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In an earlier report, we provided evidence that expression of CCR5 by primary human T cells renders them
permissive for vaccinia virus (VACV) replication. This may represent a mechanism for dissemination through-
out the lymphatic system. To test this hypothesis, wild-type CCR5�/� and CCR5 null mice were challenged with
VACV by intranasal inoculation. In time course studies using different infective doses of VACV, we identified
viral replication in the lungs of both CCR5�/� and CCR5�/� mice, yet there were diminished viral loads in the
spleens and brains of CCR5�/� mice compared with CCR5�/� mice. Moreover, in association with VACV
infection, we provide evidence for CD4� and CD8� T-cell as well as CD11c� and F4/80� cell infiltration into
the lungs of CCR5�/� but not CCR5�/� mice, and we show that the CCR5-expressing T cells harbor virus. We
demonstrate that this CCR5 dependence is VACV specific, since CCR5�/� mice are as susceptible to intranasal
influenza virus (A/WSN/33) infection as CCR5�/� mice. In a final series of experiments, we provide evidence
that adoptive transfer of CCR5�/� bone marrow leukocytes into CCR5�/� mice restores VACV permissiveness,
with evidence of lung and spleen infection. Taken together, our data suggest a novel role for CCR5 in VACV
dissemination in vivo.

Vaccinia virus (VACV) is the best known member of the
Orthopoxvirus genus of the Poxviridae and was used for the
vaccine strain that led to the global eradication of smallpox
(15). VACV has a large, double-stranded DNA genome of
approximately 200 kb, a cytoplasmic site of replication, many
virus-encoded enzymes for transcription and DNA replication,
and a complex morphogenic pathway that produces distinct
forms of infectious virions from each infected cell (36). Variola
virus, the causative agent of smallpox, killed more people than
any other pathogen in the history of mankind (12). In 1980, the
World Health Organization (WHO) certified that the world
was free of smallpox, but the potential for variola virus to be
used as a potential biological weapon has led to renewed in-
terest in the pathogenesis of smallpox and the development of
therapies (6). While variola virus has a narrow natural host
range in humans, with nonhuman primates exhibiting suscep-
tibility in a laboratory setting (7), and while VACV exhibits a
broader range of infectible hosts, both intranasal infections
result in similar dissemination of virus: replication occurs ini-
tially in lymph nodes draining the upper respiratory tract, after
which a transient viremia spreads virus to reticuloendothelial
cells throughout the host. Notably, in variola alone, a second
round of replication within these sites precedes a more intense
secondary viremia and the subsequent clinical manifestations
of the disease. Based on the pathogenic similarities, VACV
presents a suitable model for variola virus infection (5, 19–
22, 40).

Many poxviruses, including VACV, employ strategies to
modulate chemokine activity, including virus-encoded chemo-
kine-binding proteins (C23L/B29R encoded by VACV, G3R

encoded by variola virus, and DIL/H5R proteins encoded by
cowpox virus) (1, 17, 31, 44) and receptor homologues (the
K2R homologue of a CXCR encoded by swinepox virus and
the Q2/3L homologue of a CCR encoded by caripoxvirus) (8,
29, 34, 37, 43). The involvement of chemokine receptors in
poxviral infection was suggested in studies utilizing the rabbit
poxvirus, myxoma virus. Specifically, CCR5 was implicated in
mediating cell target susceptibility to infection in BGMK cells
(30), which was later shown to correlate with intracellular
signaling (27, 35). In a recent publication we provided evidence
that virus activation of CCR5 leads to the selective activation
of distinct signaling pathways that are advantageous for the
virus (39). We demonstrated that VACV infection in permis-
sive cells is inhibited by small interfering RNA knockdown of
cell surface CCR5 expression and by the CCR5 antagonist
TAK-779. The importance of tyrosine phosphorylation of
CCR5 was suggested by the observation that introduction of a
CCR5 mutant in which all the intracellular tyrosines are re-
placed by phenylalanines effectively reduces VACV infection
in permissive cells. Moreover, tyrosine 339 was implicated in
CCR5 as the critical residue for mediating viral infection, since
cells expressing CCR5.Y339F do not support viral replication.
The cascade of events that leads to the permissive phenotype
of these cells includes phosphorylation activation of multiple
signaling effectors, i.e., Jak-2, IRS-2, ERK1/2, and Grb2. These
data were supported by findings that viral replication in per-
missive CCR5-expressing cells is blocked by herbimycin A and
the Jak2 inhibitor tyrophostin AG490 but not by pertussis
toxin. Viewed altogether, a critical role of postentry events,
specifically intracellular tyrosine phosphorylation events, in de-
termining permissiveness of cells to VACV replication was
established. Furthermore, evidence was provided that intro-
duction of CCR5 in primary human T cells renders them per-
missive to VACV replication. Since permissive infection of T
cells might represent a mechanism for VACV dissemination
throughout the lymphatic system, we hypothesize that the ab-
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sence of CCR5 may be protective against VACV infection in
vivo.

Several mouse models of VACV infection that differ in
mouse and viral strains, as well as routes of virus inoculation,
have provided insights into the immunopathogenesis of VACV
in vivo (4, 26, 41). Here, employing an intranasal inoculation
route of VACV infection, we provide supportive evidence for
a role for CCR5 in VACV dissemination in vivo.

MATERIALS AND METHODS

Animals. CCR5�/� mice (B6;129P2-Ccr5tm1Kuz) and mice from their genet-
ically matched mouse strain were purchased from the Jackson Laboratory and
housed in microisolator cages in the animal colony at the Canadian Blood
Services Building and the Ontario Cancer Institute, the University Health Net-
work. All experiments were performed using female mice, 6 to 8 weeks of age.
Mouse studies were performed in an animal biosafety level 2 facility under a
protocol approved by the University Health Network Animal Care Committee.

Viruses. VACV strain Western Reserve (WR) was a gift from Grant Mc-
Fadden (University of Florida). A4L-enhanced green fluorescent protein (EGFP)-
VACV (EGFP-VACV) was a gift from Geoffrey Smith (Imperial College of
London) (9). Infection with either VACV WR or EGFP-VACV results in com-
parable infection and immune cell trafficking into bronchial alveolar lavage fluid
(BAL), mediastinal lymph nodes (mLNs), and spleens of infected mice (data not
shown). VACV was purified as described previously (39). Briefly, virus was
grown in HeLa cells and purified by sedimentation through a 36% sucrose
cushion, and the number of virus particles was determined by optical density
measurement at 260 nm (1 U � 1.2 � 1010 particles). The particle/PFU ratios of
VACV (WR) and EGFP-VACV were estimated to be 40:1 and 50:1, respec-
tively.

Virus infection. All viral infection studies were performed in a biosafety level
2 room. Mice were anesthetized by intraperitoneal injection with 50 �l of ket-
amine (50 mg/kg)-xylazine (2.5 mg/kg) diluted in phosphate-buffered saline
(PBS). Immediately, mice received an intranasal inoculation of 104 PFU of either
VACV WR or EGFP-VACV suspended in 20 �l of sterile PBS. Control mice
received only sterile PBS (mock infection). VACV (or PBS alone) was instilled
into the nares, and mice were observed until the virus was inhaled. Mice were
monitored daily for any symptoms of disease and were weighed daily during the
course of the experiment.

Tissue isolation and viral titration. Mice were sacrificed on days 0, 1, 3, and
7 postinfection (p.i.), at which times lungs, brains, mLNs, and spleens were
removed and BAL fluid extracted for the indicated histology, viral titer, and
molecular analyses. Samples for histology were either paraformaldehyde fixed
and embedded in paraffin, or embedded in HistoPrep (Fisher Scientific), sub-
merged in ice-cold isopentane, and then snap frozen in liquid nitrogen. Tissues
for determination of viral titers were processed to generate cell suspensions, and
then the cells were lysed by three successive freeze-thaw cycles. BAL fluid cells
were likewise subjected to three successive freeze-thaw cycles. Virus titers were
determined by plaque-forming assays on BS-C-1 cells. Specifically, 250 �l of each
of the lysed cell suspensions and 10-fold serial dilutions of each were transferred
directly onto BS-C-1 monolayers in multiwell tissue culture dishes, incubated for
48 h, fixed, and stained with crystal violet, and then plaques were counted. Titers
were calculated as PFU/g tissue and PFU/mouse for BAL fluid. The lower limit
of detection is 120 plaques/g tissue and 180 plaques/mouse for BAL fluid.

Leukocyte isolation and flow cytometry. BAL fluid was collected from mock-
and VACV-infected mice at the indicated time points p.i., as described previ-
ously (42). Briefly, CCR5�/� and CCR5�/� mice were sacrificed, and the lungs
were flushed with 3 ml of PBS containing 10 U/ml heparin through a blunted
23-gauge needle inserted into the trachea. Erythrocytes in the pellets were lysed
with 5 ml of ACK buffer (0.829% NH4Cl, 0.1% KHCO3, and 0.0372%
Na2EDTA, pH 7.4) for 5 min, followed by two washes with PBS. The spleen and
mLNs from each mouse were excised and digested for 30 min in digestion buffer
(5% calf serum, 1 mg/ml of collagenase [Roche Diagnostics] and 30 �g/ml of
DNase [Roche Diagnostics] in PBS). The digested tissue fragments were further
dispersed by mashing and passing through a 0.7-�m cell strainer. Erythrocytes in
the pellets were lysed with 5 ml of ACK buffer for 5 min, followed by two washes
with PBS to obtain a single-cell suspension.

Cells were stained for 45 min on ice with appropriate combinations of phyco-
erythrin (PE)-, PE-Cy5-, or allophycocyanin (APC)-labeled antibodies to CCR5
(clone HM-CCR5; eBioscience), CD4 (clone GK1.5; eBioscience), CD8 (clone
53-6.7; eBioscience), CD3 (clone145-2C11; BD Pharmingen), CD11c (clone

HL3; BD Pharmingen), F4/80 (clone BM8; eBioscience), and CD45 (clone
30-F11; eBioscience). The relevant isotype antibody controls were obtained from
eBioscience and BD Pharmingen. After three washes with PBS, cells were fixed
with 2% paraformaldehyde in PBS, washed, and then analyzed by fluorescence-
activated cell sorting (FACS) (FACSAria). VACV-infected cells were detected
based on the EGFP expression from the tagged virus. Data were analyzed using
FACSDiva software (BD Biosciences) and are presented as the absolute number
of positive cells within the gated population.

Histology and immunohistochemistry. (i) Sample preparation. Tissues that
were embedded in HistoPrep and snap frozen in liquid nitrogen were sectioned
at �20°C and then processed for immunohistochemistry. Specifically, thin sec-
tions were thawed at room temperature for 3 min, followed by fixation in
methanol-acetone (50:50) at �20°C for 15 min, and then washed with PBS
before immunostaining. For paraffin sections, samples were fixed overnight at
room temperature in 2% paraformaldehyde, dehydrated through a series of
ethanol washes, and processed for paraffin sectioning.

(ii) Histological observations. Paraffin sections were rehydrated and stained
with hematoxylin-eosin, followed by standard histological protocols. Images were
acquired with a Zeiss Axioplan 2 imaging microscope (Carl Zeiss, Canada Ltd.)
equipped with bright-field capabilities and a digital AxioCam camera (Carl Zeiss,
Canada Ltd.). Axio Vision 2.05 was used as the image acquisition software, and
captured images were processed with Adobe Photoshop version 7.0 (Adobe
Systems, Inc.).

(iii) Immunohistochemical analysis. Nonspecific antibody binding was
blocked by incubating thin sections in blocking buffer (bovine serum albumin
[0.5%, wt/vol] plus fish gelatin [0.2%, vol/vol] in PBS) for 30 min at room
temperature, followed by incubation in wash buffer (BSA [0.5%, wt/vol] plus fish
gelatin [0.1% vol/vol] in PBS). PE- or PE-Cy5 conjugated primary antibodies
were appropriately diluted in blocking buffer, and thin sections were incubated at
room temperature for 1 h. Antibodies against the following proteins CCR5
(1:500), CD4 (1:250), and CD8 (1:250) were use. The relevant isotype antibodies
were used as controls.

Sections were analyzed by confocal microscopy, as described previously (39).
Bone marrow transplantation. Bone marrow-derived cells from CCR5�/�

donor mice were obtained by flushing the cavities of freshly dissected femurs with
PBS. The suspension was then centrifuged through Ficoll-Hypaque (Amersham
Biosciences) for 30 min at room temperature at 1,200 � g. Hematopoietic
leukocytes at the interphase were extracted and washed three times with PBS.
Recipient CCR5�/�and CCR5�/� control mice were irradiated with a sublethal
dose of 1,100 cGy by whole-body irradiation (137 Cs; Gammacell 40). Four hours
later, mice received106 wild-type (CCR5�/�)-derived hematopoietic leukocytes
via tail vein injection. At 2 weeks after bone marrow transplantation, mice
received an intranasal inoculation of 104 PFU of VACV suspended in 20 �l of
sterile PBS. Mice were sacrificed at predetermined time points, and BAL fluid,
lungs, mLNs, and spleens were harvested for FACS analysis and VACV titration.

Administration of TAK-779, a CCR5 antagonist. A CCR5 antagonist, TAK-
779 (N,N-dimethyl-N-[4-[[[2-(4-methylphenyl)-6,7-dihydro-5H-benzocyclohep-
ten-8-yl]carbonyl]amino]benzyl]tetra-hydro-2H-pyran-4-aminium chloride; mo-
lecular weight, 531.13) was kindly provided by Donald Branch (University of
Toronto). TAK-779 was dissolved in 5% mannitol solution, and mice were
injected subcutaneously with 150 �g TAK-779 in a volume of 100 �l at 1 day
prior to infection and daily p.i.

Statistical analysis. Statistically significant differences in measured outcomes
(other than virus titer) between groups of mice were determined by Student’s t
test using Microsoft Excel MAC v.X software. P values of �0.05 were considered
significant. For differential analysis of tissue virus titers, for each tissue type we
first fit a two-way analysis of variance (ANOVA) to evaluate the significance of
all the data points in one set compared to all the data points in the comparator
set (with two levels, CCR5�/� versus CCR5�/�). We then performed a Tukey
honest significance difference test to compare the means of the levels of each
data point conditional on the time point, using the ANOVA results.

RESULTS

CCR5�/� mice are less susceptible to systemic VACV infec-
tion. To investigate the contribution of CCR5 to the patho-
genesis of VACV infection, CCR5�/� and CCR5�/� mice
were either mock infected or infected with 104, 105, or 106 PFU
of VACV strain WR by intranasal inoculation and moni-
tored daily for weight loss. Infection with 104 PFU of VACV
resulted in approximately 8% weight loss in CCR5�/� but
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not CCR5�/� mice (Fig. 1A), whereas mock infection had
no effect on all mice. When infected with 105 or 106 PFU of
VACV, both CCR5�/� and CCR5�/� mice exhibited weight
loss, with a significantly greater weight loss in the CCR5�/�

mice (P � 0.05). When infected with 105 PFU of VACV,
CCR5�/� mice exhibited approximately 14% weight loss,
while CCR5�/� lost approximately 7% of their body weight.
At day 5 p.i., CCR5�/� mice infected with 106 PFU of
VACV were euthanized, since they had lost 20% of their
original body weight, while CCR5�/� mice reached 20%
weight loss at day 7 (Fig. 1A).

We next examined the lungs, spleens, and brain tissues of
CCR5�/� and CCR5�/� mice for evidence of VACV. In ear-

lier studies, we provided evidence that VACV entry into cells
is not mediated by CCR5, since virus enters both permissive
and nonpermissive cells. A postentry event in T cells, mediated
by CCR5, determines whether viral replication ensues (39). In
the present study, examination of viral titers in the lungs of
CCR5�/� mice infected with 104 PFU of VACV revealed a
�3-fold log increase from 104 to �1.2 � 107 PFU by day 7 p.i.,
in contrast to the lungs of the CCR5�/� mice, where viral titers
increased by �1 log, to 3.4 � 104 PFU by day 7 p.i. (ANOVA
indicates significant differences between all data points for
CCR5�/� and CCR5�/� mice) (Fig. 1B). Comparable viral
titers have been identified in the tracheae and lungs of mice
after intranasal infection with VACV, with relatively low viral

FIG. 1. CCR5�/� mice are less susceptible to VACV infection. Groups of female mice age 6 to 8 weeks were either mock infected (PBS) or
infected with 104, 105, or 106 PFU of VACV by intranasal inoculation. (A) Body weight was measured daily, and values are recorded as the mean
percent weight loss at the indicated time point compared to that of uninfected control mice 	 standard error. 104 PFU, n � 10; 105 PFU, n � 12
until day 8 and n � 7 thereafter; 106 PFU, n � 12 until day 3 and n � 7 thereafter. CCR5�/� mock infected, Œ; CCR5�/� VACV infected, };
CCR5�/� mock infected, F; CCR5�/� VACV infected, u. (B) Viral titers were measured in lungs, spleens, and brains of CCR5�/� (f) and
CCR5�/� ( ) mice (n � 10) at the indicated times p.i. with 104 PFU of VACV, as described in Materials and Methods.(C) Lungs of mock-infected
or VACV-infected (104 PFU) CCR5�/� and CCR5�/� mice were harvested on day 7 p.i., fixed in 2% paraformaldehyde, and embedded in paraffin,
and 6-�m-thick histological sections were prepared and stained with hematoxylin-eosin. The dotted line indicates the lower level of detection for
VACV. *, P � 0.05. ND, not detected.
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loads in nasal washings (27). Accordingly, we focused our anal-
yses on lung tissues. At 24 h p.i. we observe a log reduction in
viral titer in the lungs of CCR5�/� compared to the lungs of
CCR5�/� mice. Given our earlier data which suggested a role
for CCR5 in viral permissivity (39) and the fact that T cells,
resident monocytes, and macrophages, together with other po-
tential target cells types (e.g., fibroblasts), express CCR5, this
reduced pathogenesis in the CCR5�/� mice was predicted.
Notably, at the higher infective doses of 105 and 106 PFU of
VACV, viral titers measured in the lung tissues of CCR5�/�

and CCR5�/� mice on days 1, 3, 5, and 7 p.i. were comparable.
We next examined splenic viral titers as a measure of viral

dissemination from the primary site of infection. At the infec-
tive dose of 104 PFU of VACV, CCR5�/� mice showed no
evidence of virus in splenocytes (virus titers of �120 plaques/g
tissue), in contrast to CCR5�/� mice, where viral titers in-
creased from day 1 to day 7 p.i. (�750 plaques/g tissue) (Fig.
1B) (ANOVA indicates significant differences at day 7 p.i. for
splenic virus titers). At the higher infective dose of 105 PFU of
VACV, viral titers in the spleens of CCR5�/� mice were sig-
nificantly higher than viral titers in the spleens of CCR5�/�

mice. A similar trend was observed on day 3 p.i. in the spleens
of mice inoculated with 106 PFU of VACV, namely, higher
viral titers in the CCR5�/� compared with the CCR5�/� mice.

We observed a similar trend in viral titers in the brains of
CCR5�/� and CCR5�/� mice. Specifically, an intranasal inoc-
ulating dose of 104 PFU of VACV resulted in measurable virus
in the brains of CCR5�/� on days 3 and 7 p.i., in contrast to the
CCR5�/� mice, where there was no detectable virus in their
brains on day 3 p.i., with measurable, yet significantly lower
viral titers on day 7 p.i. (Fig. 1B). At the higher infecting doses
of VACV, virus was detected in the brains of CCR5�/� and
CCR5�/� mice, although there were lower viral titers in the
brains of the CCR5�/� mice.

Viewed altogether, the data indicate that even when lung
viral titers are comparable in CCR5�/� and CCR5�/� mice,
viral dissemination to the spleens and brains of infected
CCR5�/� mice is reduced compared with viral dissemination
in the infected CCR5�/� mice.

VACV infection of CCR5�/�but not CCR5�/� mice leads to
infiltration of CD4� and CD8� T cells into the lungs. At the
infective dose of 104 PFU of VACV, the lungs of CCR5�/�

mice exhibited inflammatory infiltrates and extensive histopa-
thology by day 7 p.i., whereas no significant inflammatory cell
influx or tissue destruction was observed in the lungs of
CCR5�/� mice (Fig. 1C). In addition, at this infective dose,
CCR5�/� mice exhibited a significant increase in the number
of viable cells accumulating in the BAL fluid, in contrast to the
case for the BAL fluid of CCR5�/� mice: cell numbers in the
BAL fluid from CCR5�/� mice increased from 150,000 on day
0 to 320,000 by day 7 p.i., whereas cell counts in the BAL fluid
of CCR5�/� mice increased from 140,000 to 207,000 over the
same time period (Fig. 2A). Moreover, in contrast to the in-
crease in viral titers measured in the BAL fluid from CCR5�/�

mice from day 1 to day 7 p.i., we identified a negligible increase
in viral titers in the BAL fluid from CCR5�/� mice over the
same time period (Fig. 2B).

To examine the inflammatory response that is associated
with intranasal VACV infection at 104 PFU, the composition
of immune cells in the lungs of VACV-infected CCR5�/� and

CCR5�/� mice was characterized in time course studies. For
this series of studies we employed EGFP-VACV. Notably,
infection of CCR5�/� mice with either 104 PFU of VACV WR
or 104 PFU of EGFP-VACV results in comparable immune
cell trafficking to BAL fluid, mLNs, and spleens (data not
shown). Employing flow cytometry to identify inflammatory
cell types, we provide evidence for CD4� and CD8� T-cell
(CD3�) infiltration into the BAL fluid of CCR5�/� but not
CCR5�/� mice during the course of VACV infection. Specif-
ically, we observed a fivefold increase in CD4� and an approx-
imately eightfold increase in CD8� T-cell influx in the BAL
fluid by day 7 p.i. (Fig. 2C and E). The modest influx of CD4�

and CD8� T cells into the BAL fluid of CCR5�/� mice by day
1 p.i. was not sustained. Immunohistochemical staining of lung
tissues from EGFP-VACV-infected CCR5�/� and CCR5�/�

mice on day 7 p.i. for EGFP-VACV, CD4, and CD8 revealed
a greater number of CD4� and CD8� T-cell infiltrates in the
lungs of CCR5�/� versus CCR5�/� mice, with evidence of
EGFP-VACV only in the CCR5-expressing CD4� or CD8�

cells (data not shown). When flow cytometry was employed to
quantitate the number of CCR5� or CCR5� CD4� and CD8�

T cells that harbor EGFP-VACV in BAL fluid, the data re-
vealed that the increase in CD4� and CD8� T-cell numbers in
the BAL fluid of VACV-infected CCR5�/� compared with
VACV-infected CCR5�/� mice is attributable to those CD4�

and CD8� T cells that express CCR5 (Fig. 2D and F). At day
3 p.i. the increases in VACV-infected CD4� T cells (Fig. 2D)
and CD8� T cells (Fig. 2F) were approximately fivefold and
fourfold, respectively, in CCR5�/� compared to CCR5�/�

mice. Interestingly, while total number of infected CD4� and
CD8� T cells was approximately constant during the course of
infection, the absolute numbers of CD4� and CD8� T cells
increased in CCR5�/� mice. One consideration is that a per-
centage of infected T cells may undergo apoptosis after infec-
tion. Certainly, VACV undergoes abortive replication in den-
dritic cells (DCs) (13) and induces apoptotic cell death in both
DCs and macrophages. In addition, we propose that there is a
constant egress of infected T cells from the lungs, for systemic
spread of virus. When infected with 105 PFU of VACV, both
CCR5�/� and CCR5�/� mice exhibited infiltration of CD4�

and CD8� T cells (CD3�) into the BAL fluid by day 7 p.i.
Notably, the number of infiltrating T cells was significantly
higher in the CCR5�/� mice: 2.5 � 105 versus 9 � 104 for
CD4� and 2 � 105 versus 6 � 104 for CD8� T cells (data not
shown).

Expression of CCR5 influences the T-cell population of sec-
ondary lymphoid organs. Next, in time course studies during
EGFP-VACV infection, we examined the CD4� and CD8�

cell counts in the spleens and mLNs of CCR5�/� and
CCR5�/� mice. Splenic CD4� and CD8� cell numbers de-
creased by day 3 p.i. for the CCR5�/� mice yet remained
unchanged in the CCR5�/� mice (Fig. 3 A and B). By day
7 p.i. the numbers of splenic CD4� and CD8� cells re-
bounded to the original numbers in the CCR5�/� mice.

In contrast to the trend observed in the spleens of infected
CCR5�/� mice, there was a significant increase in the numbers
of CD4� and CD8� T cells in their mLNs by day 3 p.i, which
further increased by day 7 p.i. (Fig. 3C and D). Specifically, for
the CCR5�/� mice, there was a ninefold increase in CD4� and
an eightfold increase in CD8� T cells by day 7 p.i. CD4� and
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CD8� T-cell numbers remained unchanged, at basal levels, in
the mLNs of infected CCR5�/� mice. As measured by staining
for CD62 and CD69, the numbers of activated CD4� and
CD8� T cells (CD62� and CD69�) increased in the mLNs of
CCR5�/� but not CCR5�/� mice by day 7 p.i., reflective of
antigen stimulation. Specifically, in CCR5�/� mice the number
of CD4� CD62� T cells was approximately fivefold greater
than the same population in CCR5�/� mice (5 � 105 versus
1 � 105). Likewise, there was an approximately eightfold in-
crease in CD4� CD69� T cells in the CCR5�/� compared to
the CCR5�/� mice (1.6 � 105 versus 0.2 � 105), and an
increased number of CD8� CD62� and CD8� CD69� T cells
in the CCR5�/� compared to the CCR5�/� mice (2.2 � 105

versus 0.5 � 105 and 4.5 � 104 versus 0.7 � 104, respectively)
(data not shown). When infected with 105 PFU of VACV, both

CCR5�/� and CCR5�/� mice showed increased numbers of
CD4� and CD8� T cells (CD3�) in their mLNs by day 7 p.i.,
with a significantly greater number in the CCR5�/� mice:
6.3 � 105 versus 2.7 � 105 for CD4� and 6 � 105 versus 3 �
105 for CD8� T cells (data not shown).

TAK-779 reduces VACV dissemination. Data in a recent
publication demonstrate that subcutaneous injection of TAK-
779, a CCR5 antagonist, in a mouse model of asthma resulted
in significantly diminished pulmonary inflammation. The anal-
yses focused on BAL fluid and lung tissue (45). Expression of
CCR5 in total lung cell suspensions was reduced in the TAK-
779-treated mice compared to untreated mice. Additionally,
the number of immune cells in affected lungs in mice treated
with TAK-779 was also reduced. These findings are consistent
with TAK-779 treatment disabling CCR5 signaling such that

FIG. 2. Intranasal inoculation with VACV leads to an increase in BAL fluid viral titer and an influx of CD4� and CD8� T cells into the lungs
of CCR5�/�but not CCR5�/� mice. Groups of female mice (n � 10), age 6 to 8 weeks, were infected with 104 PFU of EGFP-VACV by intranasal
inoculation. Mice were euthanized at the indicated times p.i. and their BAL fluid collected as described in Materials and Methods. (A) Viable cell
counts in the BAL fluid of CCR5�/� (f) and CCR5�/� (o) were determined by trypan blue exclusion. Values are means 	 standard errors and
are representative of two independent experiments. (B) Viral titers in BAL fluid of CCR5�/� (f)and CCR5�/� (u)mice were measured at the
indicated times p.i. The dotted line indicates the lower level of detection for VACV. (C and E) CD4� (C) and CD8� (E) T-cell counts were
determined by flow cytometry, using PE-Cy5-conjugated anti CD4/CD8 and APC-conjugated CD3 antibodies. f, total CD4�/CD8� cell counts;
u, VACV-infected CD4/CD8� T cells as determined by quantitation of EGFP-positive cells as described in Materials and Methods. (D and F) The
data are partitioned as VACV-infected CD4� (D) and CD8� (F) T cells in the BAL fluid of CCR5�/� and CCR5�/� mice, recorded as the percent
positive 	 standard errors; results are representative of two independent experiments. o, CD4� CCR5�/CD8� CCR5� T-cell count in the BAL
fluid from CCR5�/� mice; �, CD4� CCR5�/CD8� CCR5� T-cell count in the BAL fluid from CCR5�/� mice; p, CD4� CCR5�/CD8� CCR5�

T-cell count in the BAL fluid from CCR5�/� mice. *, P � 0.05; **, P � 0.01.
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chemokine-mediated cell trafficking is inhibited. Accordingly,
to further examine the effects of CCR5 on VACV dissemina-
tion, CCR5�/� mice were treated with 150 �g of TAK-779.
subcutaneously (49) 1 day prior to intranasal inoculation with
VACV and thereafter daily for 7 days p.i. At day 7 p.i. mice
were sacrificed, and their lungs and spleens were harvested and
analyzed for evidence of virus infection. Notably, treatment
with TAK-779 had no effect on lung viral titers but specifically
reduced VACV dissemination to the spleens. Specifically, lung
viral titers for both untreated and TAK-779 treated mice were
108 PFU/g tissue, whereas TAK-779 treatment resulted in re-
duced splenic virus titers from 1.2 �103 PFU/g tissue in un-
treated mice to 4 �102 PFU/g tissue in treated mice (data not
shown).

Synchronous effects of VACV infection on antigen-present-
ing cells in CCR5�/� and CCR5�/� mice. Circulating naïve T
cells encounter antigen in secondary lymphoid organs (spleens
and LNs) presented by antigen-bearing CD11c� DCs. In the
context of a pulmonary influenza virus infection, DCs in the
mLNs present virus-specific antigen to naïve T cells, thereby
invoking T-cell activation and proliferation and subsequent
egress. The data in Fig. 4A demonstrate an increase in
CD11c� DCs by day 7 p.i. with VACV in the mLNs of
CCR5�/� but not CCR5�/� mice, consistent with the increase
in T-cell numbers observed in the mLNs of CCR5�/� but not
CCR5�/� mice (Fig. 3C and D). By day 7 p.i., splenic DC
numbers in the CCR5�/� mice were elevated, yet they re-
mained unchanged in the CCR5�/� mice (Fig. 4B).

Similar to DCs, F4/80� mature macrophages function as
professional antigen-presenting cells. Accordingly, in time
course studies we examined the influence of VACV infection
on F4/80� cell counts in the mLNs and spleens of CCR5�/�

and CCR5�/� mice. Consistent with the DC data, we provide
evidence of an increase in F4/80� cells by day 7 p.i. in the

mLNs of CCR5�/� but not CCR5�/� mice (Fig. 4C). Addi-
tionally, by day 7 p.i. splenic F4/80� cell counts in the
CCR5�/� mice were elevated, yet they remained unchanged in
the CCR5�/� mice (Fig. 4D). Viewing these findings together,
we provide evidence that the higher viral loads in the lungs of
CCR5�/� mice result in increased mobilization of DCs and
macrophages as antigen-presenting cells.

CCR5 expression does not contribute to influenza A/WSN/33
virus infection. To evaluate whether this CCR5 dependence for
virus dissemination of a respiratory infection is VACV specific,
CCR5�/� and CCR5�/� mice were infected with 0.1 hemag-
glutinin unit (HAU) of influenza A/WSN/33 virus via intrana-
sal inoculation and monitored daily for symptoms of infection.
As shown in Fig. 5A, in time course studies, infection with this
dose of influenza A/WSN/33 virus resulted in approximately
5% weight loss in both CCR5�/� and CCR5�/� mice. We next
examined sections of lung tissues from infected mice for evi-
dence of cellular infiltrates. We observed an increase in cellu-
lar infiltrates into the lungs of both CCR5�/� and CCR5�/�

mice by days 3 and 6 p.i. (Fig. 5B). In addition, comparable
numbers of CD4�, CD8�, CD11c�, and F4/80� cells were
detected in the spleens and mLNs of CCR5�/�and CCR5�/�

infected mice on days 3 and 6 p.i. (data not shown).
We next examined the effects of higher inoculating doses of

influenza A/WSN/33 virus in CCR5�/� and CCR5�/� mice.
CCR5�/� and CCR5�/� mice were infected with 1 and 5 HAU
of influenza A/WSN/33 virus via intranasal inoculation and
monitored daily for symptoms of infection. In time course
studies both CCR5�/� and CCR5�/� mice exhibited weight
loss, with evidence of greater weight loss in CCR5�/� mice. On
days 9 and 10 p.i. with 1 HAU of virus, CCR5�/� and
CCR5�/� mice were euthanized, respectively, since they had
lost �20% of their original body weight. Similarly, all mice
infected with 5 HAU were sacrificed on day 5 p.i. because of

FIG. 3. VACV infection of CCR5�/� but not CCR5�/� mice influences the T-cell responses in secondary lymphoid organs. Groups of female
mice (n � 10), age 6 to 8 weeks, were infected with 104 PFU of EGFP-VACV by intranasal inoculation. Mice were euthanized at the indicated
times p.i., and CD3� CD4� and CD3� CD8� T-cell counts in the spleens (A and B) and mLNs (C and D) were determined by flow cytometry,
using PE-Cy5-conjugated anti CD4/CD8 and APC-conjugated CD3 antibodies. f, total CCR5�/� CD4�/CD8�; u, total CCR5�/� CD4�/CD8�.
Data are shown as mean cell counts 	 standard errors and are representative of two independent experiments. *, P � 0.05; **, P � 0.01.
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weight loss. Examination of lung tissue thin sections for evi-
dence of cellular infiltrates revealed extensive cellular infil-
trates into the lungs of both CCR5�/� and CCR5�/� mice
infected with 1 and 5 HAU of virus (data not shown). Flow
cytometry analysis provided evidence for higher CD4�, CD8�,
CD11c�, and F4/80� cell numbers in the BAL fluid of
CCR5�/� mice compared to CCR5�/� mice when infected
with 5 HAU of virus, in agreement with previously reported
data (29), and comparable infiltrating cell numbers by days 3
and 6 p.i. when mice were infected with 1 HAU of the virus
(data not shown). Similar numbers of CD4�, CD8�, CD11c�,
and F4/80� cells were observed in the spleens and mLNs of
CCR5�/�and CCR5�/� infected mice after infection with ei-
ther dose of influenza A/WSN/33 virus (data not shown).

Adoptive transfer of CCR5�/� leukocytes into CCR5�/�

mice restores susceptibility to VACV infection. To confirm that
CCR5 expression contributes to the pathogenesis of VACV
infection in vivo, we adoptively transferred bone marrow-
derived leukocytes from CCR5�/� donor to both CCR5�/�

and CCR5�/� recipient mice. CCR5�/� and CCR5�/� mice
were irradiated with a sublethal dose of 1,100 cGy and, at 4 h
postirradiation, received 106 hematopoietic leukocytes from
CCR5�/� donor mice. At 2 weeks posttransplantation, all mice
were infected with104 PFU of VACV by intranasal inoculation.
Mice were sacrificed at the indicated times p.i., at which times
BAL fluid was extracted and lungs, mLNs, and spleens har-
vested.

Adoptive transfer of bone marrow-derived hematopoietic
leukocytes from CCR5�/� mice into CCR5�/� mice partially
restored susceptibility to VACV infectivity, as measured by
viral titers in lung, BAL fluid, and spleens and corroborated by
the extent of CD4� and CD8� cell infiltrates into the BAL
fluid (Fig. 6). Specifically, the data in Fig. 6A indicate that
there were similar trends of increasing viral titers in the lungs,

BAL fluid, and spleens of both CCR5�/� and CCR5�/� mice
that received donor CCR5�/� leukocytes, albeit lower overall
titers in the CCR5�/� recipients. Furthermore, by day 7 p.i.
there was a fourfold increase in CD4� and an eightfold in-
crease in CD8� T-cell infiltrates in the BAL fluid of CCR5�/�

leukocyte recipients, compared with fourfold and sixfold in-
creases in CD4� and CD8� T-cell infiltrates in the BAL fluid
of the CCR5�/� recipients (Fig. 6B and C). Interestingly, when
comparing the CCR5�/� mice with CCR5�/� mice that re-
ceived donor CCR5�/� leukocytes, the latter displayed a sig-
nificant increase in the number of VACV-infected CD4� and
CD8� cells. The majority of these infected cells were CCR5
positive. Unlike the CCR5�/� mice, the CCR5�/� mice that
received donor CCR5�/� leukocytes had CD4� and CD8� T
cell numbers similar to those of the CCR5�/� mice in their
spleens (Fig. 6D and E) and mLNs (Fig. 6F and G).

The number of CD11c� cells increased significantly by day
3 p.i. in the BAL fluid (Fig. 6H), spleens (Fig. 6I), and mLNs
(Fig. 6J) of recipient CCR5�/� mice, and similar trends were
observed in the BAL fluid and mLNs of recipient CCR5�/�

mice that received donor CCR5�/� leukocytes. This increase
in CD11c� cells was not observed in the spleens of the
CCR5�/� mice that received donor CCR5�/� leukocytes
(Fig. 6I).

In other analyses, we examined F4/80� cell counts in the
BAL fluid, spleens, and mLNs of CCR5�/� and CCR5�/�

recipient mice at different times p.i. The results in Fig. 6 reveal
that adoptive transfer of CCR5�/� leukocytes into CCR5�/�

and CCR5�/� mice resulted in similar levels of F4/80� cells in
their BAL fluid (Fig. 6K), spleens (Fig. 6L), and mLNs
(Fig. 6M).

Viewed together, the data strongly support a role for the
donor CCR5�/� leukocytes in mediating permissiveness to
VACV infection and dissemination.

FIG. 4. VACV infection modulates CD11c� DC and F4/80� macrophage populations in the mLNs and spleens of CCR5�/� but not CCR5�/�

mice. CD11c� and F4/80� cell infiltration into the mLNs (A and C) and spleens (B and D) of EGFP-VACV-infected mice (104 PFU) was
determined by flow cytometry, using APC-conjugated anti-CD11c and PE-Cy5-conjugated anti-F4/80 antibodies. Data are presented as total cell
number infiltrate of CD11c�/F4/80cells. f, total CCR5�/� CD11c�/F4/80�; u, total CCR5�/� CD11c�/F4/80�. Data are shown as mean cell
counts 	 standard errors and are representative of two independent experiments. *, P � 0.05 **, P � 0.01.
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DISCUSSION

In an effort to recapitulate the human disease, we have
employed VACV as the surrogate for variola virus and the
respiratory tract as the site of virus inoculation (14, 46, 48).
The pathogenesis of VACV strain WR infection after intrana-
sal inoculation is extensive respiratory infection followed by
viremia leading to systemic infection, with considerable lethal-
ity at high doses of virus. The details of viral dissemination and
pathogenesis are not well understood. The rapid systemic in-
fection with WR is accompanied by dissemination of the virus
to the brain and visceral tissue, including the spleen. Infection
at nonlethal doses invokes immune cell infiltration to the lungs,
and the virus is cleared by 15 days p.i.

Here we provide an analysis of the cellular immune response
that accompanies intranasal VACV infection and demonstrate
the importance of CCR5 expression for viral dissemination in
a mouse model of the disease. VACV undergoes abortive
replication in DCs (13) and induces apoptotic cell death in
both DCs and macrophages (13, 24), whereas productive in-
fection occurs in activated, but not resting, T cells (10). Indeed,
following infection of mice with VACV, a robust T-cell re-
sponse is elicited, associated with activated VACV-specific
CD8� T cells and CD4� T cells (18, 41).

In activated T cells, susceptibility to infection is associated
with the expression of a binding receptor that is induced de

novo upon T-cell activation (10, 16). When human peripheral
blood T cells are activated with phytohemagglutinin and inter-
leukin-12 (25), we observe the inducible de novo ectopic ex-
pression of CCR5 (data not shown). We speculate that induc-
ible CCR5 expression upon T-cell activation may render cells
permissive to VACV replication. It has been suggested that the
productive infection of a subpopulation of activated T cells
may account for dissemination of the virus away from local
sites of inoculation (50), which is supported by our data here.

We provide several lines of evidence that suggest that traf-
ficking of CD4� and CD8� T cells expressing CCR5 to the
VACV-infected mouse lung is critical for subsequent dissem-
ination of the virus. First, VACV-inoculated CCR5�/� mice
displayed markedly reduced accumulation of CD4� and CD8�

T cells in their BAL fluid. Second, the majority of VACV
infected CD4� and CD8� T lymphocytes in BAL fluid of
CCR5�/� were CCR5 positive. Third, at the lower infecting
doses of VACV, there were reduced levels of virus in the
spleens and brains of CCR5�/� mice compared with CCR5�/�

mice. When bone marrow leukocytes from CCR5�/� mice
were adoptively transferred into CCR5�/�mice, we observed a
greater leukocyte accumulation in the BAL fluid of trans-
planted CCR5�/� mice after VACV infection, and this coin-
cided with viral dissemination to the spleen. Notably, although
VACV-infected DCs and macrophages were identified in the

FIG. 5. CCR5�/� mice are permissive for influenza A/WSN/33 virus infection. (A) Groups of female mice (n � 6), age 6 to 8 weeks, were
infected with 0.1 HAU influenza A/WSN/33 virus and body weight measured daily. Body weight loss was expressed as the mean percent weight
loss of animals at the indicated time points compared to that of controls 	 standard errors. f, CCR5�/�; u, CCR5�/�. (B) Lungs of mock- and
influenza A/WSN/33 virus-infected CCR5�/� and CCR5�/� mice harvested on days 3 and 6 p.i. were fixed in 2% paraformaldehyde and embedded
in paraffin, and 6-�m-thick histological sections were prepared and stained with hematoxylin and eosin.
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FIG. 6. Adoptive transfer of CCR5�/� leukocytes into CCR5�/� mice restores permissiveness to VACV infection. Hematopoietic leukocytes
from CCR5�/� mice were isolated and transplanted into irradiated CCR5�/� and CCR5�/� mice as described in Materials and Methods. After
2 weeks, transplanted mice were either mock or EGFP-VACV infected (104 PFU). (A) At the indicated times p.i., mice were euthanized and
VACV titers in lungs, BAL fluid, and spleens of recipient CCR5�/� (f)and CCR5�/� (u) mice were determined. The data are representative of
two independent experiments. The dotted line indicates the lower level of detection for VACV. ND, not detected. (B to M) Single-cell suspensions
from the BAL fluid, spleens, and mLNs of recipient CCR5�/� (f) and CCR5�/� (u) mice were obtained and stained with PE-Cy5-conjugated
anti-CD4/CD8/F480 and APC-conjugated anti-CD3/CD11c antibodies at the indicated time points. Values are the mean CD4� (B, D, and F) and
CD8� (C, E, and G) T-cell, CD11c� cell (H, I, and J), and F4/80� cell (K, L, and M) counts 	 standard errors from two independent experiments.
u, total VACV-infected CCR5�/� CD4�/CD8� cells; (�), total VACV-infected CCR5�/� CD4�/CD8�/CD11c�/F4/80�cells. *, P � 0.05; **, P �
0.01.
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lungs of infected mice, examination of the mLNs and spleens
of mice p.i. showed no evidence of infected DCs or macro-
phages, from which we infer that these immune cells are not
associated with harboring virus for viral dissemination. When
infected with a higher dose of VACV, CCR5�/� mice consis-
tently exhibited a level of resistance to infection. When in-
fected with 105 PFU of VACV, CCR5�/� mice lost approxi-
mately 14% of their body weight by day 7 p.i., whereas
CCR5�/� mice lost approximately 7% of their body weight.
When infected with 106 PFU of VACV, CCR5�/� mice lost
approximately 20% of their body weight by day 5 p.i., whereas
CCR5�/� mice reached 20% weight loss by day 7 p.i. Animal
ethics guidelines require euthanization of mice at 20% loss of
body weight; therefore, all mice were sacrificed when they
reached this weight loss. Accordingly, we are unable to deter-
mine whether the absence of CCR5 influences lethality or
mortality rates at this high inoculating dose of VACV. Never-
theless, a delay of 2 days in disease progression is notable given
the overwhelming viral inoculating dose. In addition, viral ti-
ters in the spleens and brains of the CCR5�/� mice were
reduced by more than twofold when mice were infected with
105 PFU. By day 3 p.i., viral titers in the spleens of the
CCR5�/� mice were reduced by more than a log fold, and
those in the brains were reduced by approximately fourfold,
compared to titers in the CCR5�/� mice. At the higher infect-
ing doses of VACV (105 and 106 PFU), lung viral titers were
indistinguishable between CCR5�/� and CCR5�/� mice, yet
VACV dissemination to the spleens and brains of CCR5�/�

mice was clearly reduced compared with that in CCR5�/�

mice, in support of a role for CCR5 in virus dissemination.
Administration of TAK-779, a CCR5 antagonist, reduced

viral dissemination to the spleens of CCR5�/� mice, with no
effect on viral lung titers. TAK-779 inhibits the migration of
leukocytes, including T cells, and abrogates CCR5-inducible
signaling in vivo (45, 49). The dose of TAK-779 administered
to the CCR5�/� mice may have been insufficient to inhibit all
expressed receptors (CCR5), which may have allowed for re-
sidual viral replication in the lung T cells. This would contrast
with the CCR5�/� mouse T cells, where no virus replication
would occur. In addition, given that VACV infects cells of
different lineages, including those that may not express CCR5,
we might expect viral replication to be unaffected in some cell
types. We speculate that a TAK-779-mediated reduction of
CCR5-positive T-cell trafficking to the primary site of infec-
tion, the lungs, together with the TAK-779 inhibition of CCR5-
mediated signaling in a percentage of these T cells, required
for VACV replication (24), may be reflected in the subsequent
reduction of VACV dissemination to the spleen. Taken to-
gether, these data further support our hypothesis that CCR5 is
important for VACV dissemination in vivo.

The role of CCR5 in viral pathogenesis is virus specific. In a
mouse model of West Nile virus infection, expression of CCR5
is crucial for viral clearance (16). Human immunodeficiency
virus utilizes CCR5 as a coreceptor to mediate virus entry into
target cells (32). In our studies, intranasal infection with influ-
enza virus A/WSN/33 resulted in similar symptoms of disease
in all mice, namely, weight loss and comparable influx of
CD4�, CD8�, CD11c�, and F4/80� cells in CCR5�/� and
CCR5�/� mice, in the different tissue compartments exam-
ined. These results are consistent with earlier studies that have

reported that CCR5 does not play a role in influenza A virus
pathogenesis (47). Infection of alveolar epithelial cells with the
mouse-adapted influenza A virus strain PR/8 strongly induces
the release of monocyte chemoattractants CCL2 and CCL5,
followed by a strong monocyte transepithelial migration. This
monocytic response is strictly dependent on CCR2, but not
CCR5, expression (11, 23). In fact, when infected with influ-
enza A virus, CCR5�/� mice exhibited a hyperinflammatory
response, expressed as increased pulmonary inflammation and
higher mortality (11). In a murine model of colitis, CCR5-
deficient mice showed increased infiltration of CD4� and
NK1.1� lymphocytes, along with a decrease in Th1 and an
increase in Th2 cytokine expression (2), providing additional
evidence that the absence of CCR5 expression per se does not
prevent immune cell trafficking to a site of infection or inflam-
mation. Of note, none of these studies address the heightened
immune response in the CCR5�/� mice.

Our data clearly show that the adoptive transfer of bone
marrow-derived CCR5�/� leukocytes into CCR5�/� mice par-
tially rescued the permissive phenotype to VACV. Specifically,
we observed increased infiltration of CD4� and CD8� T cells
as well as CD11c� and F4/80� cells into the lungs, and in-
creased VACV dissemination into the spleens, of transplanted
CCR5�/� mice.

Despite the reported redundancy associated with some che-
mokine-receptor interactions (3, 28, 33, 38, 47), here we pro-
vide evidence that CCR5 is important for the migration of T
cells into affected lungs following intranasal VACV infection.
Furthermore, the data demonstrate that CCR5 expression in T
cells contributes to dissemination of VACV beyond the lung
tissue. The data suggest that the role of CCR5 in VACV
infection is not redundant, and we infer that CCR5 may be
required for systemic VACV infection in vivo.
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