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Orthopoxviruses commonly enter into humans and animals via the respiratory tract. Herein, we show that
immigration of leukocytes into the lung is triggered via intranasal infection of mice with modified vaccinia virus
Ankara (MVA) and not with the vaccinia virus (VACV) Elstree, Wyeth, or Western Reserve (WR) strain. Immi-
grating cells were identified as monocytes, neutrophils, and CD4� lymphocytes by flow cytometry and could be
detected 24 h and 48 h postinfection. Using an in vitro chemotaxis assay, we confirmed that infection with MVA
induces the expression of a soluble chemotactic factor for monocytes, identified as CCL2 (monocyte chemotactic
protein-1 [MCP-1]). In contrast to infection with several other VACV strains, MVA induced the expression of CCL2,
CCL3, CCL4, and CXCL10 in the human monocytic cell line THP-1 as well as in primary human monocytes. Thus,
MVA, and not the VACV Elstree, Wyeth, or WR strain, consistently triggered the expression of a panel of
chemokines, including CCL2, in the murine lung, correlating considerably with the immigration of leukocytes.
Using CCL2-deficient mice, we demonstrate that CCL2 plays a key role in MVA-triggered respiratory immigration
of leukocytes. Moreover, UV irradiation of MVA prevented CCL2 expression in vitro and in vivo as well as
respiratory immigration of leukocytes, demonstrating the requirement for an activated molecular viral life cycle. We
propose that MVA-triggered chemokine expression causes early immigration of leukocytes to the site of infection,
a feature that is important for rapid immunization and its safety and efficiency as a viral vector.

The World Health Organization (WHO) announced the
worldwide eradication of smallpox at the end of the 1970s.
Nevertheless, the threat of an outbreak of smallpox or a small-
pox-like disease, either by natural means or via bioterrorism,
exists to this day. This danger was illustrated in 2003 by the
mini-epidemic of monkeypox in the U.S. Midwest (33). Thus,
a vaccine against smallpox is, even today, essential. Although
vaccination against smallpox using vaccinia virus (VACV) was
quite successful, the incidence of severe side effects prompted
the WHO to discontinue the use of the vaccine. Therefore,
there is currently still a need for an effective and safe vaccine
against smallpox.

Among the orthopoxviruses, VACV is frequently used to
study poxvirus infection, since it displays many properties of
variola virus, the etiologic agent of smallpox, including the
capability of modulating and suppressing the immune system
by means of expressing several immunoregulatory proteins
(44). The assumed natural primary infection site of variola
virus is considered to be the respiratory tract (5). Here, the
virus encounters lung epithelial cells, conventional dendritic

cells, and macrophages. More than three decades ago, viral
antigen was detected in alveolar macrophages after a sublethal
infection of rabbits with inhaled VACV by using immunoflu-
orescence assays (3). Additionally, under the electron micro-
scope, the cells obtained from repeated washing of rabbit lungs
demonstrated that VACV infects and replicates exclusively in
macrophages (18). Macrophages, the most abundant hemato-
poietic cell type in the lung, play a key role in antiviral immune
defense through the phagocytosis of infectious particles and
the production of reactive oxygen species as well as leuko-
trienes and inflammatory cytokines (14).

The coordinated migration, differentiation, and activation of
dendritic cells as well as lymphocytes are required for the
efficient elimination of microbes, including viruses, from the
lung (15). Activated alveolar macrophages, in particular, en-
hance the cellular immune response by triggering the immi-
gration of several leukocyte types into the lung owing to the
production of chemokines (35). The importance of alveolar
macrophages in limiting the replication of a recombinant
VACV strain Western Reserve (WR) was recently demon-
strated with mice (38). It is likely that the stimulation of cyto-
kine production contributed to the elimination of the virus. In
summary, the infection of resident alveolar macrophages with
orthopoxviruses and the subsequent upregulation of chemo-
kine expression attract several different leukocyte types, re-
presenting a critical event in antiviral defense.

A highly attenuated orthopoxvirus strain, modified VACV
Ankara (MVA), is being considered as a candidate for the
production of a vaccine against smallpox and as a viral vector
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in gene therapeutic protocols (9). MVA, administered intra-
nasally (i.n.) or intramuscularly as a short-term immunization,
has been proven to be protective against a lethal challenge with
the virulent VACV strain WR in a mouse model. In contrast,
the VACV strain Elstree failed to protect mice when admin-
istered intramuscularly 48 h before challenge but was effective
when the lethal challenge occurred 14 days postimmunization.
Interestingly, an elevated concentration of various types of
leukocytes, including monocytes, granulocytes, and T lympho-
cytes, was present in the lung 48 h after i.n. immunization with
MVA (46). This respiratory immigration of leukocytes was
most likely triggered by a chemoattractant factor produced by
resident lung cells due to infection with MVA. In order to
elucidate the mechanism underlying the migration of leuko-
cytes, pilot experiments were performed to test whether MVA
triggers the expression of a soluble factor capable of attracting
leukocytes, especially monocytes.

MATERIALS AND METHODS

Mice and viruses. C57BL/6 mice and C57BL/6 mice strain B6.129S4-
Ccl2tm1Rol/J, originally described by Lu et al. (29), were purchased from Charles
River (Bad Sulzfeld, Germany) and from the Jackson Laboratory (Bar Harbor,
ME), respectively. Mice were bred under specific pathogen-free conditions at the
facilities of the Paul-Ehrlich-Institut and the Helmholtz Zentrum München. The
experiments were performed in compliance with German animal welfare regu-
lations.

The German government provided VACV Elstree, also known as VACV
Lister. VACV WR and Wyeth strains were provided by Bernard Moss, NIH,
Bethesda, MD. VACV Elstree, WR, Wyeth, MVA (cloned isolate F6) (34, 48),
and recombinant MVA expressing the green fluorescent protein (GFP) gene
under the control of the VACV P7.5 early/late promoter (MVA-GFP) (45) were
propagated and titrated in chicken embryo fibroblasts (CEF) and purified by
sucrose density centrifugation using standard methodology (47). Unless other-
wise indicated, MVA was UV irradiated for 20 min at 4°C using a Stratalinker
UV Crosslinker 2400 (Stratagene, La Jolla, CA), which completely abrogated
viral gene expression as verified using fluorescence microscopy.

Cell culture and reagents. Monocytic THP-1 cells originating from the Deut-
sche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Ger-
many) were grown in very-low-endotoxin (VLE)-RPMI 1640 medium certified to
contain �0.01 endotoxin units/ml and supplemented with 10% fetal calf serum
(FCS) and 100 U/ml penicillin as well as 100 �g/ml streptomycin (all from
Biochrom AG, Berlin, Germany). CEF and rabbit kidney RK-13 cells (ATCC
CCL-37) were grown in minimal essential medium supplemented with 10% FCS.
All cell types were incubated at 37°C under 5% CO2 and 90% humidity.

Isolation and cultivation of primary human monocytes. The Institute for
Transfusion Medicine und Immunohematology, Frankfurt/Main, Germany,
kindly provided buffy coats from the blood of healthy volunteers. Leucosep tubes
with a porous barrier (Greiner Bio-One, Frickenhausen, Germany) filled with
Biocoll (Biochrom AG) were used to isolate peripheral blood mononuclear cells.
Subsequently, the monocyte fraction of peripheral blood mononuclear cells was
negatively isolated using a Monocyte Isolation Kit II and MACS separations
technology (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) according to
the manufacturer’s recommendations. Cells were then suspended in VLE-RPMI
1640 medium supplemented with 10% FCS, penicillin/streptomycin, OPI media
supplement Hybri-Max (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany),
and nonessential amino acids (Invitrogen) and incubated at 37°C under 5% CO2

and 90% humidity. After 1 h, the medium was changed to remove nonadherent
cells. Attached cells were further incubated overnight. Purity was tested routinely
using a LSR II flow cytometer (BD Biosciences, Heidelberg, Germany) and was
usually �95%.

Materials. Recombinant human CCL2/MCP-1, mouse anti-human CCL2/
MCP-1 monoclonal antibody clone 24822, anti-human CCL5/RANTES clone
21418, mouse immunoglobulin G1 (IgG1) isotype control monoclonal antibody
clone 11711, goat anti-human CCL2/MCP-1 polyclonal IgG, and CCL2/MCP-1
specific DuoSet enzyme-linked immunosorbent assay (ELISA) development kits
were purchased from R&D Systems, Inc. (Minneapolis, MN). Goat anti-rabbit
IgG was from Jackson ImmunoResearch Laboratories. Human recombinant

CXCL12 (SDF-1alpha and 7H-furo [3,2-g]benzopyran-7-one furo[3,2-g]couma-
rin (Psoralen) was obtained from Sigma-Aldrich (St. Louis, MO).

BAL and multiplex chemokine protein assay. Mice aged between 8 to 12
weeks were i.n. infected with MVA or the VACV Elstree, Wyeth, or WR strain
suspended in 30 �l of phosphate-buffered saline (PBS). Mice were killed after
24 h, 48 h, or 72 h, and lungs were inflated fivefold with 1 ml of cold VLE-RPMI
1640 medium containing 10% FCS by way of an i.v. Venflon Pro canula inserted
into the trachea. Bronchoalveolar lavage (BAL) fluid was centrifuged (1,500
rpm, 5 min), and the supernatant was frozen at �20°C until determination of
chemokine concentration. Cells obtained by BAL were washed twice and resus-
pended in fluorescence-activated cell sorter (FACS) buffer (PBS containing 1%
bovine serum albumin and 0.01% sodium azide) for subsequent analysis with
flow cytometry. Chemokine concentration in the supernatant of BAL fluid was
commercially analyzed by Immumed GmbH (Munich, Germany) using the rel-
evant Bio-Plex mouse cytokine assay and Bio-Plex suspension array System
(Bio-Rad Laboratories, Inc., Hercules, CA).

Flow cytometric analysis of cell surface markers. Single-cell suspensions of
BAL cells were incubated with Fc Block (BD Bioscience, San Jose, CA) and
stained with ethidium monoazide bromide in FACS buffer (see Fig. 4D and E
and Fig. 7H) on ice for 20 min to block Fc gamma receptors and for live/dead
discrimination, respectively. Cells were subsequently stained with fluorescein
isothiocyanate-labeled anti-CD11b (Caltag Laboratories/Invitrogen, Carlsbad,
CA), PE-labeled anti-Gr-1 (Ly-6C�Ly-6G), peridinin chlorophyll protein-la-
beled anti-CD4, and allophycocyanin-labeled anti-CD3 or isotype control anti-
bodies (BD Biosciences). Alternatively, cells were stained by using a Live/Dead
fixable violet dead cell stain kit (Invitrogen) in PBS (see Fig. 4A and B and Fig.
6) instead of ethidium monoazide bromide after staining of cell surface markers.
The complete cell suspension of each sample was analyzed using a BD FACS-
Canto flow cytometer (see Fig. 4D and E and Fig. 7H) or a BD LSR II flow
cytometer (see Fig. 4A and B and Fig. 6) and FlowJo software (Tree Star, Inc.,
Ashland, OR).

Human protein cytokine array. Cell culture supernatants were screened with
a RayBio human cytokine antibody array V (RayBiotech, Norcross, GA). The
assay was performed according to the manufacturer’s instructions. Chemilumi-
nescence signals were detected by a GelDoc 2000 gel documentation system
using a charge-coupled-device camera, and data were analyzed using Quantity
One Software (Bio-Rad).

RPA. In vitro transcription of the BD RiboQuant multiprobe template set
hCK-5 (BD Biosciences) and nonradioactive RNase protection assay (RPA)
were performed as previously described (23). RNA and biotin-labeled multiple
probes were separated on a 6% Tris-borate-EDTA urea gel (Anamed Elektro-
phorese GmbH, Groß-Bieberau, Germany), blotted onto a positively charged
GT Zeta-Probe nylon membrane (Bio-Rad), and cross-linked to the membrane
by UV treatment. Biotinylated RNA fragments were detected using a
North2South chemiluminescent hybridization and detection kit (Pierce Biotech-
nology, Inc., Rockford, IL). Chemiluminescence signals were detected by em-
ploying a GelDoc 2000 gel documentation system using a charge-coupled-device
camera, and data were analyzed with the help of Quantity One Software (Bio-
Rad). Alternatively, the membrane was exposed to Hyperfilm ECL (GE Health-
care, Munich, Germany).

Reverse transcriptase PCR (RT-PCR). Amplification of CCL2/MCP-1 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNAs were performed
as described previously (21, 25) with the help of 26 amplification cycles. Similarly,
amplification of the MVA 078R gene (GenBank accession no. AY603355) was
undertaken using the sense primer 5�-AATGTAGACTCGACGGATGAG-3�
and the antisense primer 5�-ACGCATCAGTATTACCAGGAG-3�, which were
designed using Primer3 software (40), resulting in a product size of 484 bp. All
oligonucleotides were synthesized by Eurofins MWG Operon GmbH (Ebers-
berg, Germany). PCR products were run using a 1.5% agarose gel and stained
with ethidium bromide. Gel pictures acquired by employing a gel imaging system
(Intas Science Imaging Instruments GmbH, Göttingen, Germany) were analyzed
using ImageQuant 5.2 software (Molecular Dynamics, Sunnyvale, CA).

Quantitative real-time RT-PCR. Total RNA was isolated via an RNeasy mini
kit (Qiagen, Hilden, Germany) and converted to cDNA with SuperScript II RT
(Invitrogen). cDNA was amplified using a ProbesMaster kit and a LightCycler
480 system (Roche Molecular Biochemicals, Mannheim, Germany). CCL2 was
amplified using primers 5�-TTCTGTGCCTGCTGCTCAT-3� (sense) and 5�-G
GGGCATTGATTGCATCT-3� (antisense) and Universal Probe Library (UPL)
probe 83; CXCL8 was amplified using primers 5�-AGACAGCAGAGCACACA
AGC-3� (sense) and 5�-ATGGTTCCTTCCGGTGGT-3� (antisense) and UPL
probe 72; and CXCL10 was amplified using primers 5�-GAAAGCAGTTAGC
AAGGAAAGGT-3� (sense) and 5�-GACATATACTCCATGTAGGGAAGTG
A-3� (antisense) and UPL probe 34. Oligonucleotides were synthesized by
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Eurofins MWG Operon GmbH, and probes were purchased from Roche. Each
PCR setup included standard and no-template controls. The gene copy number
was calculated from serially diluted plasmids (5 � 102 to 5 � 107 RNA equiva-
lents). H2O served as the negative control. Amplification of GAPDH was per-
formed as previously described (42).

Chemotaxis assay. Monocytic THP-1 cells were assayed in 96-well Multi-
Screen-MIC plates equipped with hydrophilic polycarbonate filters (8.0-�m
pore size; Millipore Corp., Billerica, MA) as previously described (22). Cells
that had migrated into the lower chambers were subsequently fixed with 1%
paraformaldehyde, and the number of was cells determined by means of a BD
LSR II flow cytometer and BD TruCount beads. Data were analyzed using
BD Diva software (BD Biosciences). The chemotaxis index is defined as the
ratio of the number of cells that migrate (cells in the lower chamber) in
response to a stimulus, e.g., cell culture supernatants from MVA-infected
cells or recombinant chemokines, to cells that migrate toward cell culture
supernatants of mock-treated cells or VLE-RPMI 1640 medium supple-
mented with 0.5% FCS, respectively.

Statistical analysis. GraphPad Prism 4 (GraphPad Software, Inc., San Diego,
CA) was used for statistical analysis. The two-tailed Mann-Whitney test was
utilized to compare groups; a P value of less than 0.05 was considered significant.

RESULTS

MVA infects human monocytic THP-1 cells and induces the
release of a soluble chemotactic factor. Alveolar macro-
phages, an abundant cell type in the lung, are susceptible to
viral infection, including infection by VACV (7, 18, 38). In
addition, human monocytes have also been successfully in-
fected with MVA (41). Therefore, in order to establish a
reliable and highly reproducible human cellular model to
examine the interactions between VACV and macrophages,
the human cell line THP-1, a common cell type employed to
study monocyte/macrophage functions (2), was tested for its
infectibility with MVA. Here, MVA-GFP was used to mon-
itor infection of THP-1 cells. After 16 h, fluorescence mi-
croscopy and FACS analysis demonstrated, first, that MVA
infects THP-1 cells, and second, that the percentage of in-
fected cells depended on the multiplicity of infection (MOI)
applied. The percentage of infected cells, consistent with the
MOI applied, was between 14% and 67%. Notably, a higher
MOI decreased cellular viability (Fig. 1A). As expected,
MVA could not productively infect THP-1 cells (Fig. 1B).
This result is well in line with previous data reporting on the
abortive nature of VACV infection in primary human mac-
rophages or monocyte-derived dendritic cells (4, 19). UV-
treated cellular supernatants from the MVA-GFP-infected
THP-1 cells were shown to contain a factor capable of in-
ducing chemotaxis of naive THP-1 cells. Indeed, even su-
pernatants from cells infected with a MOI of 0.5 significantly
induced chemotaxis of THP-1 cells compared to superna-
tants of mock-infected cells. Moreover, maximal chemotac-
tic activity was seen in supernatants from cells infected with
a MOI of 4. Recombinant CXCL12 (SDF-1alpha), previ-
ously determined as efficiently inducing chemotaxis of
THP-1 cells (24) was used as a positive control stimulus
(Fig. 1C).

Detection of differentially expressed proteins in superna-
tants of MVA-infected THP-1 cells. Cellular supernatants from
MVA-infected THP-1 cells were screened to identify potential
factors mediating chemotaxis by employing a protein array
capable of detecting 79 different cytokines, chemokines, and
growth factors simultaneously. The supernatant from mock-
treated THP-1 cells was analyzed concurrently and served as

the control. A quantitative comparison of each individual sig-
nal from both arrays revealed that 23 proteins of various con-
centrations were present in the culture supernatant (Fig. 2). Of
the 23 proteins, six chemokines were upregulated: GRO
(CXCL1/CXCL2/CXCL3), interleukin-8 (IL-8; CXCL8),
MCP-1 (CCL2), MIP-1beta (CCL4), eotaxin 2 (CCL24), and
IP-10 (CXCL10). Three chemokines were downregulated:
SDF-1alpha (CXCL12), PARC (CCL18), and PIGF. More-
over, high concentrations of IL-1alpha and oncostatin M were
found in the supernatants of mock-infected cells, but remark-
ably lower concentrations were found in the supernatants of
MVA-infected cells.

MVA induces chemokine expression in monocytic THP-1
cells, primary human monocytes, and the murine lung. To
investigate the ability of MVA to induce chemokine mRNA
in a qualitative and temporal manner, a kinetic analysis of
eight different chemokine mRNAs, including CCL1 to -5,
CXCL8, CXCL10, and XCL1, was performed. As shown by
multiprobe RPA, MVA transiently induced CCL2, CCL3,
CCL4, and CXCL10 mRNA in THP-1 cells. The highest
chemokine mRNA concentrations were detected 6 h postin-
fection (p.i.). CXCL8 mRNA and CCL1 (I-309) as well as
XCL1 (lymphotactin) were not induced in MVA-infected
cells. Total RNA from mock-infected cells served as the
negative control, and as previously shown, the constitutive
expression of CCL5 (RANTES) in THP-1 cells was con-
firmed (24). GAPDH and the ribosomal L32 protein mRNA
used for normalization displayed equal quantities in all sam-
ples investigated (Fig. 3A, left panel). Additionally, multi-
probe RPA showed that the VACV strain Elstree was not
capable of inducing chemokines (Fig. 3A, right panel). This
result was confirmed by RT-PCR (M.H.L., unpublished
data). Upregulation of CCL2 expression was also demon-
strated at the protein level in MVA-infected THP-1 cells.
Cell supernatants analyzed using a CCL2-specific ELISA
revealed that high CCL2 concentrations were detected when
cells were infected with a MOI of 2 or 4 (Fig. 3B, left panel),
which corresponded well with the chemotactic potential of
these supernatants (Fig. 1C). Additionally, a kinetic analysis
disclosed that CCL2 protein secretion began between 4 and
6 h p.i. (Fig. 3B, right panel).

In primary human monocytes, MVA triggered CCL2 protein
secretion when cells were infected with a MOI between 0.025 and
0.5. Higher MOIs had less effect. Elevated concentrations of
CCL2 were detectable 6 h p.i. and 24 h p.i. (Fig. 3C, left and
middle panels). Only small amounts of CCL2 protein were de-
tected when primary human monocytes were infected with
VACV Elstree or VACV Wyeth or VACV WR (Fig. 3C, right
panel).

Previously, it has been shown that i.n. immunization of
BALB/c mice with MVA triggers respiratory immigration of
leukocytes, which can be detected 48 h p.i. (46). Although
CCL2, CCL3, and CXCL1 (KC; GRO-1) concentrations
were maximal between days 7 and 10 in the BAL fluid of
BALB/c mice after i.n. infection with sublethal doses of
VACV WR, these chemokines were not detected before day
3 p.i. (37). Obviously, the kinetics of chemokine expression
and subsequent immigration of leukocytes triggered by
MVA is not the same as that generated by VACV WR.

Thus, to determine if and when CCL2, CCL3, CCL4, and
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CXCL1 are detectable in the BAL fluid of C57BL/6 mice after
i.n. infection with MVA, several separate tests were per-
formed. The analysis revealed that all tested chemokines were
significantly induced in mice infected with 1 � 107 PFU by day
2 p.i. The concentrations of chemokines were dependent on
the amount of PFU administered and were higher on day 2 p.i.
than on day 3 p.i., although up to sixfold more PFU were
administered in the day-3-p.i. group. In particular, CCL2 and

CXCL1 were present at the highest concentration in BAL fluid
from mice infected with 1 � 107 PFU analyzed on day 2 p.i.
and in BAL fluid from mice infected with 6 � 107 PFU ana-
lyzed on day 3 p.i., respectively (Fig. 3D).

Only MVA, and not the VACV Elstree, Wyeth, or WR strain,
triggers early respiratory immigration of leukocytes and che-
mokine expression. Since we have shown in vitro that trigger-
ing of chemokine expression is a particular characteristic of

FIG. 1. MVA infects but does not replicate in human monocytic THP-1 cells and causes the secretion of a soluble chemotactic factor. (A) THP-1
cells were infected with MVA-GFP at the indicated MOIs and incubated for 16 h. Cells were analyzed by fluorescence microscopy (upper panel) and
flow cytometry (lower panel). A Zeiss Axiovert 25 microscope with an Osram HBO 50-W mercury short arc lamp (Carl Zeiss Jena GmbH, Jena,
Germany), an excitation filter from 450 nm to 480 nm, and a long pass filter at 520 nm was used. Original magnification, �100. Bright light (BL) and
fluorescence light (FL) A BD FACSCalibur flow cytometer and BD CellQuest software (BD Biosciences) were employed for flow cytometric analysis.
(B) THP-1 cells (1 � 106) were seeded per well of a six-well plate and infected with MVA at a MOI of 0.05. Virus had been adsorbed to the cells for
1 h at 37°C. Subsequently, cells were washed twice and incubated at 37°C in culture medium supplemented with 2% FCS. Supernatants and cells were
harvested at the times indicated. Determination of virus titer was performed as described in Materials and Methods. CEF were used as positive control
cells, and RK-13 cells were used as the negative control. (C) Cell culture supernatants from 16-h-incubated MVA-infected or mock-infected THP-1 cells
were used to perform a chemotaxis assay. Recombinant CXCL12 (SDF-1alpha) (25 ng/ml) was used as a positive control stimulus. Noninfected monocytic
THP-1 cells were added into the upper part of the chemotaxis unit and allowed to migrate for 2 h into the lower part. Subsequently, cell numbers in the
lower part were counted and chemotaxis indexes were calculated as described in Materials and Methods. Results from one representative experiment
of two independent experiments are shown. Data are means � standard errors of the means (SEM) (n 	 4). *, P � 0.05.
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MVA (Fig. 3), we wondered whether this could be of relevance
in vivo. Consequently, we infected mice i.n. with one of these
strains: MVA, VACV Elstree, VACV Wyeth, or VACV WR.

BAL was performed 24 h p.i., and cells were identified by
their respective cell surface markers. In contrast to MVA, the
effect of VACV Elstree, Wyeth, and WR on immigration of
monocytes, neutrophils, and lymphocytes into the murine lung
was of the same magnitude as that in mock-treated mice. The
analysis was restricted to the CD11b�, Gr-1� monocyte sub-
population (30), neutrophils (CD11b�, Gr-1high) (11), CD3�

lymphocytes, and CD4� T cells. Two additional cell popula-

tions were detected: CD11b, Gr-1 double-positive cells, which
were detected in the dot plot between the monocyte and neu-
trophil cell populations, and a CD11b�, Gr-1� cell population,
which were not analyzed further (Fig. 4A and B). When mice
were infected with MVA or VACV Elstree and BAL was
performed 48 h p.i., the cell number was higher in MVA-
infected mice than that determined at 24 p.i. As at 24 h p.i., the
number of all cell types investigated was significantly lower in
VACV Elstree-infected mice than in MVA-infected mice (Fig.
4D and E).

Additionally, BAL fluids obtained at 24 h p.i. were investi-

FIG. 2. Detection of differentially expressed proteins in supernatants of MVA-infected THP-1 cells. (A) Scheme of the spotted primary
antibodies on the RayBio human cytokine antibody array V. (B) Images after chemiluminescence detection of supernatants from MVA-infected
(MOI of 4) and mock-infected THP-1 cells, which were incubated in VLE-RPMI 1640/0.5% FCS for 16 h. (C) List of differentially regulated
proteins. The ratios indicated are calculated by using the intensities of the corresponding protein spots after background (Neg) correction and
normalization of the intensities according to the mean intensities of the positive controls (Pos).
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FIG. 3. MVA triggers expression of CCL2 in vitro and in vivo. (A) THP-1 cells were seeded at a density of 1 � 106 cells/ml, infected with
MVA at a MOI of 4, and incubated for the times indicated (left panel) or were infected with VACV Elstree at the indicated MOIs and
incubated for 6 h (right panel). Total RNA was isolated from infected and mock-infected cells and analyzed by Multiprobe RPA using
biotinylated hCK-5 as the probe. (B) THP-1 cells were infected with MVA at the indicated MOIs and incubated for 16 h (left panel) or were
infected with MVA at a MOI of 4 and incubated for the times indicated (right panel). Cellular supernatants were analyzed by means of a
CCL2-specific ELISA. Data are means � SEM from three (left panel) and two (right panel) independent experiments. (C) Primary human
monocytes were infected with MVA (left and middle panels) or VACV Elstree or VACV Wyeth or VACV WR at the indicated MOIs and
incubated for the indicated times. Cellular supernatants were analyzed by means of a CCL2-specific ELISA. Data are means � SEM from
at least three independent experiments. (D) Mice were i.n. infected with MVA at PFU as indicated, BAL was performed after 2 days p.i.
(left panel) and 3 days p.i. (right panel), and chemokine concentrations were determined by multiplex bead-based technology. Mice that
inhaled equal volumes of PBS served as the control (Mock). Data are medians � SEM. (n 	 5 to 9 [left panel]; n 	 3 [right panel]). **,
P � 0.01; ***, P � 0.001.

2545

 at G
S

F
/Z

E
N

T
R

A
LB

IB
LIO

T
H

E
K

 on O
ctober 5, 2009 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


2546

 at G
S

F
/Z

E
N

T
R

A
LB

IB
LIO

T
H

E
K

 on O
ctober 5, 2009 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


gated for the presence of CCL2, CCL3, CCL4, and CXCL1.
CCL2 was strongly induced only in MVA-infected cells, was
found at very low levels in VACV Elstree-infected mice, and
was found not at all in VACV Wyeth- and VACV WR-infected
mice. MVA also induced CCL3 and CCL4, but at very low
levels compared to those of CCL2. CXCL1 was induced by the
MVA, VACV Elstree, and VACV WR strains but not by the
VACV Wyeth strain (Fig. 4C).

CCL2 is the main chemotactic factor for monocytic THP-1
cells secreted by MVA-infected THP-1 cells or MVA-infected
primary human monocytes. The six upregulated chemokines
detected in the supernatants of MVA-infected THP-1 cells
using the protein array induce the chemotaxis of the following:
CCL2 (MCP-1) induces chemotaxis of monocytes (26) and T
cells (28); CCL3 (MIP-1alpha) and CCL4 (MIP-1beta) induce
monocytes, T cells, NK cells, dendritic cells, and eosinophils
(39); CCL24 (eotaxin 2) induces eosinophils and basophils
(12); CXCL10 (IP-10) induces monocytes and T cells (49);
and CXCL1/CXCL2/CXCL3 (GRO-1/GRO-2/GRO-3) and
CXCL8 (IL-8) are chemoattractants for neutrophils (20, 39).

To determine which of the chemokines secreted by MVA-
infected cells has the most functional relevance in triggering
chemotaxis of monocytes, we performed a chemotaxis assay
using neutralizing antibodies. Since CCL2 was detected but the
other CCL2 receptor ligands were not, we focused on investi-
gating CCL2. To begin with, supernatants of MVA-infected
and mock-infected cells were incubated either with antibodies
certified to exclusively neutralize the chemotactic activity of
CCL2 or with isotype-matched control antibodies. Next, a che-
motaxis assay with naive THP-1 cells, previously shown to
express the CCR2 receptor (22), was undertaken. Cell migra-
tion induced by supernatants both of MVA-infected THP-1
cells and of primary human monocytes was significantly re-
duced by the antibody neutralizing the chemotactic activity of
CCL2 and reached the level achieved with supernatants of
mock-infected cells. Control antibodies did not reduce chemo-
taxis of THP-1 cells. Both a polyclonal set of anti-CCL2/
MCP-1 and isotype-matched control antibodies (data not
shown) and a monoclonal set were applied (Fig. 5, upper and
middle panels). To compensate for a potential effect of IgG on
THP-1 chemotaxis, as previously reported for neutrophils (43),
supernatants of mock-infected cells were also treated with the
antibodies applied. It appears that THP-1 cell migration is
slightly increased in the presence of anti-CCL5 antibody or
isotype control antibody, a result which has previously been
reported (24). Moreover, to demonstrate the functionality of

the antibody sets, recombinant CCL2 protein was used simul-
taneously as a positive control stimulus for THP-1 chemotaxis
(Fig. 5, lower panel).

MVA-triggered immigration of leukocytes is reduced in
CCL2 KO mice. In order to test the importance of CCL2 for
MVA-triggered respiratory immigration of leukocytes, CCL2-
deficient (CCL2 knock-out [CCL2 KO]) mice were used. First,
mice were verified for the right genotype. By performing a
specific PCR protocol provided by the Jackson Laboratory, we
obtained a PCR product of about 888 bp when applying wild-
type-specific PCR and 500 bp when applying mutant (CCL2
KO)-specific PCR. The PCR products met the expectation
(Fig. 6A). Subsequently, the mice were i.n. infected with MVA,
and BAL was performed at 48 h p.i., after which the cells were
analyzed by flow cytometry as described above (Fig. 6B). The
analysis revealed that i.n. infection of CCL2 KO mice with
MVA led to significantly less immigration of monocytes, lym-
phocytes, and CD4� lymphocytes into the lung compared to
that seen with wild-type mice. Neutrophils were also reduced,
but the decrease was not statistically significant (Fig. 6C).

MVA-induced chemokine expression depends on viral nu-
cleic acid synthesis. In order to acquire an approximate un-
derstanding of the mechanism underlying the activation of
chemokine expression by MVA, the virus was irradiated for 20
min with UV prior to infection of monocytic THP-1 cells. Total
RNA was isolated 6 h p.i. and analyzed by multiprobe RPA. As
shown in Fig. 3A, MVA induced CCL2, CCL3, CCL4, and
CXCL10 mRNA; this induction was completely abolished
when UV-treated MVA was used. As expected, constitutive
expression of CCL5 was not affected, and the housekeeping
genes L32 and GAPDH displayed equal quantities of all sam-
ples (Fig. 7A). The efficiency of UV treatment on viral RNA
synthesis was verified with RT-PCR using a specific primer pair
for amplification of the VACV gene 078R. UV treatment of
MVA significantly reduced 078R and CCL2 mRNA to back-
ground levels. GAPDH was used to normalize the 078R and
CCL2 mRNA quantities (Fig. 7B). Additionally, concentra-
tions of CCL2, CXCL8, and CXCL10 mRNA were determined
using quantitative real-time RT-PCR and normalized to
GAPDH. The analysis revealed that CCL2 and CXCL10 were
strongly upregulated in MVA-infected THP-1 cells. CXCL8,
which was detected by the protein array (Fig. 2) but not by
RPA, was only slightly increased. This discrepancy can proba-
bly be explained by the fact that MVA-induced CXCL8 ex-
pression is not primarily at the transcriptional level. UV treat-
ment of MVA significantly reduced CCL2, CXCL8, and

FIG. 4. MVA, but not VACV Elstree, Wyeth, or WR, triggers early respiratory infiltration of leukocytes and CCL2 expression in vivo. (A) Mice
were i.n. infected with 1 � 107 PFU of MVA or VACV Elstree, Wyeth, or WR. An equal volume of PBS was used as the control (Mock). Cells
in the lung were recovered at 24 h p.i. by BAL and analyzed by flow cytometry. Monocytes, neutrophils, and lymphocytes were identified by their
surface expression profile of CD11b, Gr-1 (Ly-6C�Ly-6G), CD3, or CD4, respectively. A representative plot is shown. (B) Summary of the analysis
from BAL 24 h after i.n. infection of six mice per group (Mock, MVA, Elstree, Wyeth, WR). Columns represent the mean cell number of each
individual cell population � SEM. **, P � 0.01 (C) Chemokine concentration in BAL fluid of mice was determined at 24 h p.i. by multiplex
bead-based technology. Mice that inhaled equal volumes of PBS served as the control (Mock). Data are medians � SEM (n 	 6). (D) Mice were
i.n. infected with 1 � 107 PFU of MVA or VACV Elstree. An equal volume of PBS was used as the control (Mock). Cells in the lung were
recovered at 48 h p.i. by BAL and analyzed by flow cytometry as described for panel A. A representative plot is shown. (E) Summary of the analysis
from BAL 48 h after i.n. infection of four mice per group (Mock, MVA, Elstree). Columns represent the mean cell number of each individual cell
population � SEM. *, P � 0.05. Results of one representative experiment of two independent experiments are shown. Mo, monocytes; PMN,
polymorphonuclear neutrophils; Ly, lymphocytes.
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CXCL10 mRNA to background levels (Fig. 7C). Supernatants
of THP-1 cells were analyzed using a CCL2-specific ELISA at
8 h p.i., and treating MVA either with Psoralen/UV for 5 min
or by heating at 75°C for 20 min prevented CCL2 protein
secretion, confirming the results obtained with multiprobe
RPA, RT-PCR, and quantitative real-time PCR (Fig. 7D).

Supernatants of primary human monocytes infected with MVA
(MOIs of 0.05 and 0.01) for 6 h, 16 h, and 24 h were analyzed
using a CCL2-specific ELISA. Treatment of MVA either with
UV or by heating at 75°C for 20 min prevented CCL2 protein
secretion, confirming the results obtained from THP-1 cells
(Fig. 7E). Moreover, RNA of primary human monocytes in-
fected with MVA was analyzed by quantitative real-time RT-
PCR. Increased concentrations of CCL2 and CXCL10 mRNA
were found at 3 h and 6 h p.i.; however, CXCL8 was only
slightly increased. UV treatment of MVA significantly reduced
CCL2, CXCL8, and CXCL10 mRNA to background levels,
confirming the results obtained with THP-1 cells (Fig. 7F).

In addition, the effect of UV treatment on the ability of
MVA to trigger chemokine expression was investigated in vivo.
Therefore, mice were i.n. infected with MVA and UV-treated
MVA, and CCL2, CCL3, and CXCL1 concentrations were
determined after 24 h in the BAL fluids. Results show that
CCL2 was detected exclusively in mice infected with MVA, not
in mice infected with UV-treated MVA or in mock-infected
mice. CCL3 was detected in MVA-infected mice at a very low
concentration as well as in one out of five mice infected with
UV-treated MVA but was not infected in mock-infected mice.
Although CXCL1 concentration was highest in the BAL fluid
of mice infected with MVA, UV treatment of MVA resulted in
its reduction at the level detected in mock-infected mice
(Fig. 7G).

MVA-induced immigration of leukocytes into the lung de-
pends on viral nucleic acid synthesis. In order to test whether
immigration of leukocytes into the lung also depends on viral
nucleic acid synthesis, mice were i.n. infected with either 1 �
107 PFU MVA or UV-treated MVA. BAL was performed at
24 h and at 48 h p.i.; subsequently, cell types and numbers were
analyzed by flow cytometry as described above.

Already at 24 h after infection, an elevated number of mono-
cytes (CD11b�, Gr-1�), neutrophils (CD11b�, Gr-1high), and
CD3� lymphocytes was detected in the BAL fluid of mice
infected with MVA; this number further increased at 48 h.
Treatment of MVA with UV almost completely abolished this
cellular immigration (Fig. 7H), which corresponded well with
the amount of chemokines detected in the respective BAL
fluid (Fig. 7G).

DISCUSSION

Coordinated migration, differentiation, and activation of
dendritic cells and lymphocytes are required for an efficient
elimination of microbes, such as viruses, from the lung (15).
Orthopoxviruses, like other viruses, have developed efficient
strategies to prevent or even to delay these elimination pro-
cesses (44). Previously, it was shown that VACV WR pre-
vented immigration of leukocytes into the lung by means of an
as-yet-unknown mechanism until day 7 after i.n. infection of
mice (37). Here, we show that MVA but not VACV Elstree,
Wyeth, or WR triggered early immigration of leukocytes into
the lung.

To elucidate the underlying mechanism, we first sought to
identify the chemokines that are differentially induced by
MVA. In the supernatants of MVA-infected human monocytic
THP-1 cells and primary human monocytes, as well as in the
BAL fluid of mice i.n. infected with MVA, we found several

FIG. 5. CCL2 is the main chemotactic factor in the culture super-
natants of MVA-infected monocytic THP-1 cells and primary human
monocytes. Cell culture supernatants from THP-1 cells (upper panel)
and primary human monocytes (middle panel) infected with MVA
(MOI of 4 or 0.05, respectively) were placed into the lower part of the
chemotaxis unit. Supernatants and rCCL2-containing wells (lower
panel) were incubated with anti-CCL2 antibodies or IgG1 isotype
control antibodies for 30 min. Naive THP-1 cells were the placed into
the upper part. Cells in the lower part were counted after 2 h, and
chemotaxis index was calculated as described in Materials and Meth-
ods. Data are means � SEM (n � 4). *, P � 0.05; **, P � 0.01. Ab,
antibodies.
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chemokines that are capable of attracting leukocytes, including
monocytes/macrophages, T cells, and neutrophils. These find-
ings are in line with the ability of MVA to induce chemokine
expression in immature human monocyte-derived dendritic

cells (16). Moreover, herein, we identified CCL2 as the main
CC chemokine attracting the monocytes by using an in vitro
chemotaxis assay. In our murine i.n. infection model, CCL2
expression in the lung correlated well with the immigration of

FIG. 6. MVA-triggered infiltration of leukocytes is reduced in CCL2 KO mice. (A) Genotyping of wild type (WT) and CCL2 KO (�/�) mice. Primer
pairs were used and PCR was performed as recommended by the Jackson Laboratory. Phage X174 DNA-HaeIII digest and 
 DNA-HindIII digest served
as a molecular weight marker (M). (B) Mice were i.n. infected with 1 � 107 PFU of MVA, BAL was performed at 48 h p.i., and cells were analyzed by
flow cytometry as described for Fig. 4A. Mo, monocytes; PMN, polymorphonuclear neutrophils; Ly, lymphocytes. (C) Summary of the analysis of at least
seven mice per group from two separate experiments. Columns represent the mean cell number of each individual cell population � SEM. ***, P � 0.001.
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FIG. 7. UV treatment of MVA prevents CCL2 expression and respiratory immigration of leukocytes. (A) THP-1 cells were infected with MVA (MOI of
4) or UV-treated MVA. Total RNA was isolated for 6 h p.i. and analyzed with RPA. RNA isolated from cells just before infection (0 h) and after mock treatment
(Mock) served as negative controls. (B) RNA was analyzed using CCL2-, 078R-, and GAPDH-specific RT-PCR (upper panel). The ratios of CCL2 and viral
078R to GAPDH intensities were determined, and the values obtained from the MVA-infected cells were set to 100% (lower panel). (C) RNA of THP-1 cells
was analyzed with quantitative real-time RT-PCR specific for CCL2, CXCL8, CXCL10, and GAPDH. The ratio of chemokine quantity to GAPDH quantity
is given in arbitrary units. Data are means � standard deviations. (D) THP-1 cells were infected with MVA (MOI of 4) or with MVA treated with Psoralen/UV
for 5 min or with heat (75°C) for 20 min. Cell culture supernatants were collected at 8 h p.i., and CCL2 protein concentrations were determined by ELISA. Cell
culture supernatant taken just before infection of the cells (0 h) and from mock-treated cells (Mock) served as negative controls. Data are means � SEM from
two independent experiments. (E) Primary human monocytes were infected with MVA (MOI of 0.05) or MVA treated with UV or with heat (75°C) for 20 min.
Cell culture supernatants were collected at 6 h, 16 h, and 24 h p.i., and CCL2 protein concentrations were determined by ELISA. Cell culture supernatant from
mock-treated cells (Mock) served as the negative control. Data are means � SEM from five independent experiments. (F) RNA of primary human monocytes
was isolated 3 h or 6 h p.i. and analyzed with quantitative real-time RT-PCR specific for CCL2, CXCL8, CXCL10, and GAPDH. The ratio of chemokine
concentration to GAPDH levels is given in arbitrary units. Data are means � standard deviations. (G) Mice were i.n. infected with 1 � 107 PFU of MVA or
UV-treated MVA. Mice that had inhaled equal volumes of PBS served as the control. BAL was performed 24 h p.i., and chemokine concentrations were
determined. Data are means � SEM. (n 	 5). *, P � 0.05. (H) Mice were i.n. infected with 1 � 107 PFU of MVA or MVA that has been treated with UV.
An equal volume of PBS was used as the control (Mock). Cells in the lung were recovered 24 h or 48 h p.i. by BAL and analyzed by flow cytometry. Macrophages,
neutrophils, and lymphocytes were identified by their surface expression profile of CD11b, Gr-1 (Ly-6C�Ly-6G), and CD3, respectively. Columns represent the
mean cell number of each group � SEM. At least three mice per group in one experiment were used. Results of one representative experiment of three
independent experiments are shown.
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monocytes/macrophages and T cells, which are known to re-
spond to this chemokine via their CCR2 receptor (27, 52).
Additionally, using CCL2-KO mice, we show that CCL2 re-
presents a key chemokine for MVA-triggered immigration of
monocytes as well as lymphocytes into the lung. The reduced
number of neutrophils in MVA-infected CCL2 KO mice com-
pared to that in MVA-infected wild-type mice was an unex-
pected finding. Perhaps the lack of CCR2-positive monocytes,
which has been shown to promote immigration of neutrophils
into the alveolar space (31), could be a possible reason for this
phenomenon. Recently, it was shown that MVA elicited a
more-rapid immune response after a single vaccination than
the Dryvax vaccine in a monkeypox virus challenge model (10).
A similar capability of MVA was previously shown in the
mouse model that used lethal doses of VACV WR (32, 46, 51).
Taken together, the early recruitment of leukocytes to the site
of infection, which is triggered by MVA, permit the establish-
ment of a rapid antiviral immunity. This is most probably due
to its rapid ability to induce chemokines, especially CCL2,
which we show is a particular characteristic of this attenuated
VACV strain. Formerly, the importance of CC chemokines for
the host-virus interaction of orthopoxviruses was recognized by
the finding that a few VACV strains, e.g., Elstree, encode a
chemokine binding protein (vCKBP) that efficiently binds to
and neutralizes the action of CC chemokines, but not C, CXC,
and CX3C chemokines (1, 6).

Further, we have shown that heat- and UV-treated MVA
did not trigger chemokine expression and respiratory immigra-
tion of leukocytes, indicating the importance of an active viral
molecular life cycle. Furthermore, the potential impurity of the
virus preparation played no role in this regard. We conclude
that an interaction of the virus with potential cell membrane
receptors was neither necessary nor sufficient to trigger che-
mokine expression. However, both the exact molecular mech-
anism induced by MVA that is responsible for leukocyte re-
cruitment into the lung and how the effect can be inhibited by
other VACV strains has not yet been identified and could be a
subject for further studies.

Interestingly, NYVAC (16) and the VACV strains Elstree,
Wyeth, and WR that did not induce chemokine expression as
shown in this study, encode several proteins capable of block-
ing activation of NF-�B (8, 13, 17). NF-�B is an important
transcription factor for several chemokines, including CCL2
(50), and it is activated exclusively by MVA (36). Hence, pre-
vention of leukocyte immigration by blocking transcriptional
activation of chemokines seems to be an additional option for
poxviruses to evade host immune surveillance.

Finally, we maintain that the failure of MVA to prevent
chemokine expression and early immigration of leukocytes
contributes to its attenuated phenotype and potential as a
vaccine in rapid immunization protocols compared with other
VACV strains.
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