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Vaccinia virus (VacV) enters mammalian cells, replicates extranuclearly, and produces virions that move to
the cell surface along microtubules, fuse with the plasma membrane, and move from infected cells toward
apposing cells on actin-filled membranous protrusions or actin tails. To form actin tails, cell-associated
enveloped virions (CEV) require Abl and Src family tyrosine kinases. Furthermore, release of CEV from the
cell requires Abl but not Src family tyrosine kinases and is blocked by imatinib mesylate (STI-571; Gleevec),
an Abl family kinase inhibitor used to treat chronic myelogenous leukemia in humans. Here we demonstrate
that the Poxviridae family members monkeypox virus (MPX) and variola virus (VarV) use conserved mecha-
nisms for actin motility and extracellular enveloped virion (EEV) release. Furthermore, we show that imatinib
mesylate is effective in a mouse model of infection with VacV, whether delivered prophylactically or postin-
fection, and restricts spread of virions from the site of inoculation. While inhibitors of both Src and Abl family
kinases, such as dasatinib (BMS-354825; Sprycel), are effective in limiting dissemination of VacV, VarV, and
MPX in vitro, members of this class of drugs appear to have immunosuppressive effects in vivo that preclude
their use as anti-infectives. Together, these data suggest a possible utility for imatinib mesylate in treating
smallpox or MPX infections or complications associated with vaccination.

Vaccinia virus (VacV), monkeypox virus (MPX), and variola
virus (VarV) are members of the Poxviridae orthopoxvirus
family (9, 17). Vaccination with VacV provides protection
against MPX and VarV, the cause of smallpox. Routine vac-
cinations for smallpox ceased in 1977, and smallpox was de-
clared eradicated by the World Health Organization (WHO)
in 1980. Estimates indicate that about half of the individuals in
the general population are not vaccinated (19). As such, the
general population is considered extremely susceptible to a
smallpox outbreak resulting from release of the virus. More-
over, recent outbreaks of MPX in the United States and in
the Democratic Republic of Congo have raised the prospect
that emergent poxviruses may also pose a significant threat
(7, 21).

Vaccination, even postexposure, is still considered the
method of choice for treatment of orthopoxvirus infections.
However, the window for efficacious postexposure vaccination
is small (�4 to 7 days) (16). Moreover, individuals with ac-

quired or congenital immunocompromising conditions appear
to be at high risk for developing complications upon vaccina-
tion (5, 6), which include encephalitis, fetal vaccinia, progres-
sive vaccinia, and eczema vaccinatum, a localized or systemic
dissemination of the virus (6, 19, 34).

The mechanisms of VacV entry into host cells, replication,
and exit have been studied extensively (17). Upon entry, the
virion moves to a juxtanuclear location, where it replicates up
to 104 concatemeric genomes, which resolve into individual
unit genomes and then are packaged into virions (called intra-
cellular mature virions [IMV]). Some IMV are packaged in
additional membranes to form intracellular enveloped virions
(IEV), which travel toward the host cell periphery via a kine-
sin/microtubule transport system (4, 11, 22, 25) and fuse with
the plasma membrane of the host cell to form cell-associated
enveloped virions (CEV), leaving behind one of the two outer
membranes (17, 27, 28). CEV can initiate actin polymerization,
which propels the particle on an actin-filled membrane protu-
berance (called a “tail”) toward an adjacent cell. CEV can
detach from the tip of a tail or directly from the membrane
(27) to form extracellular enveloped virions (EEV) (28). EEV
are assessed in vitro as “comets,” consisting of an archipelago
of secondary satellite plaques apposed to a larger plaque (28).
EEV have been proposed to mediate long-range spread of the
virus in vivo (28). Experiments with VacV have demonstrated
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that Src and Abl family kinase activities modulate intracellular
spread and release (10a, 24). In particular, phosphorylation of
tyrosine residues of A36R, a viral protein in the outer mem-
brane of IEV, by Abl or Src family kinases is required for
recruitment of Nck, Grb2, and the Arp2/3 complex, molecules
that stimulate actin polymerization and tail formation (19a,
26). Abl family kinases, but not Src family kinases, also medi-
ate release of CEV to form EEV (24).

The proposed dependence of VacV dissemination in vivo
upon release of EEV (28) and the requirement for Abl family
tyrosine kinases in EEV release (24) raised the possibility that
tyrosine kinase inhibitors originally developed for treating can-
cers may also have utility as therapeutics for infections caused
by many poxviruses. Imatinib mesylate (STI-571; Gleevec),
nilotinib mesylate (AMN-107; Tasigna), and the related small-
molecule inhibitor dasatinib (BMS-354285; Sprycel) are all
approved for treating human cancers, including chronic
myelogenous leukemia (CML) and gastrointestinal stromal tu-
mors (32, 35). Imatinib mesylate and nilotinib mesylate inhibit
Abl family kinases, whereas dasatinib and another structurally
related compound, PD-166236, inhibit both Src and Abl family
kinases. Notably, imatinib mesylate reduces VacV dissemina-
tion in vivo and provides protection from an otherwise lethal
infection when delivered prophylactically (24).

Although VarV, MPX, and VacV genomes have been se-
quenced and are 95% identical (9), there is no evidence that
MPX and VarV form actin tails and release EEV by using the
same host molecules as VacV. The data presented here suggest
that these mechanisms are highly conserved among poxviruses.
We also tested the hypothesis that tyrosine kinase inhibitors
approved for use in humans, such as imatinib mesylate and
dasatinib, may have utility against poxvirus infections in vivo.
We report here that imatinib mesylate is effective in both
prophylactic and therapeutic capacities against VacV infec-
tions in mice and limits spread of the virus from the site of
inoculation. Moreover, imatinib mesylate does not interfere
with the acquisition of protective immunity. In contrast, while
dasatinib has strong efficacy in vitro against all poxviruses
tested, immunosuppressive effects in vivo appear to preclude
its use as a therapeutic agent. Together, these data provide an
experimental basis for the development of small-molecule ty-
rosine kinase inhibitors for poxvirus infections.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney cells (BSC-40) and murine
fibroblast cells (3T3, Src�/� Fyn�/� Yes1�/�, and Abl1�/� Abl2�/� cells) were
cultured as described previously (31). For VacV experiments, cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), penicillin, and streptomycin (complete medium)
as described previously (31). For MPX and VarV experiments, BSC-40 cells were
cultured as described previously (29). Viruses were obtained from crude lysate
preparations of infected BSC-40 cells as described previously (29). For these
experiments, we used VacV strains WR and IHD-J, MPX strain MPXV-1979-
ZAI-005, and VarV strains BSH74-sol (BSH; Bangladesh) and SLN68-258
(SLN; Sierra Leone). VacV and MPX experiments were conducted under ap-
propriate biosafety conditions. Assays with VarV were performed in a maximum
containment laboratory under biosafety level 4 (BSL4) conditions. For micros-
copy, murine fibroblast 3T3, Src�/� Fyn�/� Yes1�/�, or Abl1�/� Abl2�/� cells
were cultured on glass coverslips in complete medium and then incubated with
virus at a multiplicity of infection (MOI) of 5 for 1 h in DMEM lacking serum.
The cells were then washed and incubated in complete medium. After 18 to 24 h,
cells were fixed and prepared for immunofluorescence as described below.

Immunofluorescence analysis. Cells previously infected with VacV, MPX, or
VarV were fixed in 2% paraformaldehyde and permeabilized in 0.1% Triton
X-100 as described previously (13). Viral DNA was recognized by staining with
DAPI (4�,6-diamidino-2-phenylindole; 1 �g/ml) (Sigma), and actin was visual-
ized by staining with 488-phalloidin (1 �g/ml; Molecular Probes). The primary
antibodies and concentrations used in this study were as follows: Nck monoclonal
antibody (MAb) (1 �g/ml; Oncogene Research), Abl1 MAb (8E9) (0.05 �g/ml;
Pharmingen), Src polyclonal antibody (PAb) (0.1 �g/ml; Santa Cruz), Fyn MAb
(0.1 �g/ml; Abcam), Yes PAb (0.1 �g/ml; Cell Signaling), Abl2 PAb (1:200;
UBI), Grb2 MAb (3F2) (1:200), and phosphotyrosine MAb (4g10) (1:200); the
specificity of anti-kinase antibodies was confirmed by staining cell lines lacking
particular kinases (24). Secondary antibodies were obtained from Jackson Im-
munochemicals. Following fixation, VarV samples were stained with DAPI (1
�g/ml; Sigma) and 488-phalloidin (10 �g/ml; Molecular Probes). The samples
were then inactivated with 3% Amphyll for 30 min in accordance with the
guidelines of the Office of Health and Safety at the Centers for Disease Control
and Prevention (CDC). Samples were then removed from the BSL4 facility,
washed three times with phosphate-buffered saline (PBS), and stained and im-
aged as described here.

Microscopy. Images were acquired with a scientific-grade cooled charge-cou-
pled device (Cool-Snap HQ with ORCA-ER chip) on a multiwavelength wide-
field three-dimensional microscopy system (Intelligent Imaging Innovations)
based on a Zeiss 200 M inverted microscope using a 63�, 1.4-numerical aperture
(NA) or 100�, 1.4-NA lens (Zeiss). Imaging of immunofluorescent samples was
done at room temperature (22 to 25°C), using a standard Sedat filter set
(Chroma) in successive 0.20-�m focal planes through the samples, and out-of-
focus light was removed with a constrained iterative deconvolution algorithm
(30). Actin tails were recognized by intense phalloidin staining associated with
DAPI or green fluorescent protein (GFP) fluorescent objects measuring approx-
imately 200 nm in diameter. Fluorescence at the ends of actin tails which colo-
calized with DAPI staining or with GFP fluorescence in cells infected with
GFP-labeled VacV was used to indicate localization of kinases or other cellular
molecules to virions. Colocalization was assessed by coincidence of fluorescence
staining of kinases in the Cy5 and Cy3 channels. We calibrated the microscope
filters with multicolored fluorescent beads to ensure coincidence of fluorescent
signals in all channels to within a pixel (100 nm for the 63�, 1.4-NA lens).

In vivo drug delivery and mouse assays. Synthesis and delivery of imatinib
mesylate were achieved as described previously (24). Briefly, 200 mg of drug/kg
of body weight/day was delivered via Alzet osmotic pumps inserted subcutane-
ously into anesthetized 6-week-old female C57/BL6 mice. BMS-354825 was sus-
pended in 50% DMSO-H2O at various concentrations (noted in the figure
legends) and delivered into animals by osmotic pumps. Mice were infected either
intraperitoneally (i.p.) or intranasally (i.n.) with 104 PFU VacV IHD-J as pre-
viously reported (24). To measure viral copy numbers, organs were harvested at
4 days postinfection and prepared as previously described (24). For survival
studies, mice were sacrificed at 70% of their original weight or as directed by
veterinary staff. Mice were monitored daily, and all experiments were carried out
in accordance with Institutional Animal Care and Use Committee regulations
(Emory University protocol number AD07-1156-03R04 or University of Pitts-
burgh regulations). In some studies, mice received 102 PFU of IHD-J express-
ing luciferase and viral gene expression was monitored using bioluminescence
imaging. Mice were injected with 30 mg/kg luciferin and anesthetized (2%
isoflurane) before being imaged in an IVIS200 instrument (Xenogen; part of
Caliper Life Science), and images were analyzed using Living Image software.

Viral copy number measurements. Viral genome copy number measurements
were carried out as described previously (24). Probes and primers were obtained
from Operon Biotechnologies. TaqMan probe analysis was conducted on a
Roche Lightcycler 480, utilizing a standard curve for absolute quantification.

Plaque assays and IHC. Plaque assays were conducted as described previously,
with minor modifications (36). BSC-40 cells were seeded in six-well plates and
grown to confluence. VacV, MPX, or VarV was diluted in RPMI containing 2%
FBS, and �25 PFU was added to each well. Following 1 h of incubation with
virus, imatinib mesylate, nilotinib mesylate, dasatinib, or PD-166326 was added
to final concentrations of 0.05 to 10 �M. Immunohistochemistry (IHC) was
performed as described previously (8, 36). Briefly, cells were incubated with
polyclonal rabbit anti-variola virus antibody and goat anti-rabbit immunoglobulin
G–horseradish peroxidase conjugate (KPL 074-1506; Kirkegaard & Perry Lab-
oratories). The plaques were visualized by development with TrueBlue peroxi-
dase substrate (KPL 71-00-64; Kirkegaard & Perry Laboratories). Assays with
VarV were performed in a maximum containment laboratory under BSL4 con-
ditions. Six-well plates containing VarV were double sealed in Kapak/Scotchpak
pouches and gamma irradiated at the kill dose of 4.4 � 106 rads prior to IHC
staining (19).
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Comet assays. Confluent monolayers of BSC-40 wells in 6-well dishes were
infected with �25 PFU of VacV-WR, MPX, or VarV-BSH diluted in 2% FBS-
RPMI. The comet assay was performed as described previously (8, 24), with
some modifications. The cells, viral dilutions, infection procedures, drug concen-
trations, gamma irradiation for VarV, and IHC were as described above for the
plaque size evaluation assay. During the 2-, 3-, or 4-day incubation period for
VacV, MPX, or VarV, respectively, the plates were placed at a fixed angle of
approximately 5 degrees and then fixed and stained with antibody as described
previously (8, 36).

EEV quantification assays. Methods for quantification of EEV have been
described previously (24). Briefly, 6-well dishes were seeded with BSC-40 cells,
which were allowed to grow to �90% confluence. Cells were then incubated with
VacV, MPX, or VarV at an MOI of either 5 or 0.1. The supernatants were
harvested at 18 to 24 h postinfection and were incubated with IMV neutralizing
antibody for 1 h. To quantify the remaining infectious particles, serial dilutions
of the neutralized supernatant were incubated with naïve BSC-40 cell monolay-
ers. After 1 h, media were exchanged, and 2, 3, and 4 days later, for VacV, MPX,
and VarV, respectively, cells were stained with 1% crystal violet and plaques
enumerated. To enumerate cell-associated virions (CAV), cells were plated and
infected as described above. After 24 h, cells were scraped and lysed by freeze-
thawing. Serial dilutions of the supernatant were incubated with BSC-40 mono-
layers for 1 h, the media were exchanged, and 2, 3, or 4 days later, for VacV,

MPX, or VarV, respectively, cells were stained with 1% crystal violet and plaques
enumerated.

Construction of IHD-J luciferase-expressing virus. VacV IHD-J expressing
luciferase (IHD-J Luc) was constructed using IHD-J �VP37 and firefly lucifer-
ase. The luciferase gene was amplified by PCR with Pfu Turbo (Stratagene, La
Jolla, CA), using primers 5�GCGCGAATTCATGGAAGACGCCAAAAACAT
AAAGAAAG3� and 5�GCGCAAGCTTTTACACGGCGATCTTTCCGCC 3�,
from plasmid pGL3 to generate a 1,673-bp fragment with EcoRI and HindIII
sites added (restriction sites are shown in italics). The PCR product was inserted
into pRB21 (a gift from Bernie Moss) at EcoRI and HindIII sites to create
pRB21-LUC. CV-1 cells were infected with 106 PFU/ml IHD-J �VP37 and
transfected with 2 �g of pRB21-LUC by use of Fugene (Roche, Indianapolis,
IN). After 48 h, the resulting virus was harvested from the cell medium. Recom-
binant virus was isolated by applying CV-1 supernatant to naïve CV-1 cells,
overlaying monolayers with 1.5% agarose, and screening for large plaques.
Plaques were selected and plaque purified 3 times on CV-1 cells to isolate IHD-J
Luc. Luciferase insertion was confirmed by PCR with primers 5�GCGCGAATT
CATGGAAGACGCCAAAAACATAAAGAAAG3� and 5�GCGCAAGCTTTT
ACACGGCGATCTTTCCGCC3� to generate a 1,673-bp product, which was
sequenced with primers 5�TTTGAGAGAGATTGGGTGAGCTCACATTC3�
and 5�AGGTTTGTATCCTGTTTAACATGATGGCG3�. Luciferase activity
was confirmed in vitro by infecting CV-1 cells with 106 PFU/ml IHD-J Luc for 1

FIG. 1. VarV recruits host cell factors required for actin polymerization. (a) Image of 3T3 cell infected with VarV-BSH and stained with
FITC-phalloidin to visualize actin (green), with pY MAb (red), and with DAPI to visualize DNA (blue). (b to i) Images of actin tails on 3T3 cells
infected with VarV strain BSH or SLN and stained with FITC-phalloidin (green) and the following antibodies against cellular and viral proteins
(red): B5R MAb (b), Src PAb (c), Fyn MAb (d), Yes MAb (e), Abl1 MAb (f), Grb2 PAb (g), Nck MAb (h), and Abl2 MAb (i). Panels j to l depict
DAPI staining (blue) at the tips of tails from panels g to i. Bars, 5 �m (a) and 1 �m (b to i).
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day and analyzing luciferase activity with the Bright-Glo luciferase assay system
(Promega, Madison, WI).

RESULTS

Actin motility in VarV and MPX. To determine whether the
orthopoxviruses VacV, MPX, and VarV use common mecha-
nisms of actin motility, the capacity of these viruses to induce
actin tails in infected cells was assessed. 3T3 mouse fibroblasts
were infected with either VarV or MPX and then fixed and
stained with fluorescein isothiocyanate (FITC)-phalloidin to
recognize actin and with DAPI to recognize DNA. Both VarV
and MPX formed actin-filled membranous protrusions
(“tails”) in infected cells (Fig. 1a; also see Fig. 2 and see Fig.
S1a in the supplemental material). VarV and MPX actin tails
appeared generally similar to those of VacV (see Fig. S2a),
though some subtle morphological differences were evident.
For example, MPX occasionally induced the formation of
“doublet” tails, consisting of two fused tails with two virions at

the tip (see Fig. S1b), and variola virus induced “horseshoe”
tails (Fig. 2a and e), morphologies that were not apparent in
cells infected with VacV (e.g., see Fig. S2a).

The complement of proteins at the tips of VarV and MPX
actin tails was identical to that seen with VacV. Thus, phos-
photyrosine (pY) staining and the virus-specific antigen B5R
were evident at the tips of tails (Fig. 1a and b; see Fig. S1a and
b in the supplemental material). Likewise, the tyrosine kinases
Src, Fyn, Yes1, Abl1, and Abl2 and the accessory proteins Nck
and Grb2, which are required for actin motility in VacV, all
localized to the tips of VarV and MPX actin tails (Fig. 1c to i;
see Fig. S1c to i). In some samples, DAPI staining at the tips
of actin tails colocalized with Grb2, Nck, and Abl2 (Fig. 1j to
l). Together, these data indicate that VarV and MPX recruit
cellular proteins in a manner analogous to that of VacV.

Redundant Abl and Src family tyrosine kinases mediate
VarV and MPX actin motility. To determine whether Src and
Abl family kinase activities are required by VarV and MPX to

FIG. 2. VarV and MPX form actin tails. (a to f) Images of fibroblast cell lines derived from WT mice (3T3) (a and b), Src�/� Fyn�/� Yes1�/�

mice (c and d), and Abl1�/� Abl2�/� mice (e and f), infected with VarV strain BSH (a, c, and e) or with MPX (b, d, and f) for 24 h, fixed, and
stained with DAPI (blue) and FITC-phalloidin (green) to recognize DNA and actin, respectively. Bars, 5 �m.
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form actin tails, we first assessed the capacity of MPX and
VarV to form actin tails in 3T3 cells derived from animals
lacking Src, Fyn, and Yes1 (Src�/� Fyn�/� Yes1�/�) or from
animals lacking Abl1 and Abl2 (Abl1�/� Abl2�/�). VarV and
MPX induced comparable actin tails in 3T3 cells (Fig. 2a and
b), Src�/� Fyn�/� Yes1�/� cells (Fig. 2c and d), and Abl1�/�

Abl2�/� cells (Fig. 2e and f), in accordance with previous
observations with VacV (24). We next determined the effects
of two classes of tyrosine kinase inhibitors on actin tails formed
by VarV or MPX. Imatinib mesylate and nilotinib mesylate
inhibit Abl family tyrosine kinases, whereas PD-166326 and
dasatinib inhibit both Abl and Src family kinases. As with
VacV, treatment of 3T3 cells with imatinib mesylate (10 �M)
did not prevent actin tail formation by VarV or MPX (Fig. 3a
and b) (24). However, no actin tails were evident in cells

treated with either PD-166326 or dasatinib (Fig. 3c to f; see
Fig. S2b in the supplemental material) (24). Notably, neither
MPX nor VarV induced actin tails in Src�/� Fyn�/� Yes1�/�

cells treated with imatinib mesylate (Fig. 3g and h). Collec-
tively, these data indicate that VarV and MPX can utilize Abl
or Src family tyrosine kinase activity to form actin tails. More-
over, like the case for VacV, usage of these kinases by VarV or
MPX appears to be functionally redundant, that is, any one
kinase can suffice in the absence of others.

Effects of tyrosine kinase inhibitors on CAV and EEV. We
next tested the effects of tyrosine kinase inhibitors on forma-
tion of plaques and associated “comets,” which are indicators
of released EEV. Following adsorption with VacV, MPX, or
VarV, BSC-40 cells were treated with the Src and Abl family
inhibitors PD-166326 and dasatinib or the Abl family inhibitors

FIG. 3. Actin tails formed by VarV and MPX require Abl and Src family tyrosine kinases. (a to h) Images of fibroblast cell lines derived from
WT mice (3T3) (a to f) and Src�/� Fyn�/� Yes1�/� mice (g and h) infected with VarV strain BSH (a, c, e, and g) or with MPX (b, d, f, and h)
for 24 h, treated with imatinib mesylate (STI-571) (a, b, g, and h), PD-166326 (c and d), or dasatinib (BMS-354285) (e and f), each at 10 �M, and
then fixed and stained with DAPI (blue) and FITC-phalloidin (green) to recognize DNA and actin, respectively. Bars, 5 �m.
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imatinib mesylate and nilotinib mesylate, at various concentra-
tions. Cells were fixed after 48, 72, and 96 h for VacV, MPX,
and VarV, respectively, and stained with a poxvirus PAb to
identify infected cells. PD-166326 or dasatinib at concentra-
tions of 1 to 10 �M reduced plaque size in cells infected with
VarV-BSH, MPX, or VacV strains IHD-J and WR (Fig. 4; see
Fig. S3 in the supplemental material) (24), and no “comets”
were evident. In contrast, both imatinib mesylate and nilotinib
mesylate reduced “comets” at a concentration of 10 �M but
had no effect on plaque size (Fig. 4; see Fig. S3).

To more carefully assess the effects of drugs on actin motility
and plaque size and to reduce the contribution of EEV to
plaque size, we next carried out carboxymethyl cellulose
(CMC) overlay experiments. CMC medium restricts the move-
ment of released particles, thereby eliminating comets. Follow-
ing the initial incubation with either VarV strain BSH or MPX,
the inoculum medium was replaced with CMC medium con-
taining either PD-166326, dasatinib, imatinib mesylate, or nilo-
tinib mesylate at various concentrations. Under these condi-
tions, PD-166326 and dasatinib reduced plaque size, whereas

FIG. 4. Comet and CMC plaque assays. BSC-40 cells were infected with VarV strain BSH (a) or with MPX (b). Cells were left untreated
or treated with either PD-166326, dasatinib (BMS-354825), imatinib mesylate (STI-571), or nilotinib mesylate (AMN-107) at 10 �M, 1 �M,
or 100 nM. Drugs were added 1 h after infection. Cells were incubated for 4 days, fixed, and stained with VarV PAb to recognize infected
cells. For carboxymethyl cellulose plaque assays, BSC-40 cells were infected with VarV strain BSH (c) or with MPX (d) and overlaid with
CMC. PD-166326, dasatinib (BMS-354825), imatinib mesylate (STI-571), or nilotinib melsylate (AMN-107) was added to a final concen-
tration of 5 �M, 0.5 �M, or 50 nM 1 h after infection. Cells were incubated for 4 days, fixed, and stained with a VarV PAb to recognize
infected cells.
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imatinib mesylate and nilotinib mesylate had no effect com-
pared to untreated controls, in accordance with the microscopy
and comet assays (Fig. 4c and d).

To quantify the effects of drugs on EEV, we enumerated the
number of virions released from BSC-40 cells infected at an
MOI of 0.1 into the supernatant, as well as the total amount of
CAV produced. Cell supernatants were harvested at 18 to 24 h
postinfection, the time at which EEV release is maximal. Su-
pernatants were then treated with IMV MAb (2D5 or L1R),
and the released virus was titrated on naïve cells. Imatinib
mesylate reduced the amount of EEV by 65%, 84%, 22%, and
94% for VarV-BSH, VarV-SLN, MPX, and VacV-WR, re-
spectively (Fig. 5a, b, and c). Dasatinib and PD-166326 pro-
duced similar effects on EEV produced by VacV, MPX, VarV-
BSH, and VarV-SLN (Fig. 5a, b, and c). None of the
compounds affected production of CAV (not shown), with the
exception of PD-166326, which caused a slight diminution, in

accordance with previous findings (24). Collectively, these data
suggest that inhibition of Abl family kinase activity reduced the
amount of EEV, but not CAV, produced by VarV, MPX, and
VacV.

Effects of tyrosine kinase inhibitors on VacV infections in
vivo. Based on the capacity of dasatinib to prevent the forma-
tion of actin tails and reduce the amount of EEV, we tested
whether administration of the drug could afford protection in
mice challenged with an otherwise lethal inoculum of VacV.
Beginning 24 h prior to infection, dasatinib was administered
either by twice-daily injections or by an osmotic pump im-
planted subcutaneously to deliver drug at a constant rate for
the duration of the experiment. Mice were then challenged i.n.
with 2 � 104 PFU of VacV strain IHD-J, the lethal dose for
100% of mice (LD100). No dose of dasatinib or delivery con-
dition tested provided any survival benefit to the mice com-
pared to PBS controls (Fig. 6a).

To investigate the capacity of dasatinib to limit dissemina-
tion, mice were implanted with osmotic pumps for delivery of
drugs and then challenged with sublethal inocula of VacV
IHD-J (2 � 104 PFU i.p.) Concentrations tested ranged be-
tween 0.05 and 240 mg/kg/day. After 4 days, the ovaries were
removed, and viral genome copies were quantified by quanti-
tative PCR. The data indicated that none of the doses of
dasatinib within the range tested significantly reduce viral
loads in mice (see Fig. S4a in the supplemental material).
During postmortem analysis, spleens of mice treated with da-
satinib appeared significantly reduced in weight relative to
those of infected controls (P � 0.001) (see Fig. S4b). Taken
together, these data suggested that dasatinib may negatively
impact the immune response. To test this possibility directly,
viral loads were assessed in ovaries of mice infected with a
sublethal inoculum of VacV IHD-J (2 � 104 PFU i.p.) and
treated with imatinib mesylate (200 mg/kg/day) together with
dasatinib at either 0.5 or 0.05 mg/kg/day. As controls, we tested
the effects of PBS, imatinib mesylate alone (200 mg/kg/day), or
dasatinib alone, at either 0.05 or 0.5 mg/kg/day. In accordance
with previous work, imatinib mesylate reduced the number of
viral genome copies by �4 log (Fig. 6b) (24). In contrast,
dasatinib alone, at either 0.5 mg/kg/day or 0.05 mg/kg/day,
reduced the number of viral genome copies by �1 log. When
dasatinib at 0.5 mg/kg/day was delivered together with imatinib
mesylate, the viral load was nearly identical to that seen with
dasatinib alone at 0.5 mg/kg/day. These data suggest that da-
satinib itself, at 0.5 mg/kg/day, had little impact on viral load
but that at this dose, the drug could abrogate the protective
effects of imatinib mesylate. Notably, when dasatinib at 0.05
mg/kg/day was delivered together with imatinib mesylate, the
beneficial effects of the latter drug were apparent, though
diminished by �1 log. Taken together, these data indicate that
dasatinib treatment is unlikely to afford protection to lethally
infected mice and indeed may have an immunosuppressive
activity, likely due to inhibition of Src family kinases.

Previous work demonstrated that imatinib mesylate was ca-
pable of protecting mice from a lethal challenge when admin-
istered prophylactically. We next sought to extend this obser-
vation and to test the therapeutic potential of the drug. To do
this, mice were challenged with 2 � 104 PFU of VacV IHD-J
i.n. (the LD100). Mice were implanted with osmotic pumps to
deliver imatinib mesylate (200 mg/kg/day) 24 h prior to infec-

FIG. 5. Quantification of EEV from supernatant of BSC-40 cells
infected with VarV strain BSH or strain SLN (a), with MPX (b), or
with VacV strain WR (c) at an MOI of 0.1. The inoculum was removed
at 1 h postinfection and replaced with medium containing imatinib
mesylate (STI-571), dasatinib (BMS-354285), or PD-166326 (10 �M).
After 24 h, the supernatant was removed, and cells were lysed and their
titers measured on naïve BSC-40 cells.
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tion, at the time of infection, or 24 or 48 h postinfection. In
accordance with previous reports (24), all mice treated with
drug prior to infection survived (Fig. 6c). Administration of
drug at the time of or following infection resulted in significant
survival, though the percentage was lower than that seen with
pretreatment and decreased as the time following inoculation
was extended. Together, these data suggest that imatinib
mesylate has a protective effect whether delivered prophylac-
tically or in a therapeutic context.

We next tested whether imatinib mesylate interfered with
the acquisition of protective immune memory. To do this, mice
previously challenged with the LD100 and treated with imatinib
mesylate were allowed to rest for 10 to 12 weeks (“STI-571
survivors”). The mice were then challenged with 1 � 108 PFU
of IHD-J i.p. As controls, mice were inoculated i.p. with 2 �
104 PFU IHD-J, a nonlethal inoculum, and allowed to rest for
10 to 12 weeks before being rechallenged with 1 � 108 PFU of
IHD-J IP (“immunized” mice). A control group of naïve age-
matched mice was also challenged i.p. with 1 � 108 PFU of
IHD-J (“naïve” mice). As shown in Fig. 6d, naïve mice all
succumbed within 4 to 9 days, whereas all imatinib mesylate
survivors and immunized mice remained viable. Together,
these data indicate that administration of imatinib mesylate
does not interfere with the acquisition of protective immune
memory.

To quantify the effect of imatinib mesylate on dissemination
in vivo, mice were infected with IHD-J Luc, a strain engineered
to express firefly luciferase. Mice were infected intranasally
with 2 � 102 PFU IHD-J Luc and imaged for up to 7 days
postinfection. Viral gene expression, which correlates with rep-
lication, was determined as luciferase activity, measured as the
intensity of luminescence emitted following injection of lucife-
rin. The images demonstrate significant luciferase activity in
the nasopharyngeal tract 2 days following infection for both
groups of mice (Fig. 6e). By 6 days of infection, the luciferase
activity in the carrier-treated mice was evident throughout the
body cavity, with high levels in the lungs and genitals. In the
mice treated with imatinib mesylate, luciferase activity was
restricted to the nasopharyngeal area. Quantitation of lucifer-
ase activity in the body as a whole indicated lower levels upon
treatment with drug, with much more dramatic differences
evident in the lower body and lungs (Fig. 6e, right panels).
Together, these data indicate that imatinib mesylate protects
mice from intranasal challenge by limiting spread of the virus
from the site of initial infection to distal tissues.

DISCUSSION

Studies using VacV have led to a comprehensive under-
standing of orthopoxvirus replication, dissemination, and
pathogenesis. Additionally, VacV, VarV, and MPX share 98%
sequence homology. However, some variance exists among
poxvirus strains and clades with respect to the precise mecha-
nisms of dissemination. For example, different strains of VarV
exhibit distinct plaque phenotypes in vitro and different mor-
tality profiles in vivo (20). Given the potential clinical signifi-
cance of VarV and MPX, we assessed whether the mode of
dissemination was conserved between these viruses and VacV.
Our data demonstrate that VarV and MPX are capable of
inducing actin tails in a manner analogous to that of VacV. All
of these viruses localize host factors known to regulate actin
polymerization, such as Grb-2 and Nck. Like VacV, VarV and
MPX also appear to utilize Src and Abl family tyrosine kinases
in a redundant fashion (24). Of potential importance from a
clinical perspective, actin tails formed by VacV, MPX, and
VarV are similarly sensitive to Src and Abl family tyrosine
kinase inhibitors. In plaque assays, dasatinib and PD-166326
reduced the sizes of plaques and comets, whereas imatinib
mesylate reduced comet size without diminishing plaque size.
The findings of EEV assays were generally consistent with
those of the comet assay, with one exception. Although ima-
tinib mesylate inhibited comet formation by VarV-BSH, VarV-
SLN, MPX, and VacV, the drug appeared to have less dra-
matic effects in EEV assays with MPX. Because PD-166326
and dasatinib were effective in both the comet and EEV assays
with MPX and because the comet assay was consistent across
all strains tested, we cannot rule out that adsorption of EEV to
infected cells or incomplete neutralization of IMV may con-
tribute to apparent quantitative differences in EEV assays.

Drugs that affect poxvirus replication or spread are impor-
tant to mollify symptoms associated with vaccination or for
smallpox or monkeypox virus infections in individuals for
whom vaccination poses a significant risk or would prove inef-
fective. The therapies currently approved or used on the in-
vestigational level for poxvirus infections are vaccinia immune
globulin (VIG) (5, 6) and cidofovir, a DNA polymerase inhib-
itor (3). However, the efficacy of VIG in late-stage infections is
limited, and while effective, cidofovir causes severe renal tox-
icity at the doses required and must be administered with
intravenous hydration and in conjunction with probenecid, a
renal tubular blocker that is also not without complications
(14). It is unlikely that this regimen could be implemented to

FIG. 6. Effects of tyrosine kinase inhibitors on VacV infection in mice. (a) Beginning 24 h prior to infection, 6-week-old C57BL/6 mice received
PBS (carrier) or dasatinib (BMS-354825) continuously via a subcutaneous osmotic pump or twice daily by i.p. injection, at the concentrations
indicated. Mice were infected i.n. with 2 � 104 PFU VacV IHD-J (n � 6 mice per condition). (b) One day prior to infection, mice were implanted
with subcutaneous osmotic pumps to deliver imatinib mesylate (STI-571; 200 mg/kg/day), dasatinib (BMS-354825; 0.5 mg/kg/day or 0.05 mg/kg/
day), or both drugs in a single pump. Control mice received PBS (carrier). Four days after i.p. infection, viral genome copies were quantified by
quantitative PCR. Each mouse is represented as a data point. Each horizontal line represents the median number of viral genome copies for each
condition. (c) Effects of imatinib mesylate (STI-571; 200 mg/kg/day) delivered 24 h before, at the time of (0 h), or 24 or 48 h after i.n. infection
with 2 � 104 PFU VacV IHD-J. Carrier mice received PBS. Control mice were left uninfected. (d) Age-matched naïve controls, i.p. immunized
mice, or mice treated with imatinib mesylate (STI-571; 200 mg/kg/day) that survived a previous challenge with the LD100 (2 � 104 PFU) of VacV
IHD-J were injected i.p. with 108 PFU of VarV IHD-J. The percent survival is plotted as a function of time after infection. (e) Six-week-old
C57BL/6 mice were infected i.n. with 2 � 102 PFU IHD-J Luc, and luciferase activity was imaged at 2 days (2d) or 6 days (6d) postinfection.
Animals received either PBS carrier or imatinib mesylate (STI-571; 200 mg/kg/day).
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successfully treat a significant number of infected individuals.
Another drug, ST-246, blocks formation of CEV and EEV and
has shown efficacy in mouse and nonhuman primate models of
poxvirus infection (12, 23), though it apparently engenders
resistance. ST-246 is currently in human trials.

Would tyrosine kinase inhibitors such as dasatinib and ima-
tinib mesylate prove efficacious in vivo? The in vivo shortcom-
ings of dasatinib stand in stark contrast to its apparent promise
based on in vitro assays. Despite robust in vitro effects on
plaque size and comets, dasatinib neither reduces viral loads
nor protects mice from lethal challenge. During the course of
our experiments, the European Medicines Agency reported
immunotoxicity for dasatinib (10). Specifically, treatment with
a dose of 25 mg/kg, but not 15 mg/kg, delivered once daily
prevents graft rejection in a murine cardiac transplant model.
Furthermore, dasatinib inhibits murine splenic T-cell prolifer-
ation and induces lymphoid depletion of the thymus and
spleen. These data are in accordance with our observation that
dasatinib induces splenopenia and suppresses the effects of
imatinib mesylate on dissemination of VacV. Taken together,
these data indicate that immunotoxicity of dasatinib likely ac-
counts for its failure to provide benefit for poxvirus infections.
Unfortunately, we were unable to define a concentration or
dosing regimen that would minimize immunosuppressive ef-
fects yet still abrogate viral dissemination.

The most likely explanation for the immunosuppressive ef-
fects of dasatinib is the inhibition of Src family kinases rather
than Abl family kinases. In particular, Fyn and other Src family
tyrosine kinases have been implicated in various aspects of the
immune response, including innate and antigen signaling,
phagocytosis, and T- and B-cell development (15, 18, 33). Da-
satinib also inhibits Abl family kinases more potently than
imatinib mesylate does. However, our data with the latter
suggest that inhibition of Abl family kinases per se likely does
not contribute to significant immunosuppression: imatinib me-
sylate did not prevent acquisition of protective immunity to
poxviruses, and the drug is well tolerated in human patients,
who show little increased incidence of infection (35). Further-
more, we demonstrated the ability of imatinib mesylate to limit
dissemination of virus in vivo, a finding consistent with our in
vitro data (Fig. 6). Together, these data suggest that dual Src/
Abl inhibitors provide little in vivo benefit against microbial
infections, despite their apparent efficacy in vitro.

In contrast to the case for dasatinib, the data presented here
suggest that imatinib mesylate can provide significant protec-
tion when administered postinfection, in addition to its pro-
phylactic effects reported previously (24). Nevertheless, the
benefits decrease in a time-dependent manner following inoc-
ulation. The absence of drug during the period following in-
oculation may permit virus to establish infection and to spread
to distal tissues. Once established in distal tissues, viral repli-
cation and actin tails may contribute to further expansion of
virus, despite the addition of the drug. A similar argument may
account for our observation that increasing the inoculum to
2 � 105 PFU, or 10 times the LD100, overcame the protective
benefit of imatinib mesylate (data not shown). Notably, the
effects of imatinib mesylate on limiting dissemination were
particularly evident at low viral titers (Fig. 6e), akin to the
infectious dose for VarV in humans, in luciferase assays. An-
other factor contributing to the efficacy of imatinib mesylate

following inoculation may be that drug delivered via an os-
motic pump reaches therapeutic levels only after 16 to 18 h.
Despite these caveats on the precise timing of its delivery,
imatinib mesylate provides a significant level of protection pre-
or postinfection, perhaps by allowing time for an effective
immune response to develop, in a manner that does not inter-
fere with acquisition of protective immune memory. Collec-
tively, these data suggest that the potential utility of imatinib
mesylate for treatment of poxvirus infections should be evalu-
ated further.

In this regard, prairie dogs may offer a means to assess the
therapeutic value of imatinib mesylate for MPX infections
(12a). Similar to the case in the murine model, an inoculum of
5 � 104 PFU i.n. is used. However, this model is distinguished
by the appearance of disseminated lesions or “pox” at 9 to 12
days postinfection, a phenotype previously observed only in
primate models. In humans, pox lesions generally appear 7 to
19 days following infection and have been attributed to migra-
tion of EEV through the lymphatic system to the skin. Thus,
presentation of pox in the prairie dog model recapitulates an
important aspect of disease progression seen in humans but
not in other small-animal models. Our data demonstrating that
imatinib mesylate limits EEV release in vitro and dissemina-
tion in vivo, especially at low inoculums (Fig. 6e), suggest that
this drug may have efficacy against MPX in prairie dogs and
possibly primates, using rash illness progression as a disease
marker, a prospect we are now testing.

Imatinib mesylate may also have utility when coadministered
with other compounds under consideration as poxvirus therapeu-
tics, such as ST-246 and cidofovir. ST-246 protects mice from
lethal challenge when administered by up to 3 days postinfection
(2). ST-246 acts more distally than imatinib mesylate by inhibiting
F13 and interfering with IEV production and viral dissemination
(36). Notably, however, variants resistant to ST-246 have been
described that result from a single base change in F13L (36).
Similarly, resistance to cidofovir is conferred by point mutations
in E9L, the DNA polymerase gene (1). In contrast, imatinib
mesylate is less likely to engender resistant mutants because it
targets host kinases. Moreover, when coadministered, imatinib
mesylate may reduce viral loads and decrease the probability of
developing mutants resistant to ST-246 or cidofovir.

In summary, we describe a conserved mode of dissemination
within the orthopoxvirus family and the mechanism of actin tail
formation and EEV release by MPX and VarV. In addition, we
show that dual Src/Abl inhibitors effectively limit both actin
tail-based motility and EEV release in vitro. However, their
utility against poxvirus infections in vivo is precluded by their
immunosuppressive activity. In contrast, we show that imatinib
mesylate can be used in a therapeutic context and does not
interfere with the acquisition of immune memory, which may
warrant further testing of this or related drugs in animal mod-
els of poxvirus infection.
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