was
correlated with efficient infection of SIGN-expressing THP-1
cells. To determine whether this effect was due to differences in
carbohydrate processing between mosquito and vertebrate
cells, rather than another property of C6/36-derived virus
stocks, we analyzed GFP-expressing TR339 produced in
GI1cNAc-T1 glycosyltransferase-deficient Lecl CHO cells
(GFP-expressing virus designated 39GFP-L; normal virus des-
ignated 39-L) in which N-linked glycosylation is blocked at the
Man;GlcNAc, intermediate (43), or in Lecl parental control
Pro5 CHO cells treated with 1-DMJ (GFP-expressing virus
designated 39GFP-DMJ; normal virus designated 39-DMJ) an
inhibitor of the enzyme a-mannosidase, which removes high-
mannose carbohydrate chains (11). Both of these treatments
decrease the extent of processing of glycoprotein carbohydrate
modifications, resulting in enhanced mannose content and the
absence of complex carbohydrates containing sialic acid and
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galactose. In this way, carbohydrate modifications resemble
those produced during virus replication in mosquito cells (18).
Titers of TR339 GFP virus produced under these conditions
were similar (less than fourfold difference) in BHK cell plaque
assays to control CHO-derived virus (data not shown). In con-
trast, a large increase in infectivity was observed for both treat-
ments with SIGN-expressing THP-1 cells (Fig. 5). The 39GFP-
L virus exhibited infectivity equal to or greater than that of
C6/36-derived virus on both cell types, while the 39GFP-DMJ
virus was ~40 and ~94% as infectious as C6/36-derived virus
on DC-SIGN- and L-SIGN-transfected cells, respectively.
Lower infectivity of 39GFP-DMJ for DC-SIGN-bearing versus
L-SIGN-bearing cells may reflect differences in recognition of
modified carbohydrates by the DC-SIGN/L-SIGN molecules.

Infectivity of TR339 for SIGN-expressing cells can be
blocked with inhibitors of DC-SIGN/L-SIGN binding. Efficient
infection of THP-1 cells was dependent upon the expression of
DC-SIGN or L-SIGN. To further confirm the specificity of
virus interaction with these molecules, we performed infectiv-
ity experiments with 39GFP-M in the presence of 50 mM
EDTA, increasing concentrations of yeast mannan, or increas-
ing concentrations of the cross-reactive anti-DC-SIGN MAB
612 or an isotype-matched control (Fig. 6). These three treat-
ments disrupt carbohydrate interactions with DC- or L-SIGN
molecules (15, 47). Incubation with mannan or the anti-DC-
SIGN antibody during infection resulted in a dose-dependent
reduction in numbers of GFP-positive cells with both L- and
DC-SIGN-expressing cells, whereas the isotype control anti-
body had no inhibitory effect (Fig. 6A and B). In dose-response
experiments, mannan and anti-DC-SIGN antibody were less
effective with L-SIGN-expressing cells, suggesting a different
interaction with SB virus carbohydrates. In repeated experi-
ments, inhibition of SB virus infection of L-SIGN-expressing
cells by the highest concentration of mannan (200 wg/ml) was
variable, ranging from ~60% to >90% (Fig. 6A and C).
EDTA treatment during infection was consisted for both cell
types and resulted in a >90% reduction in GFP-positive cells
(Fig. 6C). The 39GFP-L virus produced similar results with
DC-SIGN-expressing cells but was not competed by mannan
and exhibited partial competition with the cross-reactive 612
MADb on L-SIGN-expressing cells. The 39GFP-DMJ virus did
not exhibit significant competition with mannan or antibody
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treatment on either cell type (Fig. 6C); however, the virus was
blocked ~90% by EDTA on both cell types. The results of
these experiments suggest that the carbohydrate structures of
virus prepared in C6/36, Lecl, or CHO cells treated with
1-DMJ interact with DC-SIGN/L-SIGN molecules in very dif-
ferent ways; however, the infectivity of each virus for THP-1
cells is dependent upon DC-SIGN/L-SIGN molecule expres-
sion.

We also completed experiments to test the similarity of virus
interaction with receptors present on human Hep-2 epithelial
cells or CHOKI1 hamster ovary fibroblasts, both cell types that
are permissive to mammalian and mosquito cell-derived SB
virus. In repeated experiments under infection conditions iden-
tical to those for THP-1 cells, 39GFP-M or 39GFP-C infected
only approximately 5 or 10% of the Hep-2 or CHOKI1 cells,
respectively. Limited infection most likely reflects the charac-
teristic weak binding of TR339-derived viruses to these cell
types (22, 24). In contrast to the effects of these treatments on
SIGN-expressing THP-1 cells, mannan had little inhibitory ef-
fect upon infectivity of mammalian- or mosquito-derived virus
for the cells (data not shown). We have previously tested the
capacity of a range of carbohydrate molecules to block infec-
tivity of mammalian cell-derived TR339 for CHOKI1 cells and
found no significant effect (data not shown). Treatment with
EDTA had no effect on infectivity of either virus for Hep-2
cells but could depress infectivity of 39GFP-C and 39GFP-M
virus for CHOKI cells by 50 or 70%, respectively, suggesting a
partially calcium- or magnesium-dependent entry process.

Virus binding to cells is increased in the presence of DC-
SIGN or L-SIGN molecules. To determine if the increase in
infectivity of SB for THP-1 cells expressing DC-SIGN or L-
SIGN was due to greater cell binding, in vitro attachment
assays were performed with [*>S]methionine-radiolabeled vi-
rus. Results of assays with 39-M showed clearly that increased
infectivity correlated directly with increased binding to the
cells (Fig. 7). The 39-M virus bound 30- to 70-fold more effi-
ciently to SIGN-expressing cells than THP-1 controls. How-
ever, the level of mosquito cell-derived virus binding to L-
SIGN-expressing cells was generally two- to threefold less than
that to DC-SIGN-expressing cells. Since virus binding assays
were performed at 4°C, this result correlates with the reduced
infectivity observed at 4°C with L-SIGN-expressing cells (Fig.
2). In contrast with 39-M, the 39-C virus bound poorly (25- to
50-fold less with DC- or L-SIGN-expressing cells) to THP-1
cells regardless of SIGN expression. In the absence of SIGN
expression, TR339 bound poorly to all cell types assayed, in-
dependent of virus production conditions. This phenotype is
consistent with previous results (22, 24) and is typical even for
cell types such as CHOKI, which are efficiently infected by
TR339. Virus produced in Lecl cells and in normal Pro5 CHO
cells treated with 1-DMJ exhibited greatly increased binding to
the SIGN-expressing cells only, exhibiting similar levels of at-
tachment to C6/36-derived virus. This suggests that the im-
provement in infectivity and binding of virus derived from
C6/36 cells is due to the altered processing of glycoprotein
carbohydrate modifications. Together, these data indicate that
the infectivity increases observed with SB virus with increased
mannose carbohydrate content on SIGN-expressing THP-1
cells are due to enhanced attachment of virus particles to cells
resulting in productive infection.
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FIG. 6. Infectivity of 39GFP for cells in the presence of DC-SIGN/
L-SIGN competitors or EDTA. (A) Infectivity of 39GFP-M virus for
THP-1 cells expressing DC-SIGN (solid triangles) or L-SIGN (solid
circles) in the presence of increasing concentrations of mannan. (B) In-
fectivity of 39GFP-M virus for THP-1 cells expressing DC-SIGN (solid
symbols) or L-SIGN (open symbols) in the presence of increasing
concentrations of MAb 612 (circles) or an isotype-matched control
MADb (triangles). (C) Infectivity of 39GFP-M (solid bars), 39GFP-L
(hatched bars), or 39GFP-DM]J (crosshatched bars) virus for THP-1
cells in the presence of 200 pg of mannan per ml, 20 png of MAb 612
per ml, or 5 mM EDTA. The control for mannan- or EDTA-treated
cells was untreated cells. The control for MAb 612 was 20 pg of
isotype-matched MAD per ml.
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FIG. 7. Binding of radiolabeled TR339 or S1K70 virus to THP-1
control and DC-SIGN/L-SIGN-transfected cells. The viruses used
were 39-C (open bars), 39-M (solid bars), 39-L (hatched bars), or
39-DMIJ (crosshatched bars) and S1K70 (striped bars), which was
derived from CHO cells. *, binding of TR339 derived from Lecl- and
1-DMJ-treated Pro5 CHO cells not tested on A35 THP-1 cells.

Surprisingly, the truncated form of DC-SIGN did not in-
crease binding of 39-M to the A35 cells. However, this result is
consistent with the poor infectivity observed with 39GFP-M
(Fig. 1B). As shown above (Fig. 1A), the level of expression of
the A35 form of DC-SIGN was approximately threefold lower
than that with full-length DC- or L-SIGN. Thus, low infectivity
for these cells could arise from low receptor expression or an
effect of the truncation mutation on the carbohydrate-binding
capacity of the mutant DC-SIGN molecule. For these reasons,
we were unable to directly test whether the endocytosis of
DC-SIGN is required for infectivity.

To determine if HS was present on THP-1 cells and capable
of binding laboratory-adapted SB, we completed binding as-
says using radiolabeled S1K70 virus derived from CHO cells.
This virus would not be expected to interact efficiently with
SIGN molecules. SIK70 bound to the control THP-1 cells
>25-fold more efficiently than mammalian or mosquito cell-
produced TR339 and, with the L-SIGN-expressing cells, exhib-
ited binding efficiency virtually identical to that of the highly
infectious C6/36-derived TR339. Similar results were obtained
with other HS-binding SB virus mutants (data not shown). This
result suggests that HS structures capable of binding laborato-
ry-adapted SB virus are present on THP-1 cells and can bind
the virus independent of DC-/L-SIGN expression. However, as
indicated above, the infectivity of mammalian cell-produced
S1K70 for the THP-1 cells was similar to that of mammalian
cell-produced TR339, which exhibited very little binding.
Therefore, it is likely that a factor required for efficient infec-
tion of HS-binding SB is expressed at low levels or not at all on
THP-1 cells.

SB virus infection of primary human DCs is DC-SIGN de-
pendent. To determine if DC-SIGN molecules could serve as
SB virus entry receptors in the context of natural receptor
expression, we assessed infectivity of 39GFP-C or 39GFP-M
for primary MDDCs cultured with GM-CSF and IL-4 to gen-
erate high-level cell-surface expression of DC-SIGN (34).
More than 90% of the cultured MDDCs were positive for
SIGN expression by MAb 612 staining (Fig. 8A). In control
experiments, approximately 30% of the MDDCs infected with
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FIG. 8. Flow cytometric analysis of cell surface DC-SIGN expres-
sion and infectivity of 39GFP viruses for primary human DCs. (A) His-
togram showing MADb and isotype control antibody reactivity with
primary human DCs. (B) Relative infectivity of 39GFP-M and 39GFP-
C for human DCs and relative blocking of DC infection by 39GFP-M
by 200 pg of mannan per ml, 5 mM EDTA, 20 pg of MAb 612 or
isotype control antibody per ml. Approximately 30% of the cells in-
fected with 39GFP-M were positive for GFP at 6 hpi.

39GFP-M exhibited GFP expression at 6 hpi. The 39GFP-M
virus was >30-fold more infectious for the MDDCs than the
39-GFP-C virus (Fig. 8B). In addition, infectivity of the
39GFP-M virus was competed efficiently with mannan (200
pg/ml), 50 mM EDTA, or MADb 612 (20 wg/ml). Competition
with these reagents was more effective than that observed with
transfected THP-1 cells, perhaps reflecting higher levels of
SIGN expression on the THP-1 cells (data not shown).

DISCUSSION

We have demonstrated that SB virus can utilize DC-SIGN
or L-SIGN as attachment receptors, resulting in productive
infections of THP-1 cells and primary human DCs bearing
these molecules. These in vitro results suggest that attachment
factors such as DC-SIGN and L-SIGN might be responsible for
the characteristic pattern of cell types and organs that are
predominantly infected during early stages of alphavirus infec-
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tion by efficiently capturing virus and promoting cell entry.
DC-SIGN is expressed on dermal DCs and macrophages,
which often encounter invading arboviruses in the skin. L-
SIGN is expressed on sinusoidal endothelial cells, which would
capture any virus inoculated into the small capillaries of the
skin. Interaction with these receptors is presumably mediated
by binding of N-linked carbohydrate modifications of the E2 or
E1 proteins to carbohydrate recognition domains of the lectin
molecules. Cells stably transfected with the cDNAs for DC-
SIGN or L-SIGN were nearly 2 orders of magnitude more
permissive than control THP-1 cells for SB virus derived from
mosquito cells or produced in mammalian cells under condi-
tions in which processing to complex carbohydrates was inhib-
ited. The increased infectivity was specifically correlated with
an increase in attachment to the cells as measured in radiola-
beled virus binding assays. Specificity of the lectin-carbohy-
drate interaction was demonstrated by blocking of infectivity
for the SIGN-expressing cells with yeast mannan, EDTA, or a
MADb that cross-reacted with DC-SIGN and L-SIGN. Infectiv-
ity of virus for and binding of virus to cells bearing L-SIGN
were lower than those for DC-SIGN, although flow cytometric
analysis with the cross-reactive MAb 612 indicated similar lev-
els of cell surface expression of the two molecules. Further-
more, while DC-SIGN-mediated infection was unaffected, in-
fectivity for the SIGN-expressing cells was reduced fourfold
when infection was conducted at 4°C. It is likely that the in-
teraction of mosquito cell-derived SB virus carbohydrates with
DC-SIGN is of higher affinity than that of L-SIGN.

Virus particles produced in mosquito cells, Lecl CHO cells,
or Pro5 CHO cells treated with 1 mM 1-DMJ were 10- to
70-fold more infectious for and bound more efficiently to the
SIGN-expressing cells than virus produced in normal CHO
cells. These results are consistent with the carbohydrate bind-
ing specificities of DC- and L-SIGN, which bind most effi-
ciently to high-mannose carbohydrates and also bind
Man;GIcNAc,, but do not bind complex carbohydrate struc-
tures terminating in galactose and sialic acid (9). The synthesis
and processing of asparagine-linked oligosaccharides have
been compared on SB virus grown in Aedes albopictus C6/36
mosquito cells versus vertebrate cells (18, 19). SB virus pro-
duced in BHK or CHO cells possesses predominantly complex
N-linked carbohydrate at E2 Asn 196, high-mannose carbohy-
drate at E2 Asn 318, complex carbohydrate at E1 Asn 139, and
either complex carbohydrate (BHK) or a mixture of complex
and high-mannose carbohydrates (CHO) at E1 Asn 245 (19).
Man;GlcNAc, structures, which arise from high-mannose oli-
gosaccharides, constitute the most extensively processed oligo-
saccharides in C6/36 and other invertebrate cells (18). When
SB virus is grown in C6/36 cells, the DC-/L-SIGN ligand
Man;GIcNAc, is preferentially located at sites that have com-
plex-type oligosaccharides on virus grown in vertebrate cells
(18). Similar to mosquito cells, complex carbohydrate process-
ing is absent in CHO cells deficient in N-acetylglucosaminyl-
transferase-I (e.g., Lecl) and high-mannose MansGlcNAc, is
the predominant carbohydrate on SB virions (19). The specific
composition of carbohydrates present on SB virus derived
from cells treated with 1-DMJ has not been determined; how-
ever, such modifications should also be predominantly of the
high-mannose type (21). Our infectivity blocking data reveal
clear differences in the interactions of C6/36-, Lecl-, and DMJ-



12030 KLIMSTRA ET AL.

treated cell-derived viruses with DCs and, particularly,
L-SIGN-expressing cells, which likely reflect the presence (C6/
36) or absence (Lecl, 1-DMJ) of Man,GIcNAc, and, poten-
tially, the trimmed (Lecl) versus untrimmed (1-DM]J) struc-
ture of high-mannose carbohydrates. However, the consistent
feature of these viruses is the absence of complex carbohy-
drates. Together, these data suggest that virus produced in and
delivered by arthropod vectors would, due to enhanced high-
mannose and Man;GIcNAc, content, bind more efficiently to
DC- and L-SIGN and therefore preferentially target cells bear-
ing these molecules. C-type lectin molecules provide pathogen-
associated molecular pattern recognition activity to immune
system sentinel cells as well as host cell adhesion and signaling
functions. However, it has been unclear how these molecules
distinguish “self” from “nonself” carbohydrates (10). Our re-
sults suggest that with arboviruses, this distinction may be
made by virtue of the carbohydrate-processing phenotype of
the arthropod vector. In the THP-1 model system and in pri-
mary human DCs, arboviruses are able to usurp this recogni-
tion system to initiate infection of the cell.

Interestingly, SB virus derived from chicken embryo fibro-
blast cells differs from that from mammalian cells, possessing
predominantly high-mannose carbohydrates at Asn 245 of El
(19). Our data indicate that SB virus derived from DF-1
chicken fibroblasts is modestly more infectious than mamma-
lian virus for SIGN-bearing THP-1 cells. Avian species are the
natural reservoir host of SB group viruses (4), and, therefore,
their carbohydrate-processing phenotypes could conceivably
function during the transmission of virus to the arthropod
vector. Invertebrates possess proteins with C-type lectin car-
bohydrate recognition domains similar to those of mammals
(6); however, it is unknown whether invertebrate lectins can
serve as arbovirus receptors.

In addition to the divergence in carbohydrate processing
between evolutionarily distant organisms noted above, viral
glycoprotein carbohydrate modifications may also differ be-
tween more closely related species and even within individual
tissues of the same species. Humans, Old World monkeys and
apes lack a-galactosyl carbohydrate modifications due to an
enzyme deficiency, while these modifications are found on
proteins produced in New World monkeys and non-primates
(12). Repik and coworkers (35) determined the carbohydrate
composition of eastern equine encephalitis alphavirus pro-
duced on African green monkey Vero cells versus mouse 3T3
cells and found that the murine cell-derived virus expressed
a-galactosyl epitopes that bound a natural human anti-a-galac-
tosyl antibody that actually neutralized eastern equine enceph-
alitis alphavirus infectivity. Furthermore, HIV gp120 and
Ebola virus glycoprotein carbohydrate modifications can ex-
hibit different types of carbohydrate processing, depending
upon the human host cell type in which they were produced,
and this property has been correlated with altered C-type lectin
interactions (26). Thus, lectin-dependent virus targeting could
alter during different phases of replication within a single host
or between closely related hosts. It will be of interest to deter-
mine if carbohydrate processing differs between mammalian
cells commonly used to culture alphaviruses or if any differ-
ences in processing exist between mosquito species that could
be correlated with their competence in transmitting virus to
mammalian hosts.
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An additional factor is whether or not alphavirus types may
differ in carbohydrate processing or carbohydrate exposure to
potential receptors. MacDonald and Johnston (28) observed
differences in the numbers, morphologies, and locations of
Venezuelan equine encephalitis virus-infected cells in the
draining lymph nodes of mice, depending upon whether virus
particles expressed wild-type or mutant E1 or E2 glycopro-
teins, and proposed that this might reflect use of different
attachment and entry pathways. It is possible that mutations in
the E1 or E2 proteins could alter interactions of carbohydrate
chains with cell surface lectin molecules or possibly affect the
processing of viral carbohydrates during virus maturation.
Likewise, there may be differences in carbohydrate processing
between individual alphavirus types encoded by the primary
sequence of the glycoprotein, such that the tropism for cell
types expressing specific lectins may differ. In studies with SB
virus and other carbohydrate addition substrates, the extent of
carbohydrate processing in a given cell type was linked to the
accessibility of the high-mannose chain within the folded gly-
coprotein structure (20). In our studies, SB virus produced in
mammalian CHOK1 or BHK (data not shown) cells bound
poorly to and was only marginally infectious for DC- and
L-SIGN-expressing THP-1 cells. In other experiments, we have
found that nonpropagative Venezuelan equine encephalitis vi-
rus replicon particles produced in mammalian BHK cells ex-
hibit low infectivity for DC-SIGN-expressing THP-1 cells but
are nearly as infectious for L-SIGN-expressing cells as TR339
virus produced in mosquito cells (unpublished observations).
We are currently assessing the carbohydrate structures and
lectin interactions of other alphaviruses and the relationship of
these phenomena to infection of cells in vivo and the patho-
genesis of alphavirus disease.

Electroporation, infection, and growth curve data clearly
indicate that normal THP-1 cells are highly permissive for
wild-type SB virus replication but lack cell surface receptors
capable of promoting efficient binding and entry and therefore
are predominantly nonpermissive. These cells are also poorly
infected by HS-binding SB virus mutants, yet binding data
suggest that the THP-1 cells possess structures on their sur-
faces that we presume represent HS structures capable of
binding the S1K70 virus in the absence of SIGN molecules.
These results suggest that either a coreceptor or specific HS
species may be required for HS-mediated productive infection
and that this structure is not expressed sufficiently on THP-1
cells. However, we did observe increases in titer in control
THP-1 cells in growth curve experiments that were correlated
with the appearance of small-plaque variants. Therefore, at
least a subset the THP-1 cells are permissive to SB virus in-
fection. Nonetheless, the identification of an attachment/entry-
defective cell line that can be rendered highly permissive by
transfection of a receptor is a significant advancement in the
study of alphavirus receptor biology. Previously, due to the
very-broad-cultured cell tropism of alphaviruses, receptor ex-
pression experiments had been done in already highly permis-
sive cells (46), making unequivocal determination of activity
difficult. Use of THP-1 cells will now permit rapid screening of
host cell protein expression libraries and, perhaps, rapid iden-
tification of other alphavirus receptor molecules.

We propose that the results of these studies and the studies
of Tassaneetrithep et al. and Navarro-Sanchez et al. with den-
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gue virus (30, 44) may reveal an important pathway used by
arboviruses to initiate infection of a vertebrate host, particu-
larly if virus particles are delivered by an arthropod vector.
Additionally, demonstration of the use of lectins as attachment
receptors may begin to unravel the conundrum of the arbovirus
receptor in that evolutionarily conserved structures such as
carbohydrates can act to mediate infection of cells, possibly
representing a mechanism for bridging infection of inverte-
brates and vertebrates. In addition to DC-SIGN, there are
other C-type lectin molecules present on DCs (7, 10), and
C-type and other lectins are found on macrophage, endothe-
lial, and other cell types (10, 38). However, it is important to
note that our data do not distinguish between attachment and
entry steps of the infection process. While we have shown that
DC-SIGN/L-SIGN expression promotes virus binding to cells
that leads to infection, it remains possible that other proteins
facilitate entry of bound virus.

The replication cycle of alphaviruses within a single verte-
brate host requires that virus produced by initially infected
cells is capable of attaching to and infecting cells of a number
of tissues, including periosteum, skeletal muscle, and neurons,
and virus transferred from the vertebrate bloodstream to a
feeding arthropod vector must initiate replication in the vector
gut epithelium (16). Our data evaluating alphavirus binding to
and infectivity for several types of rodent, mosquito, and hu-
man cells (22, 24; data not shown) suggest that there are C-type
lectin-independent pathways to infection available to native
alphaviruses. The characteristics of these pathways are (i) very
inefficient binding to cell surfaces, which may reflect weak
receptor interaction or limited receptor abundance; (ii) rela-
tively low infectivity per virion, an underlying consequence of
poor binding; (iii) resistance to competition with mannan and
other carbohydrates; and (iv) substantial resistance to disrup-
tion with EDTA. Whether or not these pathways involve car-
bohydrate attachment to additional lectin molecules or an-
other type of receptor remains to be determined.

Finally, the results described herein have relevance to the
design and production of virus or virus-like particles used as
alphavirus vaccine and gene therapy vectors. It is very likely
that targeting of such particles to C-type lectin-expressing cells
such as DCs can be increased by production under conditions
that limit host cell processing of viral carbohydrate modifica-
tions. Incorporation of additional N-linked carbohydrate at-
tachment sites into the virus structural glycoproteins could also
increase the number of potential ligands for lectin interaction.
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