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Poxviruses, including vaccinia virus (VV) and canarypox virus (ALVAC), do not indiscriminately infect all cell types of the pri-
mary human leukocytes (PHLs) that they encounter but instead demonstrate an extremely strong bias toward infection of
monocytes and monocyte lineage cells. We studied the specific molecular events that determine the VV tropism for major PHL
subsets including monocytes, B cells, neutrophils, NK cells, and T cells. We found that VV exhibited an extremely strong bias of
cell surface protein-dependent binding to monocytes, B cells, and activated T cells to a similar degree and to neutrophils to a
much lesser extent. Resting T cells and resting NK cells exhibited only trace amounts of VV binding. Activated T cells, however,
became permissive to VV binding, infection, and replication, while activated NK cells still resisted VV binding. VV binding
strongly colocalized with lipid rafts on the surfaces of all VV binding-susceptible PHL subsets, even when lipid rafts were relo-
cated to cell uropods upon cell polarization. Immunosera raised against detergent-resistant membranes (DRMs) from mono-
cytes or activated T cells, but not resting T cells, effectively cross-blocked VV binding to and infection of PHL subsets. CD29 and
CD98, two lipid raft-associated membrane proteins that had been found to be important for VV entry into HeLa cells, had no
effect on VV binding to and infection of primary activated T cells. Our data indicate that PHL subsets express VV protein recep-
tors enriched in lipid rafts and that receptors are cross-presented on all susceptible PHLs.

In general, all viruses must bind to their receptors on the surface
of target cells to initiate infection. Virus-receptor interactions

determine the cell type, organ specificity, and host range and
therefore constitute an interspecies barrier. Poxviruses are a fam-
ily of large, complex, enveloped DNA viruses that show species
specificities (1, 2); for example, variola virus is a strict human-
specific pathogen that causes smallpox in humans only (1), and
myxoma virus is a rabbit-specific poxvirus that causes a lethal
disease (myxomatosis) in rabbits only (1, 2). However, the molec-
ular basis underlying the strict species barrier for poxviruses re-
mains mysterious. In particular, no specific cellular receptor for
any poxvirus has yet been identified. Poxviruses infect a wide va-
riety of cell lines in culture, leading to the presumptions either that
specific receptors for these viruses may not be required or that
conserved and ubiquitous receptors may be widely distributed on
the surface of diverse cell types (1). These conjectures may have
impeded attempts to identify cellular receptor(s) that mediate
poxvirus binding and infection. However, recent reports from our
group and others have shown that vaccinia virus (VV), the proto-
typical member of the poxvirus family, and canarypox virus
(ALVAC) do not indiscriminately infect all cell types of the pri-
mary human hematopoietic cells that they encounter but instead
demonstrate an extremely strong preference for infection of
monocytes among peripheral blood mononuclear cells (PBMCs)
and monocyte lineage cells in the bone marrow (3, 4). Signifi-
cantly, expression of VV receptor(s) can be induced de novo on
primary human T cells upon T cell activation (3). As a conse-
quence, activated T cells become susceptible to VV binding, infec-
tion, and replication, in contrast to resting T cells that are nonper-
missive to VV binding (3, 4). These receptors are likely proteins
because inhibitors of transcription (actinomycin D), protein syn-
thesis (cycloheximide), and intracellular protein transport
(brefeldin A) significantly reduce VV binding to activated primary

human T cells and also because treatment of primary human
monocytes or activated T cells with trypsin or pronase completely
diminishes VV binding and infection (3).

Poxviruses not only bind to and infect monocytes but also use
these cells to initiate a systematic infection. A recent study using
high doses of variola virus, the most virulent member of the pox-
virus family, to infect Cynomolgus macaques in an attempt to de-
velop an animal model of smallpox has demonstrated that variola
virus is disseminated by means of monocytic cell-associated
viremia (5), suggesting that monocytes play a significant role in
the initiation of systematic infection. Monocytes may use putative
viral receptors to grab infectious variola virus particles and then
disseminate them to uninfected cells and tissues, resulting in a
generalized infection. However, the specific molecular events that
determine poxvirus bias toward monocyte binding and infection
remain unclear. In the present study, we investigated the suscep-
tibility of major subsets of primary human leukocytes (PHLs) to
VV binding and infection. Our data demonstrate that PHL subsets
express and share protein VV receptors that are enriched in lipid
rafts on the cytoplasmic membrane and that VV receptors are
induced de novo on certain but not all PHL subsets.

MATERIALS AND METHODS
Antibodies and flow cytometric analysis. The following anti-human
monoclonal antibodies (MAbs) or polyclonal Abs (pAbs) conjugated with
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fluorochrome were purchased from BD PharMingen (San Diego, CA):
anti-CD3APC, anti-CD4PerCP, anti-CD8PE, anti-CD14APC, anti-CD16PE,
anti-CD19PE, anti-CD56PE, and matched-isotype control Abs conjugated
with fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridinin
chlorophyll protein (PerCP), or allophycocyanin (APC). Anti-human
neutrophil lipocalin (HNL) and anti-human CD66bPE Abs were pur-
chased from Novus Biologicals (Littleton, CO) and Biolegend (San Diego,
CA), respectively. Rabbit pAbs against full-length human integrin beta-1
(CD29) and rabbit pAbs against human amino acid transporter SLC3A2
(CD98) were purchased from Abnova (Taipei, Taiwan) and Thermo
Fisher Scientific (Pittsburgh, PA), respectively. Isolated PHL subsets in-
cluding monocytes, B cells, T cells, neutrophils, and NK cells were sub-
jected to VV binding and surface staining with different combinations of
Abs, followed by flow cytometric analysis (fluorescence-activated cell
sorter [FACS]) using a BD FACSCalibur (BD Biosciences, San Diego,
CA). The data were analyzed using FlowJo software (TreeStar, San Carlos,
CA). Appropriate isotype controls were used at the same protein concen-
tration as the test Abs, and control staining was performed during every
FACS.

Preparation of human primary leukocyte subsets. Whole-blood
samples were collected from healthy donors. Written consent was ob-
tained from each participant, and all investigational protocols were ap-
proved by Institutional Review Boards for Human Research at the Indiana
University School of Medicine (Indianapolis, IN). PBMCs were separated
from blood samples by gradient centrifugation on Ficoll-Hypaque (Am-
ersham Pharmacia Biotech AB, Uppsala, Sweden). Monocytes, B cells,
and NK cells were then purified by negative isolations using Ab-conju-
gated magnetic beads in the Monocyte, B cell, and NK cell negative isola-
tion kits (Dynal, Oslo, Norway). The resulting cell preparations contained
more than 95% desired cell types, assessed by CD14, CD3, CD4, CD8,
CD19, or CD56 staining and FACS. Resting T cells were isolated from the
PBMCs using the Pan T Cell isolation kit II (Miltenyi Biotec, Auburn,
CA), which yielded �95% purity of CD3� T cells. CD3� T cells were
activated by incubating with anti-CD3/anti-CD28 Abs-coated magnetic
beads (Life Technologies, Carlsbad, CA) and allowed to culture in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS) and 2
mM L-glutamine (complete RPMI 1640 medium). Neutrophils were iso-
lated from whole blood from healthy donors by density gradient separa-
tion in Lympholyte-Poly solution (Cedarlane Labs, Hornby, ON) to iso-
late polymorphonuclear cells, followed by treatment with a hypotonic
solution to lyse red blood cells. Neutrophil purity was �98% as deter-
mined by FACS analysis of HNL�CD66b� cells.

VV preparation, binding, and infection. EGFP-VV and vA5L-YFP,
two recombinant viruses of the Western Reserve (WR) VV strain, were
obtained from J. W. Yewdell and B. Moss (NIH, Bethesda, MD).
EGFP-VV contains a chimeric gene encoding the influenza virus nucleo-
protein, the ovalbumin SIINFEKL peptide, and enhanced green fluores-
cence protein (EGFP) regulated by the P7.5 early-late promoter (6). EGFP
expression was used in this study to monitor VV infection. The vA5L-YFP
virions were constructed with VV core protein A5L fused with yellow
fluorescence protein (YFP) and can be directly visualized by fluorescence
microscopy or FACS (7). Viral stocks including EGFP-VV and vA5L-YFP
were grown and titrated in primary chicken embryo fibroblasts (Charles
River Laboratories, Wilmington, MA) or the monkey kidney cell line
CV-1 (ATCC, Manassas, VA) in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% FBS and 2 mM L-glutamine. VV intra-
cellular mature virions (IMV) were purified by 24 to 40% sucrose gradient
as previously described (8), and the viral titers were determined by a
plaque assay in CV-1 cells (8).

To determine the susceptibility of individual PHL subsets to VV bind-
ing, vA5L-YFP virions were incubated with isolated monocytes, B cells,
resting T cells, activated T cells, neutrophils, or resting or activated NK
cells at a multiplicity of infection (MOI) of 10 at 4°C for 30 min in com-
plete RPMI 1640 medium, conditions that permit virus binding but not
entry (3, 8, 9). After extensive washing with ice-cold phosphate-buffered

saline (PBS), cells were fixed with 1% paraformaldehyde (PFA) and then
subjected to confocal microscopy analysis and FACS to determine VV
binding at single-cell and whole-cell, respectively, population levels. TA3
cells (a mouse B cell hybridoma cell line) that were previously shown not
to bind with VV were used as a negative control of VV binding (8, 10).

VV-EGFP was used to monitor the susceptibility of individual PHL
subsets to VV infection as previously described (4). Infection intensity was
calculated by the percentage of EGFP-positive cells or the median fluores-
cence intensity (MFI).

Confocal microscopy. Cells were incubated with cholera toxin sub-
unit B (CTB) conjugated with Alexa Fluor 647 (Life Technologies, Carls-
bad, CA) at 4°C for 20 min to stain ganglioside M1 (GM1) lipid rafts. For
CTB patching, cells were treated with 1:100 diluted goat anti-CTB pAbs
(Millipore, Darmstadt, Germany) in 2% FBS–PBS for 30 min on ice and
then incubated at 37°C for 20 min as previously described (11). After
washing, cells were then incubated with 10 to 30 PFU/cell of vA5L-YFP for
30 min under the binding conditions described above. Cells were fixed
with 2% PFA, permeabilized with 0.1% saponin, and then incubated with
phalloidin conjugated with Alexa Fluor 546 (Life Technologies, Carlsbad,
CA) to stain F-actin. Cells were then adhered to poly-L-lysine-coated cov-
erslips and mounted onto glass slides using the ProLong Gold Antifade
reagent (Life Technologies, Carlsbad, CA) containing 4=,6-diamidino-2-
phenylindole (DAPI) dye for fluorescent staining of DNA content and
nuclei. Cells were analyzed using an Olympus FV1000-MPE confocal/
multiphoton microscope fitted with a 60� objective. For each field, a
z-series of images was collected and the number of virions per cell was
determined on a three-dimensional (3D) image of cells constructed using
the open source software FluoRender 2.7 (University of Utah) and ImageJ
1.44p (NIH, Bethesda, MD).

Polarization of primary human leukocyte subsets. Individual PHL
subsets were treated with various agents to induce membrane polarization
and lipid raft relocation. Briefly, isolated monocytes were incubated with
100 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF)
(BioVision, Milpitas, CA) for 24 h (12), B cells were incubated with 100
ng/ml SDF-1 (Biolegend, San Diego, CA) over rhICAM-2 (fc)-coated cov-
erslips for 30 min (13), activated T cells were adhered to anti-CD44-
coated coverslips for 30 min (14, 15), and neutrophils were treated with 10
nM the bacterial peptide fNLPNTL (Bachem, Torrence, CA) for 5 min
(16). After treatment, all cell types were fixed with 2% PFA and subjected
to VV binding and the fluorescence microscopy assay.

Immunosera raised against cell membrane extracts or whole cells.
All animal experimentation was conducted following the NIH guidelines
for housing and care of laboratory animals and performed in accordance
with Indiana University Institutional regulation after review and approval
by the institutional Animal Care and Use Committee at Indiana Univer-
sity (approved IACUC protocol number, MD-0000003309-R). Female
BALB/c mice, 6 to 8 weeks of age, from the Jackson Laboratories (Bar
Harbor, ME) were subjected to immunization through intraperitoneal
(i.p.) injections. Mice were divided into nine groups with 3 mice per group
and then subjected to immunization with (i) detergent-resistant mem-
branes (DRMs), (ii) crude membrane extracts (CMEs), or (iii) whole cells.
These immunogens were prepared from 40 � 106 cells, either monocytes,
resting T cells, or activated T cells from the same blood donors. DRMs and
CMEs were prepared from each type of these cells as previously described
(17). Briefly, 40 � 106 cells were lysed with 1% Triton X-100 –PBS plus 1�
protease inhibitor cocktail (Fisher Scientific, Pittsburgh, PA) at 4°C for 1
h. Lysates were clarified with centrifugation at 1,000 � g for 10 min, and
the resulting supernatants were mixed with sucrose to make 45% sucrose
solutions, which were added to the bottom of an ultracentrifuge tube.
Equal volumes of 35% and 5% sucrose–PBS were sequentially added to
the tube to make discontinuous gradients. The tube was centrifuged at
166,000 � g at 4°C for 18 h in an Optima LE-80K ultracentrifuge (Beck-
man Coulter, Brea, CA). The light-scattering band near �20% sucrose
(DRMs) was harvested, diluted in PBS containing 1� protease inhibitor
cocktail, and then centrifuged at 166,000 � g at 4°C for 2 h. The DRM
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pellet was homogenized in PBS using a Dounce homogenizer. For CME
preparation, 40 � 106 cells of each subset in PBS with 1� protease inhib-
itor cocktail were disrupted with a Dounce homogenizer. After clarifica-
tion, the resulting supernatant was centrifuged at 120,000 � g, and the
pellet was resuspended in PBS. Primary immunizations were followed by
two immunization boosts on day 14 and day 28. Two weeks after the last
immunization boost, animals were anesthetized with isoflurane and sac-
rificed by bleeding. Sera were collected from mice in each group.

An enzyme-linked immunosorbent assay (ELISA) was developed to
titrate Abs against human CD55, a glycosylphosphatidylinositol (GPI)
protein anchored in cell lipid rafts (18), to evaluate the immunization
efficacy. Briefly, microplates were coated with recombinant CD55 protein
at 0.1 �g/ml (R&D Systems, Minneapolis, MN). After washing and block-
ing with 5% FBS–PBS, plates were incubated with serially diluted immu-
nosera, followed by addition of anti-mouse IgG MAb conjugated with
horseradish peroxidase (HRP). Pooled preimmunization mouse sera
were used as Ab-negative controls. Absorption was read at a wavelength of
450 nm by a plate spectrophotometer (BioTek, Winooski, VT).

Knockdown of CD29 and CD98 in HeLa cells and activated T cells.
Dharmacon Smartpool Accell small interfering RNA (siRNA) constructs
against human CD29 and CD98 were purchased from Thermo Fisher
Scientific (Pittsburgh, PA). These siRNA constructs were transfected into
cells using the Amaxa Nucleofector system (Lonza, Basel, Switzerland)
according to the manufacturer’s instructions. Briefly, 150 to 300 nM each
siRNA mixture was used per 5 � 106 activated T cells or per 1 � 106 HeLa
cells. Transfected cells were allowed to culture for 48 h and then subjected
to Western blotting or FACS using rabbit pAbs against human CD29 or
CD98 to analyze knockdown of human CD29 or CD98. These cells were
also subjected to VV binding and infection to determine the effects of
CD29 and CD98 on VV binding and entry.

Statistical analysis. Data were analyzed using Tukey’s post hoc anal-
ysis of variance (ANOVA) test and the Student t test. P values of �0.05
were considered statistically significant.

RESULTS
VV differentially binds to primary human leukocyte subsets.
The majority of studies investigating the entry of VV into host cells
have focused on single-enveloped VV IMV particles, since they are
the most abundant (�98%) and maintain their membrane integ-
rity after freezer storage (19, 20). The IMV particles of vA5L-YFP
or EGFP-VV were therefore used in this study. Isolated mono-
cytes, B cells, neutrophils, resting T cells, and NK cells were incu-
bated with vA5L-YFP particles under binding conditions (4°C for
30 min) to study VV-binding profiles for these PHL subsets. At an
MOI of 10, vA5L-YFP bound to 76% � 10%, 71% � 9%, 28% �
2%, 3% � 2%, and 2% � 2% of monocytes, B cells, neutrophils,
resting T cells, and NK cells, respectively (Fig. 1A and B). These
values were the results (means � standard deviations [SD]) from
six healthy blood donors. VV binding to monocytes, B cells, and
neutrophils was not affected by soluble heparan sulfate (HS) at 10
�g/ml (Fig. 1A and B), an optimal concentration that completely
blocks VV nonspecific binding to HS glycosaminoglycan (GAG)
side chains of cell surface proteoglycans of the BSC40 cell line (21).
In contrast, HS at 10 �g/ml completely eliminated the trace
amount of VV binding to resting T cells and NK cells (Fig. 1A and
B), suggesting that the binding is GAG dependent. VV binding to
monocytes, B cells, and neutrophils was markedly reduced by
trypsin treatment (Fig. 1A and B). Next, we investigated whether
activated T cells become sensitive to VV binding to confirm that
VV receptor(s) can be induced de novo upon T cell activation (3).
We found that VV binding was correlated to the degree of T cell
activation (Fig. 1C and D). Similar to monocytes, B cells, and
neutrophils, VV binding to activated T cells was markedly reduced

by treatment with trypsin but not HS (Fig. 1E). In contrast, acti-
vated NK cells remained nonpermissive to VV binding (Fig. 1F).
These results indicate that VV binding to monocytes, B cells, neu-
trophils, and activated T cells is mediated by protein VV receptors
independent of HS GAGs and that these receptors are induced
upon activation of T cells but not NK cells.

To visualize VV binding at the single-cell level, we incubated
monocytes, resting T cells, activated T cells, and TA3 cells with
vA5L-YFP particles under binding conditions and then used con-
focal microscopy to examine VV binding. At an MOI of 10, vA5L-
YFP bound to monocytes at �39 virions per cell (mean from 100
cells counted) (Fig. 1G and H), whereas VV barely bound to rest-
ing T cells (0.05 virions per cell, mean from 100 cells counted),
which shows no difference with the results of vA5L-YFP binding
to TA3 cells, which were previously shown not to bind with VV (8,
10). After activation with anti-CD3/anti-CD28 MAbs-coated
magnetic beads for 3 days, activated T cells became sensitive to VV
binding with a binding degree similar to that of monocytes (Fig.
1G and H).

To determine whether VV binding was correlated to its infec-
tion tropism, we infected PHL subsets with EGFP-VV at an MOI
of 10 for various durations. We confirmed that VV preferentially
infected monocytes, as 65% � 8% (n � 6) of these cells became
EGFP positive 6 h postinfection, whereas 15% � 5% (n � 6) of
activated T cells became EGFP positive 24 h postinfection (Fig. 1I
and J). In contrast, only 4% � 2% (n � 6) of the B cells were
infected, and neutrophils and resting T cells resisted VV infection,
as only trace amounts of these cells were EGFP positive 24 h
postinfection (Fig. 1I and J). VV infection of monocytes and acti-
vated T cells was significantly reduced by trypsin treatment but
not HS treatment (Fig. 1I and J). Further analysis of monocyte
subpopulations revealed that “classical” CD14highCD16	 mono-
cytes received the vast majority of bound virus in binding experi-
ments and were sensitive to VV infection compared to “patrol-
ling” CD14lowCD16� monocytes (Fig. 1K). Two previous studies
have demonstrated that VV-infected primary human monocytes
do not produce either viral late-gene products or viral DNA cop-
ies, indicating that VV undergoes abortive infection in primary
human monocytes (3, 22). Our data together with these results
indicate that (i) monocytes are the most sensitive PHL subset to
VV binding and infection, but the infection is abortive; (ii) B cells
and neutrophils are sensitive to VV binding, albeit at different
degrees, but nonpermissive to VV infection; (iii) NK cells (both
resting and activated states) and resting T cells resist VV binding
and infection; and (iv) activated T cells are the only cell type
among PHLs to permit VV to complete the whole cycle of binding,
infection, and replication.

VV strongly binds to lipid rafts on the surface of all suscep-
tible PHL subsets. Lipid rafts (also called DRMs) play a critical
role in VV entry into cell lines (23). VV particles colocalize with
lipid rafts on HeLa cells (11), and VV uncoating, but not attach-
ment, is inhibited by treatment of HeLa cells with methyl-
-cy-
clodextrin (m
CD), a drug that disrupts lipid rafts by depleting
cellular cholesterol (23). To test whether VV-binding molecules
are enriched in lipid rafts of primary human cells, we studied
colocalization of VV binding with lipid rafts on the cell surface of
all susceptible PHL subsets. Colocalization of VV with lipid rafts
on PHL subsets including monocytes, B cells, neutrophils, and
activated T cells was observed in both patched and unpatched
states, while CXCR4 on monocytes, neutrophils, and activated T
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cells and CD19 on B cells did not colocalize with VV binding (Fig.
2A to D).

VV binds to lipid rafts enriched in uropods of polarized leu-
kocytes. To further analyze the association of VV binding with
lipid rafts, we polarized monocytes, B cells, neutrophils, and acti-
vated T cells and then conducted lipid raft staining and VV bind-
ing. As previously reported, GM-CSF, SDF-1, bacterial peptide
fNLPNTL, and anti-CD44-coated coverslips effectively induced
polarization of monocytes (24), B cells (25), neutrophils (26), and
activated T cells (15), respectively, as 80% � 8% (n � 6) of mono-
cytes, 65% � 6% (n � 6) of B cells, 75% � 11% (n � 6) of
neutrophils, and 35% � 4% (n � 6) of activated T cells displayed
elongated phenotypes and uropod formation. In all polarized cell
types, vA5L-YFP strongly colocalized with CTB-stained lipid rafts
enriched in polarized cell uropods (Fig. 3A). In contrast, VV did
not colocalize with F-actin molecules in lamellipodia in the lead-
ing edge of polarized cells (Fig. 3A). When monocytes were con-
tinually cultured for 7 days in GM-CSF-containing complete
RPMI 1640 medium to differentiate into macrophages in vitro,
these newly differentiated macrophages also maintained a polar-
ized phenotype with bound VV strongly colocalized with lipid
rafts in the uropods (Fig. 3B). These results indicate that the VV
receptors are strongly associated with lipid rafts in PHL subsets in
both ex vivo and polarized states.

During PHL migration and/or polarization in vivo and in vitro,
GM1-stained lipid rafts and raft components move to the uropod
ends of cells (24–27). Many cell surface proteins also move in and
out of lipid rafts during these processes to fulfill certain physio-
logical roles. Thus, our polarization study not only provides an-
other way to demonstrate colocalization of VV with lipid rafts but
also presents a unique characteristic about the location of VV
receptors during cell migration and polarization.

Immunosera raised against DRMs strongly block VV bind-
ing and infection. Since VV receptors are strongly associated with
lipid rafts in PHLs and are likely proteins, we hypothesized that
DRMs from susceptible PHL subsets were able to induce Abs that
would block VV binding. To this end, we immunized BALB/c
mice with DRMs fractionated from monocytes, activated T cells,
or resting T cells. Immunosera against DRMs from resting T cells
would not block VV binding, as resting T cells do not express
VV-binding receptors. Immunosera against whole cells or CMEs
from monocytes, activated T cells, or resting T cells were also
raised to be used for VV-blocking comparisons, as a previous
study has reported that immunosera against whole monocytes or
activated T cells effectively blocked VV binding to activated T cells
(3). We found that all immunogens from all cell types effectively
elicited Abs against CD55 protein (Fig. 4A). Because CD55 is as-

sociated with lipid rafts, DRMs from all cell types induced the
highest titers of anti-CD55 Abs compared with immunogens of
whole cells or CMEs (Fig. 4A). Immunosera raised against DRMs,
whole cells, or CMEs from monocytes or activated T cells effec-
tively cross-blocked VV binding to monocytes (Fig. 4B), B cells
(Fig. 4C), and activated T cells (Fig. 4D). In contrast, immunosera
raised against DRMs, whole cells, or CMEs from resting T cells did
not affect VV binding to any of these cell types, which is similar to
the results observed from preimmunization sera (Fig. 4B to D).
Anti-DRM immunosera exhibited the strongest blockage activity,
followed by immunosera against CMEs and then whole cells (Fig.
4B to D). Concordantly, infection of monocytes was drastically
reduced when cells were pretreated with anti-DRM immunosera
and to a lesser extent by anti-CME immunosera, but not by im-
munosera against DRMs or CMEs from resting T cells (Fig. 4E).
Notably, anti-DRM immunosera did not affect endocytosis of la-
tex beads (Fig. 4F), whereas cytochalasin D, a known endocytosis
inhibitor, effectively blocked endocytosis of latex beads (Fig. 4F).
Thus, immunosera raised against DRMs from monocytes or acti-
vated T cells effectively cross-blocked VV binding to and infection
of VV-susceptible PHL subsets. The blocking activity is signifi-
cantly higher than that mediated by immunosera raised against
CMEs or whole cells. These results suggest that VV receptors are
enriched in DRMs and these receptors are shared by the virus-
susceptible subsets of PHLs.

Immunosera depleted with VV-susceptible PHL subsets lose
their blocking activity against VV binding. To further confirm
that monocytes, activated T cells, and B cells share VV receptors,
we incubated anti-DRM immunosera with monocytes or acti-
vated T cells to deplete Abs in these immunosera. We found that
anti-DRM immunosera depleted with either monocytes or acti-
vated T cells, but not resting T cells, profoundly reduced their
activity in blocking VV binding to all cell types examined includ-
ing monocytes (Fig. 5A), B cells (Fig. 5B), and activated T cells
(Fig. 5C). PHL subsets from 6 healthy donors were used in the Ab
depletion. In some cases, Ab-depleted anti-DRM immunosera to-
tally lost their ability to block VV binding (data not shown). These
results further indicate that VV receptors are proteins enriched in
lipid rafts and that efforts to identify poxvirus receptors and to
study interactions of individual poxvirus proteins with viral re-
ceptors should be focused on DRMs instead of soluble membrane
proteins extracted from target cells by nonionic detergent lysis
methods.

These results add to the knowledge of characteristics of VV
receptors on PHLs, where (i) receptors are mainly expressed on
monocytes, B cells, and neutrophils among PHL subsets; (ii) re-
ceptors are induced de novo following T cell activation; (iii) recep-

FIG 1 VV binding and infection of PHL subsets. (A) Major PHL subsets including monocytes, B cells, neutrophils, resting T cells, and NK cells were treated or
untreated with trypsin or HS and then subjected to vA5L-YFP binding at an MOI of 10. VV binding was measured by YFP intensity using FACS. (B) Pooled data
represent means � SD of VV binding (percentage of YFP-positive cells) to PHL subsets from 6 blood donors. (C) A representative sample’s kinetics of VV binding
to activated T cells. (D) Pooled data represent means � SD (n � 6) of VV binding to activated T cells during 0- to 72-h activation periods. (E) VV binding to
activated T cells on day 3 of activation was affected by treatment with trypsin but not with HS. (F) Both resting NK cells (CD69 negative) and interleukin-2
(IL-2)-activated NK cells (CD69 positive) were not permissive to VV binding. (G) Confocal microscope analysis of VV binding to monocytes versus resting T cells
versus activated T cells at the single-cell level. (H) Pooled data represent means � SD (n � 6) of VV binding to monocytes versus resting T cells versus activated
T cells. (I) VV infection profiles of PHL subsets and effects of trypsin on VV infection of these cell types. (J) Pooled data represent means � SD of VV infection
(percentage of EGFP-positive cells) to PHL subsets from 6 blood donors. (K) Isolated monocytes were subjected to VV binding and then to surface staining with
CD14 and CD16. Cells were then subjected to FACS to determine VV-binding efficacy of different monocyte subsets. Data represent VV binding to monocytes
of 6 blood donors. Data were compared using Tukey’s ANOVA assay. NS, not significant; *, P � 0.05; **, P � 0.01; HS, heparan sulfate; histogram in solid gray,
virus binding control; histogram in dotted line, vA5L-YFP binding.
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tors are upregulated on CD14highCD16	 monocytes versus
CD14lowCD16� monocytes; and (iv) receptors are lipid raft asso-
ciated. Using these criteria, a list of putative VV receptors was
made according to mass spectrometry or transcriptome sequenc-
ing (RNA-seq) data available from previous studies (Table 1).
These proteins were selected based on their presence in monocyte
DRMs (28), the upregulation on CD14highCD16	 monocytes ver-

sus CD14lowCD16� monocytes (29), and the upregulation on ac-
tivated T cells versus naive T cells (30).

Lipid raft-associated proteins CD29 and CD98 are not di-
rectly involved in VV binding. The lipid raft-associated proteins
CD29 and CD98 in HeLa cells and mouse embryonic fibroblasts
(MEFs) play a critical role in VV entry into these cells, as knock-
down or knockout of these proteins significantly reduces VV entry

FIG 2 VV binding to lipid rafts on the surface of PHL subsets. Isolated monocytes (A), B cells (B), activated T cells on day 3 of activation (C), and neutrophils
(D) were patched or unpatched and then subjected to staining with CTB conjugated with Alexa Fluor 647 (red), anti-human CXCR4 Ab conjugated with Alexa
Fluor 647 (red) for monocytes, activated T cells, and neutrophils, or anti-human CD19 Ab conjugated with Alexa Fluor 647 (red) for B cells. All cell types were
then incubated with vA5L-YFP (green) at an MOI of 10 under binding conditions, fixed with 2% PFA, and adhered to poly-L-lysine-coated coverslips. Coverslips
were mounted with mounting medium containing DAPI (blue) and analyzed by confocal microscopy. Scale bars represent 10 �M. The data represent the results
of VV binding to lipid rafts on PHL subsets from 6 blood donors.
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(31, 32). In addition, VV entry into GD25 cells (a mouse cell line
that is deficient in CD29 expression) was less efficient than entry
into GD25
1A cells (GD25 cells expressing human CD29) (31).
We therefore wanted to determine whether these two lipid raft-
associated proteins also play a role in VV binding to and infection
of PHLs. We found that knockdown of either CD29 or CD98 in
HeLa cells (Fig. 6A) or activated T cells (Fig. 6B) did not affect VV
binding to these cells (Fig. 6C and D). However, knockdown of
CD29 or CD98 in HeLa cells reduced VV infection, as the MFI of
EGFP was significantly reduced in HeLa cells transfected with
siRNA constructs against human CD29 or CD98 (Fig. 6C), which
is consistent with previous reports as described above (31, 32). In
contrast, knockdown of CD29 or CD98 in activated T cells had no
effect on VV infection (Fig. 6D). In fact, CD29 expression on the
surface of HeLa cells pre- or postknockdown of CD29 had no
correlation with VV binding, as both the CD29-negative and
CD29-positive population did not show any difference in VV
binding (Fig. 6E). These results are in agreement with previous
reports that CD29 and CD98 are important for VV infection in
HeLa cells through mediating VV entry, but not attachment (31,
32). However, these two proteins have no effect on VV binding,

entry, and infection of primary human T cells, although they are
highly expressed on these cells.

DISCUSSION

In the present study, we systemically studied the patterns of VV
binding to and infection of major PHL subsets including mono-
cytes, B cells, neutrophils, NK cells, and T cells. We found that VV
exhibited an extremely strong bias toward binding to and infec-
tion of monocytes in PHLs (Fig. 1A, B, G, and J), and this result is
in agreement with previous reports (3, 4, 33). VV also bound to
primary B cells to a degree similar to that of monocytes and to
neutrophils to a much lesser extent but barely infected these cells
(Fig. 1A, B, I, and J). These results suggest that monocytes not only
express VV receptors on the cell surface but also have all the path-
ways necessary for viral uptake, entry, transmembrane trafficking,
and ultimately penetration to the cytoplasm, where the whole pro-
cess of poxvirus replication takes place. However, VV infection of
primary human monocytes is abortive because either viral late-
gene products or viral DNA copies are not significantly generated
in infected monocytes (3, 22). Primary B cells and neutrophils also
express VV receptors on their surface, albeit at different degrees,

FIG 3 VV binding to lipid rafts enriched in uropods of polarized PHL subsets. (A) VV binding to lipid rafts enriched in uropods of polarized monocytes, B cells,
activated T cells on day 3 of activation, and neutrophils. These cell types were treated with GM-CSF, SDF-1, anti-CD44-coated plates, and bacterial peptide
fNLPNTL, respectively, to induce cell polarization. Polarized cells were subsequently fixed with 2% PFA and stained with CTB conjugated with Alexa Fluor 647
(red), phalloidin conjugated with Alexa Fluor 546 to stain actin filaments (pink), and DAPI (blue). Cells were then subjected to VV binding with vA5L-YFP
(green) and confocal microscopy analysis. (B) VV binding to lipid rafts enriched in uropods of polarized macrophages that were differentiated from monocytes
after 7 days of culture in vitro in the presence of GM-CSF. Scale bars represent 10 �M. The data represent the results of VV binding to these polarized cell types
derived from 6 blood donors.
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but they likely lack cellular pathways for VV entry or other down-
stream events. It is also possible that VV may require more than
one molecular species as receptors, and monocytes have all these
molecular species, whereas B cells and neutrophils have only one
of these molecular species. Many viruses such as poliovirus use a
single molecular species as its receptor (34), whereas other viruses
such as human immunodeficiency virus 1 (HIV-1) use more than
one molecular species, including CD4 and CCR5 (34). Different
outcomes of VV binding to monocytes versus B cells or neutro-
phils imply that these cell types can be used as cell models to
dissect the molecular mechanisms of poxvirus binding, penetra-
tion, entry, and infection, eventually leading to a better under-
standing of poxvirus tropism and species specificities. These
results may also provide a better understanding of why live VV-
based vaccines were so effective against smallpox that we continue
to use these vaccines today. This knowledge is requisite for the

rational development of safer and more effective poxvirus-based vac-
cines against other infectious pathogens and tumors. Currently, over
a dozen viral vaccines based on live poxvirus vectors are licensed in
veterinary medicine (35). For humans, a combination of a poxvirus-
based HIV-1 vaccine with HIV-1 envelope (Env) demonstrates a
promising protective effect in the HIV-1 vaccine efficacy trial known
as RV144 clinical trial (36). The success of these poxvirus-based vac-
cines greatly renews research interests in poxvirus biology and virol-
ogy. Because VV replication is dependent on epidermal growth factor
receptor (EGFR)/Ras pathway signaling, which is commonly active in
epithelial cancers (37), VV has been developed as a promising onco-
lytic agent to kill tumor cells and has been engineered as a vehicle for
the intravenous delivery and expression of antitumor siRNA and
peptides (37–39). Therefore, characterization of VV binding and in-
fection tropism will also advance the concept of using live viruses to
treat cancer.

FIG 4 Blockage of VV binding and infection of PHL subsets by immunosera. (A) Titers of anti-human CD55 Abs in immunosera raised against DRMs, CMEs,
or whole cells from monocytes, resting T cells, or activated T cells were determined using an ELISA. Immunosera diluted at 1:10 with PBS were used to block VV
binding to monocytes (B), B cells (C), and activated T cells (D). (E) Immunosera diluted at 1:10 with PBS were used to block VV infection of monocytes. (F)
Effects of immunosera diluted at 1:10 with PBS and cytochalasin D on monocyte endocytosis of FITC-latex beads. The MFI of YFP (FITC for latex beads) or EGFP
represented VV binding or infection intensity to PHL subsets of 6 blood donors. Data were compared using Tukey’s ANOVA assay. Mono W, whole monocytes;
Mono CME, monocyte crude membrane extracts (CMEs); Mono DRM, monocyte detergent-resistant membranes (DRMs); ActT W, whole activated T cells on
day 3 of activation; ActT CME, activated T cell CMEs; ActT DRM, activated T cell DRMs; ResT W, whole resting T cells; ResT CME, resting T cell CMEs; ResT
DRM, resting T cell DRMs; Pre, preimmunization sera. Statistical analysis was used to compare each experimental condition with medium (control). NS, not
significant; *, P � 0.05; **, P � 0.01.
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The VV envelope consists of approximately 25 surface mem-
brane proteins, and several have been proposed as receptor-bind-
ing proteins (RBPs) (40). However, none of them have been vali-
dated as an RBP because they failed to pull down a specific ligand
from soluble membrane proteins extracted from VV permissive
cells by conventional detergent lysis methods, implying that VV
receptors may exist not in soluble membrane extracts but in de-
tergent-resistant lipid rafts. We found that VV colocalized with
lipid rafts on the surface of all major PHL subsets (monocytes, B
cells, and neutrophils) that are susceptible to VV binding (Fig. 2A
to D). Activated T cells become sensitive to VV binding and infec-
tion because VV receptors are induced de novo upon T cell activa-

tion (3). The VV receptors newly induced on activated T cells were
also found to colocalize with lipid rafts (Fig. 2C). Strikingly, these
receptor molecules move together with lipid rafts, as VV binding
is concentrated in lipid rafts even when they are relocated to uro-
pods of polarized cells (Fig. 3A) and VV binding is dispersed on
the cell surface when lipid rafts are dispersed by M
CD treatment
(data not shown). Since VV receptors are strongly associated with
lipid rafts, efforts to identify poxvirus receptors and to study in-
teractions of individual poxvirus proteins with viral receptors
should be focused on DRMs instead of soluble membrane pro-
teins extracted from target cells by nonionic detergent lysis meth-
ods. If detergents are to be used in an attempt to isolate possible
VV receptor proteins, ionic detergents should be preferred and
lysates should not be cleared to avoid losing detergent-insoluble
materials.

It is pertinent to note that lipid rafts of cell lines in culture
versus PHLs may play different roles in VV binding and infection.
In HeLa cells, membrane lipid rafts are important for VV pene-
tration but not for VV binding, as M
CD treatment significantly
inhibits VV uncoating without affecting virion attachment (23).
In addition, HeLa cell surface CD29 and CD98, two lipid raft-
associated proteins, are important for VV entry (31, 32), although
not for VV binding (Fig. 6C and E). However, these two proteins
have no effect on VV binding to and infection of primary human
T cells, as knockdown of their expression on the surface of acti-
vated T cells does not affect viral binding and infection (Fig. 6) and
pAbs against full-length human CD29 did not block VV binding
to PHLs (data not shown). Furthermore, primary human NK cells
express high levels of CD29 together with many other adhesion
molecules (41), but these cells are resistant to VV binding and
infection (3, 42) (Fig. 1A and B). These data indicate that VV
receptors are strongly associated with lipid rafts, but not CD29
and CD98, on the cell surface of PHLs.

It has been reported that immunosera raised against whole
monocytes or activated T cells effectively block VV binding to
these cells (3). If VV receptors were enriched in lipid rafts, immu-
nosera raised against DRMs would be more effective than immu-
nosera raised against whole cells in blocking VV binding. In fact,

FIG 5 Immunosera depleted with VV-susceptible PHL subsets reduced their blocking activity against VV binding. Immunosera raised against DRMs from
monocytes were diluted 1:10 in PBS and then treated with activated T cells (40 � 106), or immunosera raised against DRMs from activated T cells were treated
with monocytes (40 � 106) to deplete Abs. Ab-depleted immunosera were then used to block VV binding to monocytes (A), B cells (B), and activated T cells (C).
MFI of YFP data represent the immunoserum-mediated blockage of VV binding to PHL subsets of 6 blood donors. Data were compared using Tukey’s ANOVA
assay. Anti-M DRMs, immunosera raised against DRMs of monocytes and incubated with activated T cells to deplete Abs; Anti-Act T DRMs, immunosera raised
against DRMs of activated T cells and incubated with monocytes to deplete Abs; *, P � 0.05.

TABLE 1 Partial list of the lipid raft-associated proteins cross-presented
on different PHL subsets

Lipid raft-associated
proteina

Known expression on:

Monocytes

CD16	

monocytes
(upregulated)

Activated
T cells B cells Neutrophils

Alpha enolase � � � � �
Annexin VI � � � � �
ATP1A1 � � � �
Carboxypeptidase M � �
Catenin, alpha 1 � � � �
CAP1 � � � � �
CCR5 � � �
CD11b � � � � �
CD18 � � � �
CD1d � � �
CD9 � � � � �
CD29 � � � �
CD33 � � �
CD36 � �
CD44 � � � � �
CD98 � � � �
CXCR1 � � � �
Flotillin 1 � � � � �
Flotillin 2 � � � �
Galectin-9 � �
IL-13R�1 � � � � �
Lamp2 � � � �
LDLR � � � �
Syntaxin 7 � � � �

a Boldface indicates that the molecules were further investigated for their role in VV
binding and entry.

Vaccinia Virus Tropism for Primary Human Leukocytes

August 2013 Volume 87 Number 16 jvi.asm.org 9309

http://jvi.asm.org


anti-DRM immunosera significantly blocked VV binding to the
highest degree, whereas immunosera raised against whole cells or
CMEs also blocked VV binding but at much lesser degrees (Fig. 4B
to D). Blockage of VV binding by these immunosera appears to be
specific, as immunosera raised against either DRMs, CMEs, or
whole cells of resting T cells did not affect VV binding (Fig. 4B to
D). In addition, these immunosera lost their blocking activity if
they were depleted against monocytes or activated T cells but not
resting T cells (Fig. 5A to C). Importantly, immunosera raised
against monocyte DRMs, CMEs, or whole cells were able to cross-
block VV binding to B cells and activated T cells (Fig. 4B to D).
Similarly, immunosera raised against activated T cell DRMs,
CMEs, or whole cells were able to cross-block VV binding to B
cells and monocytes (Fig. 4B to D). These data strongly suggest
that monocytes, B cells, and activated T cells share one or more

unique protein receptors for VV. Notably, the consequences of
VV binding to these cell types are different. Activated T cells are
permissive to VV binding, infection, and replication. In contrast,
primary B cells and neutrophils are only sensitive to VV binding
but not permissive to VV infection. VV binds to and enters mono-
cytes to initiate virus infection, but the infection is abortive, as no
viral late gene products have been detected (3) and viral DNA
copies have not been found to increase in infected monocytes
(22), which indicates that the state of certain cellular pathways in
monocytes is not permissive for VV replication. However, mono-
cytes bound with VV may help VV dissemination from initially
infected sites to distant organs and tissues, as variola virus has
been found to be disseminated by monocytic cell-associated
viremia (5). It is possible that monocytes use putative viral recep-
tors to grab infectious variola virus particles and then disseminate

FIG 6 The lipid raft-associated proteins CD29 and CD98 were not directly involved in VV binding to activated T cells. HeLa cells and primary human activated
T cells were transfected with siRNA constructs against human CD29 and CD98, and knockdown was measured by Western blotting on HeLa cells (A) and surface
expression on activated T cells (B). VV binding with vA5L-YFP and infection with VV-EGFP were performed on HeLa cells (C) and activated T cells (D) to
analyze the effects on CD29 and CD98 on VV binding and infection. (E) A representative FACS plot of HeLa cell CD29 surface staining versus vA5L-YFP binding
shows the relationship between CD29 expression and VV binding. NS, not significant; *, P � 0.05.
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them to uninfected cells and tissues via filopodial extensions, a
major mechanism that HIV-1 uses to disseminate virus infection
from dendritic cells to other cell types (43). Cell-associated VV
spread by filopodial extensions greatly reduces the time needed to
infect neighboring cells in culture, and this process requires only
VV early gene transcriptions that monocyte lineage cells are
known to express during VV infection (44). It is also possible that
VV binds to the uropods of phagocytes such as monocytes, mac-
rophages, and neutrophils in PHLs to not only spread to tissues
but also resist phagocytic activity. A recent report has demon-
strated that Neisseria meningitidis binds to the uropods of migrat-
ing neutrophils to resist neutrophil phagocytic activity and to
spread the bacteria during cell migration through epithelial cell
layers (45). This report also showed that uropod-bound bacteria
were resistant to phagocytosis, which occurs only at the pseudo-
pod end (leading edge) (45). Our results also showed that VV
would preferentially bind to the uropod ends of phagocytes, which
may also provide protection from phagocytosis and assist in viral
dissemination leading to generalized VV infections.
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