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ABSTRACT

Modified vaccinia virus Ankara (MVA) serves as a versatile platform in vaccine development. This highly attenuated orthopoxvirus,
which cannot replicate in mammalian cells, triggers strong innate immune responses, including cell migration. Previously, we have
shown that induction of chemokine (C-C motif) ligand 2 (CCL2) by MVA is necessary for the recruitment of monocytes and T cells, but
not neutrophils, to the lung. Here, we identified neutrophil-attracting chemokines produced by MVA-infected primary murine lung
fibroblasts and murine bone marrow-derived macrophages. We demonstrate that MVA, but not vaccinia virus (VACV) strain WR,
induces chemokine expression, which is independent of Toll-like receptor 2 (TLR2) signaling. Additionally, we show that both chemo-
kine (C-C motif) receptor 1 (CCR1) and chemokine (C-X-C motif) receptor 2 (CXCR2) are involved in MVA-induced neutrophil che-
motaxis in vitro. Finally, intranasal infection of Ccr1 ~/~ mice with MVA, as well as application of the CCR1 antagonist J-113863, re-
vealed a role for CCR1 in leukocyte recruitment, including neutrophils, into the lung.

IMPORTANCE

Rapid attraction of leukocytes to the site of inoculation is unique to MVA in comparison to other VACYV strains. The findings
here extend current knowledge about the regulation of MVA-induced leukocyte migration, particularly regarding neutrophils,
which could potentially be exploited to improve other VACV strains currently in development as oncolytic viruses and viral vec-
tors. Additionally, the data presented here indicate that the inflammatory response may vary depending on the cell type infected
by MVA, highlighting the importance of the site of vaccine application. Moreover, the rapid recruitment of neutrophils and
other leukocytes can directly contribute to the induction of adaptive immune responses elicited by MVA inoculation. Thus, a
better understanding of leukocyte migration upon MVA infection is particularly relevant for further development and use of

MVA-based vaccines and vectors.

Coordinated cell activation and migration are critical for an
optimal host immune response during viral infection.
However, many viruses, including poxviruses, have evolved
several distinct strategies to interfere with that system (1, 2).
Ideally, immediately after a viral infection signals from infected
cells and resident sentinel cells trigger an immune response
that results in hierarchical recruitment of leukocytes (3). Neu-
trophils are one of the first cell types to arrive at the site of
infection, and their role in antiviral immune responses is re-
ceiving renewed attention (4, 5).

Vaccinia virus (VACV) induces activation and functional
priming of neutrophils (6), which phagocytize and inactivate
VACV by an antibody-dependent mechanism (7, 8). Systemic
myxoma virus infection induces neutrophil recruitment to the
liver microvasculature, where adherent neutrophils form large ag-
gregates with platelets, releasing neutrophil extracellular traps
that help to prevent infection of adjacent cells (9). Recent studies
have indicated that the role of neutrophils during poxvirus infec-
tion may extend beyond direct antiviral activity, as during infec-
tion with modified vaccinia virus Ankara (MVA), neutrophils
transport antigen from the dermis to the bone marrow, where a
distinct subset of virus-specific CD8™" T cells is induced (10). This
reverse transmigration of neutrophils was mediated by chemo-
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kine (C-C motif) receptor 1 (CCR1), a chemokine receptor that
seemingly fulfills a number of nonredundant functions in host
defense (11). CCRI is widely expressed on hematopoietic and
nonhematopoietic cells of both the innate and adaptive immune
system and is particularly important for the development of the
inflammatory response (12).

Among VACV strains, MVA is unique in its ability to induce
chemokine production and cell migration (13, 14). Recruit-
ment of monocytes and lymphocytes to the lungs after MVA
infection is driven by chemokine (C-C motif) ligand 2 (CCL2),
a ligand for CCR2. However, recruitment of neutrophils to the
lungs of CcI2™'~ mice after intranasal infection is almost unaf-
fected (14). There are several cell types in the lung that may
potentially produce neutrophil-attracting chemokines, includ-
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ing macrophages and fibroblasts (15, 16). Alveolar macro-
phages are an important sentinel cell in the lung (17), and
fibroblasts constitute some 35 to 40% of cells in the lung inter-
stitium (18). Interestingly, nasal polyps, which are sites of
chronic inflammation, were found to comprise a large propor-
tion of fibroblasts (19). Therefore, we investigated the potential
of VACV-infected macrophages and lung fibroblasts to induce
neutrophil-attracting chemokines and the contribution of
their cognate receptors to neutrophil migration.

MATERIALS AND METHODS

Viruses. MVA (cloned isolate F6), recombinant MVA expressing the
green fluorescent protein (MVA-GFP) under the control of the VACV
P7.5 early/late promoter (20), and VACV strain Western Reserve (WR),
which was originally provided by Bernard Moss (NIH, Bethesda, MD),
were propagated in chicken embryo fibroblasts (CEF). Virus stocks were
purified by sucrose density centrifugation and titrated using standard
methodology (21). All virus stocks were checked for mycoplasma contam-
ination prior to use. Supernatants collected from infected cells were
treated with 800 mJ of UV (250 nm; 4.5 min) in a Stratalinker UV Cross-
linker 1800 to inactivate any remaining input virus and stored at —80°C
until use. To analyze virus growth, cells were infected at a multiplicity of
infection (MOI) of 0.05. After 1 h of incubation, the inoculum was re-
moved, and the cells were washed 3 times with phosphate-buffered saline
(PBS) before the addition of the appropriate medium containing 2% fetal
calf serum (FCS). At the indicated time points, cells were harvested by
scraping into medium and frozen until use. Viral titers were determined
by the 50% tissue culture infectious dose (TCIDs,) using the Reed-
Muench methodology (22) on the chicken embryo fibroblast line DF1,
which was maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with stable glutamine and 10% FCS (Biochrom AG, Berlin,
Germany).

Mice. Male and female C57BL/6NCrl mice were obtained from
Charles River (Sulzfeld, Germany) and used as age- and sex-matched
wild-type (WT) controls. Ccrl ~/~ mice (12) were backcrossed for 12 gen-
erations to C57BL/6NCrl, and Tlr2~/~ mice were back-crossed for 9 gen-
erations to the C57BL/6 background (23). The mice were housed under
specific-pathogen-free conditions in a temperature- and light-controlled
room (21 to 23°C; 55% = 3% relative humidity; 12-h light-12-h dark
cycle) and were fed a standard rodent diet with sterilized water ad libitum.
All animal procedures were in accordance with the institutional Animal
Welfare Committee, as well as the regulations in the German Animal
Welfare Act for the protection of laboratory animals. All experimenta-
tions were approved by the Government of Upper Bavaria, Munich, Ger-
many.

Flow cytometric analysis. Bronchoalveolar lavage (BAL) of mice was
carried out as described previously (14). Cells obtained from BAL fluid
were stained using CD11b-fluorescein isothiocyanate (FITC) (M1/70),
CD3-phycoerythrin (PE) (145-2C11), CD8a-PeCy7 (53-6.7), Ly6G-allo-
phycocyanin (APC) (HK1.4), and Ly6C-APC-Cy7 (1A8) (BioLegend,
London, United Kingdom) and analyzed on a FACSCanto II (BD Biosci-
ences, San Jose, CA) or on a MACSQuant VYB flow cytometer (Miltenyi
Biotec GmbH, Bergisch-Gladbach, Germany). For analysis, neutrophils
were gated as CD11b™ Ly6G™ cells, inflammatory monocytes as CD11b™
Ly6G~ Ly6CM cells, and lymphocytes as CD3" CD8" or CD3" CD8~
cells. For the analysis of lymphocytes, gating from forward/side scatter was
used to exclude granulocytes and monocytes. Dead cells were excluded by
staining with 7-aminoactinomycin D (7-AAD) or a Zombie Aqua Fixable
Viability Kit (BioLegend).

Isolation, cultivation, and infection of primary MLFs. The lungs of
PBS-perfused mice were removed; rinsed in PBS; placed in DMEM-
Ham’s F-12 (1:1) medium (Biochrom) supplemented with 20% FCS, 15
mM HEPES, 100 U/ml penicillin, and 100 pg/ml streptomycin (murine
lung fibroblast [MLF] growth medium); and cut into small segments (ap-
proximately 1 mm?). The lung segments were digested for 2 h in MLF
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growth medium containing 5 mg/ml collagenase I (Biochrom) at 37°C
with agitation at 400 rpm. The digested lung segments were then pushed
through a 70-pwm nylon filter (BD Biosciences). The homogenized lung
tissue was then washed, resuspended in MLF growth medium, and placed
in a 10-cm cell culture-treated petri dish. The cells were identified as
described previously (24) and split at a 1:3 ratio when 80% confluent;
otherwise, the medium was refreshed every 2 or 3 days. For infection, 1 X
10° MLFs were seeded into each well of 6-well plates and left overnight to
attach. The following day, 2 ml of DMEM-Ham’s F-12 containing 15 mM
HEPES and 0.5% FCS was added to each well, and the cells were infected
with virus at the indicated MOL

Generation and infection of BMDM. Bone marrow (BM) cells were
obtained from the femurs and tibiae of C57BL/6 mice. Red blood cells
were lysed using a mouse erythrocyte-lysing kit (R&D Systems Inc., Min-
neapolis, MN). The cells were then cultivated in very-low-endotoxin
(VLE)-RPMI 1640 medium supplemented with 10% FCS, 100 U/ml pen-
icillin, 100 pg/ml streptomycin, and 20% conditioned medium from L929
cells. The fibroblasts were removed by collecting nonadherent cells after
the first 24 h. The medium was replaced after 4 days with VLE-RPMI 1640
medium and supplemented with 10% FCS, standard antibiotics, and 10%
1929 conditioned medium. Two days later, 1.5 X 10° cells were reseeded
to 6-well plates (Sarstedt, Niimbrecht, Germany) in VLE-RPMI 1640 me-
dium supplemented with 10% FCS and incubated overnight before infec-
tion. The purity and differentiation of bone marrow-derived macro-
phages (BMDM) was verified by microscopy and by surface expression of
CD11b, accompanied by upregulation of Toll-like receptor 2 (TLR2) and
loss of Gr-1 expression. Cultures of BMDM were typically determined to
be =98% pure.

Isolation of primary neutrophils. Bone marrow cells from C57BL/6
mice were prepared as described above. Subsequently, neutrophils were
obtained by negative selection in a magnetic sorting column using a neu-
trophil isolation kit (Miltenyi Biotec GmbH) according to the manufac-
turer’s instructions. After isolation, the neutrophils were resuspended at a
concentration of 5 X 10° cells/ml in Hanks balanced salt solution (HBSS)
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and used imme-
diately.

Protein array. Cell culture supernatants were screened with a RayBio
murine cytokine array IIT (RayBiotech, Norcross, GA) according to the
manufacturer’s instructions. Chemiluminescence signals were detected
by a ChemiDoc MP System and analyzed using Image Lab software (Bio-
Rad, Hercules, CA).

ELISA. Enzyme-linked immunosorbent assays (ELISAs) for CCL5
and CCL9 were performed using DuoSet antibody kits (R&D Systems
Inc.) and were carried out according to the manufacturer’s instructions.

Reverse transcription (RT)-PCR. Total RNA was isolated using an
RNeasy Plus Kit (Qiagen, Hilden, Germany) 6 h postinfection (p.i.) and
converted to cDNA using Omniscript reverse transcriptase (Qiagen). PCR
was carried out as described previously (25). Primer pairs for amplifica-
tion of murine GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
specific murine chemokines, and the VACV E3L gene were designed using
Primer3 software (26). The sequences of oligonucleotides and PCR prod-
uct sizes are listed in Table 1. All oligonucleotides were synthesized by
Eurofins Genomics (Ebersberg, Germany). PCR products were run on a
1.5% agarose gel and stained with GelRed (Biotium, Hayward, CA), and
the identity of each PCR product was verified by sequencing (Eurofins
Genomics). Pictures of gels were acquired with a ChemiDoc MP System
and analyzed using Image Lab software (Bio-Rad).

Quantitative real-time RT-PCR. RNA isolation from MLFs and syn-
thesis of cDNA were carried out as described above. For in vivo analysis,
lungs of mice were snap-frozen in liquid nitrogen and subsequently ho-
mogenized. Then, RNA extraction and synthesis of cDNA were per-
formed as described above. Expression levels of selected transcripts were
determined in duplicate by quantitative PCR using a Roche LightCycler
480 II and SYBR green I master mix. A single 20-pl PCR mixture con-
tained 10 pl of the 2X SYBR green master mix, 6 pmol of forward and
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TABLE 1 Summary of oligonucleotides used in RT-PCR

Product

Target gene Primer® Oligonucleotide sequence (5'-3") size (bp)

Murine GAPDH mGAPDH-F GAC AAC TCA CTC AAG ATT GTC AG 540
mGAPDH-R GTA GCC GTATTC ATT GTC ATA CC

Murine CCL5 mCCL5-F CCT CAC CAT CAT CCT CACTG 302
mCCL5-R AAT GAC AGG GAA GCT ATA CAG G

Murine CCL9 mCCL9-F CTA TAA CTC ACG GAT TCA GTGTTC 550
mCCL9-R TTA TAG ATA GTT TGA GCT GCC ATC

Murine CXCL1 mCXCL1-F ATT CAC CTC AAG AAC ATC CAG 690
mCXCL1-R CCA GGA GAA ACA GGG TTA AAG

Murine CXCL2 mCXCL2-F TTG ACT TCA AGA ACATCCAGA G 754
mCXCL2-R CAT TAC ATT GAAATC CAG CATC

VACV E3L E3L-F GTT CTG ACG CAG AGATTG TG 406
E3L-R TTA CTA GGC CCC ACT GAT TC

“F, forward; R, reverse.

reverse primers, 0.6 units Taq polymerase, and 2 pl of the 1:10-diluted
c¢DNA. No-template controls (NTC) were included for each target to en-
sure that all reagents used to set up the reactions were free of contaminat-
ing foreign DNA. The following cycle conditions were used: 1 cycle of 5
min at 95°C and 45 cycles of 15 s at 95°C, 15 s at 60°C, and 20 s at 72°C.
During the first 8 cycles, the annealing temperature was decreased in
decrements of 1°C from 67°C to 60°C. Each PCR run was terminated with
a melting-curve analysis. Samples were denatured for 10 s at 95°C, rean-
nealed for 1 min at 60°C, and then denatured again by slowly heating the
samples from 60°C to 97°C with a ramp-up rate of 0.11°C/s. Primer pairs
were either from qPrimerDepot (27) or designed with the software Prim-

0.1

er-BLAST (28) and were cDNA specific. The annealing temperature was
always set to approximately 60°C, and the amplicon size range was be-
tween 80 and 150 bp. Relative quantification was performed by the AAC,-
method (29) using 18S rRNA as a reference. Threshold cycle (C;) values
were determined with the LightCycler 480 software using the second de-
rivative maximum method. The resulting relative expression values were
multiplied by 10°.

Chemotaxis assay. Chemotaxis assays were performed as previously
described (30). Briefly, freshly isolated neutrophils were resuspended at a
concentration of 5 X 10° cells/ml in HBSS and allowed to migrate for 40
min in a 96-well Multi-Screen-MIC plate (3-pm pore size; Merck Milli-
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FIG 1 MVA infects but does not replicate in MLFs and BMDM. (A) MLFs and BMDM were infected with MVA-GFP at the indicated MOls, incubated for 16
h, and analyzed by flow cytometry. (B) Virus replication was determined as described in Materials and Methods. DF1 cells served as a positive control.
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FIG 2 Detection of differentially expressed cytokines in cell culture supernatants of MLFs and BMDM. (A) Scheme of the spotted primary antibodies on the
RayBio Mouse Cytokine Antibody Array 3. (B) Images after chemiluminescence detection of cytokines in cell culture supernatants from MVA-infected and
mock-infected MLFs. Cell culture supernatants were harvested 16 h p.i. (C) Images after chemiluminescence detection of cytokines in cell culture supernatants
from MVA-infected and mock-infected BMDM. Cell culture supernatants were harvested 24 h p.i. The tables show upregulated chemokines. The ratios indicated
were 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).

pore, Billerica, MA). Where indicated, neutrophils were pretreated with
10 nM the CCRI antagonist J-113863 (CCR1a) or the chemokine (C-X-C
motif) receptor 2 (CXCR2) antagonist SB265610 (CXCR2a). Concentra-
tions of the antagonists were applied according to the manufacturer’s
instructions (R&D Systems Inc.); otherwise, cells were incubated with the
equivalent volume of solvent for 5 min prior to running the assay. The
number of transmigrating cells in the bottom chamber was determined
using a MACSQuant VYB flow cytometer (Miltenyi Biotec).

Statistical analysis. All data were assembled using GraphPad Prism 5
(GraphPad Software, Inc., San Diego, CA); significance was determined
by a nonparametric Mann-Whitney U test, with a P value of <0.05
deemed to be statistically significant.
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RESULTS

MVA infects but does not replicate in primary murine lung fi-
broblasts and bone marrow-derived macrophages. Macro-
phages and fibroblasts are potential targets for viral infection in
the lung that may contribute to the development of local immune
responses by production of inflammatory mediators (31-33),
making them potentially important sentinel cells. To assess the
infectivity of these cell types, monolayers of MLFs and BMDM
were infected with a recombinant MVA-GFP at different MOlIs
and measured after 16 h by flow cytometry. These experiments
demonstrated that both MLFs and BMDM are readily infected
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with MVA and are permissive for VACV gene expression and that
the level of infection correlates with the MOI applied (Fig. 1A). As
expected, MVA was unable to replicate in MLFs or BMDM,
whereas VACV WR productively infected MLFs, but not BMDM
(Fig. 1B).

MVA induces chemokine production in MLFs and BMDM.
To examine the potential of lung fibroblasts to contribute to the
development of the innate immune response, we investigated
chemokine production by MVA-infected primary MLFs. Culture
supernatants from mock- and MVA-infected primary MLFs and
BMDM were screened by a protein array to identify chemokines
that may play a role in migration of neutrophils during MVA
infection. The analysis revealed that CCL5, CCL9, CXCL1, and
CXCL2 were upregulated in MVA-infected primary MLFs. We
also detected induction of CCL2 protein (Fig. 2B), which has been
reported previously for MVA-infected monocytes (14). As with
MVA-infected MLFs, we detected an increase of CCL9 and
CXCL2 in supernatants from MVA-infected BMDM. In contrast,
CCL5 and CXCL1 were not induced (Fig. 2C). Additionally, we
observed an increase of CCL12 in MVA-infected BMDM. CCL12
is a murine ligand for CCR2 that has no direct human counterpart
(34).

MVA-infected, but not VACV WR-infected, primary MLFs
produce neutrophil-attracting chemokines. MVA is a highly at-
tenuated VACYV strain that, unlike other strains, induces strong
chemokine production in monocytes and triggers early recruit-
ment of leukocytes to the lung (14). Therefore, we compared
chemokine induction by MVA in primary MLFs to that of the
replication-competent VACV WR.

Analysis of specific mRNAs in MVA-infected primary MLFs by
RT-PCR showed induction of Ccl5, Cxcl1, and Cxcl2 by MVA and
constitutive expression of Ccl9 (Fig. 3A). As expected VACV WR
infection did not induce Ccl5 or Cxcl2 in primary MLFs and trig-
gered only a slight upregulation of CxclI. Both CCL5 and CCL9
bind to CCR1, which is expressed on neutrophils and is involved
in cell migration (12). As CCRI is activated by a number of other
chemokines from the C-C motif subfamily, which are not detect-
able by the protein array used, expression of other potential CCR1
binding chemokines was examined by quantitative real-time RT-
PCR. We confirmed the induction of Ccl5 mRNA by MVA infec-
tion and the constitutive expression of Ccl9. Moreover, we also
detected constitutive expression of Ccl6 and Ccl8 that was not
affected by MVA infection (Fig. 3B). The induction of CCL5 at the
protein level was confirmed by ELISA, which also showed MVA-
induced, but not VACV WR-induced, CCL5 production in MLFs.
In accordance with the results of the protein array, CCL9 protein
was constitutively produced by uninfected MLFs and significantly
increased by MVA infection. Infection of MLFs with VACV WR
did not increase the concentration of CCL9 protein (Fig. 3C).

MVA induces CCL5 expression in BMDM independently of
TLR2 signaling. Previously, it was reported that MVA signals via
TLR2 (35) and that TLR2 induces CXCLI and CXCL2 in macro-
phages at the transcriptional level (36). Examination of mRNA
from BMDM infected with MVA for 6 h showed that Cxcll and
Cxcl2 mRNA levels were as low as in mock-infected cells. Even if
BMDM were infected with MV A atan MOI of 2 or 4, transcription
of Cxcll and Cxcl2 was notinduced (M. H. Lehmann, unpublished
data). However, in contrast to the results from the protein array,
Ccl5 mRNA was strongly induced in MVA-infected BMDM from
WT and Tlr2~/~ mice. As expected, the TLR2 ligand P,CSK,, used
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FIG 3 MVA-infected, but not WR-infected, MLFs produce neutrophil-at-
tracting chemokines. (A) MLFs were infected with MVA or WR at the indi-
cated MOI, and specific mRNA was detected by RT-PCR 6 h p.i. (B) Total RNA
from MLFs infected at an MOI of 0.5 with MVA or WR was analyzed by
quantitative real-time RT-PCR for specific CCR1 ligands. The error bars indi-
cate standard deviations (SD). LPS, lipopolysaccharide. (C) Concentrations of
CCL5 (n = 3)and CCL9 (n = 5) in culture supernatants of MLFs infected at an
MOI of 0.5 with MVA or WR were determined by ELISA after 16 h of infection.
The data are means and standard errors of the mean (SEM). *, P < 0.05.

as a positive-control stimulus, induced Cxcll, Cxcl2, and Ccl5
mRNAs in WT butnotin T2/~ cells (Fig.4A). Induction of Ccl5
expression in MVA-infected BMDM was confirmed at the protein
level by ELISA. As expected, this marked increase of the CCL5
protein concentration in supernatants of MVA-infected BMDM
was not seen in VACV WR-infected BMDM (Fig. 4B).

CCR1 and CXCR?2 are required for efficient migration of
neutrophils in vitro. To investigate whether MVA-infected MLFs
and BMDM produce biologically active neutrophil-attracting
agents, in vitro chemotaxis assays using primary mouse neutro-
phils were performed. UV-treated cell culture supernatants from
MVA-infected, but not VACV WR-infected, MLFs and BMDM
induced chemotaxis of neutrophils, which is in accordance with
the observed capabilities of these strains to induce the production
of neutrophil-attracting chemokines in vitro. Supernatants from
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FIG 4 MVA-infected, but not WR-infected, BMDM induce expression of
CCL5. (A) WT and Tlr2~/~ BMDM were infected with MVA at an MOI of 1
and incubated for 6 h. Specific nRNAs were detected by RT-PCR. One of three
independent experiments is shown. (B) BMDM were infected with MVA or
WR at an MOI of 1 and incubated for 16 h. Cellular supernatants were ana-
lyzed by means of a CCL5-specific ELISA. The data are means and SEM from
two independent experiments. ¥, P < 0.05.

MVA-infected MLFs were notably more efficient at inducing neu-
trophil chemotaxis than BMDM supernatants, with approxi-
mately 5-fold induction compared to 3-fold induction, respec-
tively (Fig. 5). As demonstrated, MV A-infected MLFs and BMDM
produce chemokines that act on chemokine receptors CCR1 and
CXCR?2. Both receptors are known to play key roles in neutrophil
mobilization and migration (37-40). Therefore, the relevance of
these two chemokine receptors in MVA-induced neutrophil che-
motaxis was assessed by way of specific non-peptide receptor an-
tagonists. Inhibition of CXCR2 reduced neutrophil migration to-
ward supernatants from MVA-infected MLFs and BMDM to
background levels. While treatment of neutrophils with the CCR1
antagonist significantly reduced the induction of neutrophil che-
motaxis in response to supernatants from MVA-infected MLFs
(Fig. 5A), the effect was less pronounced in supernatants from
MVA-infected BMDM (Fig. 5B).

MVA induces CXCL2 and CCL5 in murine lungs. Neutro-
phils are found in high numbers in the lung 24 h after intranasal
infection with MVA (14). It is reasonable to expect that the factor
attracting them has to be produced prior to their recruitment.
Assuming that such a factor is induced at the transcriptional level
by MVA, we decided to examine the mRNA levels of Ccrl and
Cxcr2 chemokine ligands in murine lungs 8 h after infection.
Quantitative real-time RT-PCR from the lungs of infected mice
showed induction of Cxcll and Cxcl2 mRNAs (Fig. 6A).

An increased CXCL1 protein concentration in the lung after
infection with MVA has been reported previously (14). Here, in-
duction of CXCL2 was confirmed by a Bio-Plex mouse cytokine
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FIG 5 CCR1 and CXCR2 mediate chemotaxis of neutrophils toward super-
natants from MVA-infected MLFs and BMDM. MLFs (A) and BMDM (B)
were infected with MVA or WR at an MOI of 1. Cell culture supernatants were
harvested after 16 h and tested for the ability to induce chemotaxis of primary
neutrophils. Where indicated (+), neutrophils were pretreated for 5 min with
10 nM the CCR1 antagonist J-113863 (CCR1a) or 10 nM the CXCR2 antago-
nist SB265610 (CXCR2a) prior to the running of the assay; all other samples
were treated with an equivalent amount of solvent. The data are means and
SEM (n = 4).*, P < 0.05.

assay, which demonstrated clear upregulation of CXCL2 protein
in the lungs of MVA-infected mice (Fig. 6B). We did not detect
any induction or upregulation of Ccl5, Ccl6, Ccl7, Ccl8, or Ccl9
mRNA in the lungs of infected mice 8 h p.i. However, CCL5 pro-
tein was detected by ELISA 24 h and 48 h after MVA infection
(Fig. 6C).

CCRI is required for efficient recruitment of leukocytes to
the lung. CCRI1 is known to play an important role in neutrophil
recruitment (40), but with regard to MVA infection, it was shown
recently that early recruitment of neutrophils to the dermis was
not affected in Cerl ™'~ mice (10). The results from our in vitro
chemotaxis assays indicate a role for CCR1 in neutrophil migra-
tion during MVA infection. Interestingly, the effects of the CCR1
antagonist J-113863 were different depending on the cellular ori-
gin of the supernatants used to trigger chemotaxis of primary
neutrophils. Therefore, one might hypothesize that the role of
CCRI1 in neutrophil recruitment may vary depending on the par-
ticular tissues or organs.

Since we were interested in studying neutrophil recruitment to
the lung, mice were intranasally (i.n.) infected with MVA and
treated with the well-characterized CCR1 antagonist J-113863
(41, 42) or an equivalent amount of vehicle. BAL was performed
16 h after infection, and cells in the BAL fluid were analyzed with
flow cytometry. Indeed, neutrophil recruitment in MVA-infected
mice treated with the CCR1 antagonist was reduced to levels sim-
ilar to those of the mock-infected controls (Fig. 7), demonstrating
that CCR1 is required for the recruitment of neutrophils to the
lung during the early phase of MVA infection.

Additionally CcrI-deficient mice were i.n. infected with MVA,
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FIG 6 MVA infection induces production of neutrophil-attracting chemo-
kines in vivo. Mice were i.n. infected with 1 X 10” PFU of MVA or the equiv-
alent volume of PBS. (A) Analysis of chemokine expression in snap-frozen
whole lungs by quantitative real-time RT-PCR 8 h p.i. Determination of rela-
tive expression values was performed as described in Materials and Methods.
(B) The concentration of CXCL2 in BAL fluid was determined 24 h p.i. by
multiplex bead-based technology. (C) The concentration of CCL5 in BAL fluid
was determined by ELISA at the indicated time points. The dotted line inter-
secting the y axis indicates the lower limit of detection. The data are means and
SEM (n = 3).*, P <0.05.

and leukocyte recruitment to the lungs was monitored at 48 h p.i.,
a time point allowing the detection of several types of important
leukocytes (14). Compared to WT control mice, MVA-induced
leukocyte recruitment was impaired in Ccrl-deficient mice. In
particular, we observed significant reductions in the number of
infiltrating CD11b™ Ly6G ™ neutrophils and CD11b™ LC6C" in-
flammatory monocytes (Fig. 8), corresponding well to our in vitro
results. Moreover, we observed a significant reduction in the
number of recruited CD3™ lymphocytes, including CD8™" T cells.

DISCUSSION

Recombinant poxviruses are increasingly used in clinical studies
for the treatment of infectious diseases and cancer (43, 44). How-
ever, little is known about the mechanisms underlying the induc-
tion of the host immune response by these viruses, which may be
a critical factor contributing to the success or failure of a therapy.
Gaining a better understanding of the mechanisms of MVA-in-
duced leukocyte migration may assist in the design of improved
and more effective vaccines.

In contrast to other conventional VACV strains, MVA triggers
robust innate immune responses, including induction of inflam-
matory cytokines and leukocyte migration (13, 45-47). In previ-
ous experiments, we have shown that the chemokine CCL2, which
binds to CCR2, plays an important role in the recruitment of
monocytes and lymphocytes to the site of MVA infection. How-
ever, MVA-induced neutrophil migration was not affected in
Ccl2™'~ mice (14). In this report, we (i) identify neutrophil-at-
tracting chemokines, which are produced in primary cells and in
the lung after infection with MVA; (ii) show the importance of
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FIG 7 Neutrophil recruitment to the lungs of MVA-infected mice is blocked
by a CCRI antagonist. C57BL/6 mice were i.n. infected with 1 X 10” PFU of
MVA or an equal volume of PBS as a control and then injected i.p. with 10
mg/kg of body weight of the CCR1 antagonist (CCR1a) J-113863 or an equiv-
alentamount of vehicle. Cells in the lung were recovered at 16 h p.i. by BAL and
analyzed by flow cytometry. (A) Representative dot plots from each group
showing infiltration of CD11b"* Ly6G™ neutrophils. PMN, polymorphonu-
clear leukocytes. (B) Summary of the analysis. For groups of MVA-infected
mice, n = 9; for groups of PBS-dosed mice, n = 5. ***, P < 0.001.

Vehicle

both CCR1 and CXCR?2 for MVA-induced neutrophil migration
in vitro; and (iii) demonstrate the contribution of CCR1 to MVA-
triggered leukocyte migration in vivo.

Our study of chemokine expression during MVA infection
demonstrated that MVA-infected primary MLFs and BMDM pro-
duce the neutrophil-attracting chemokines CCL5 and CXCL2,
whereas CXCL1 was detected only in MLFs. Chemotaxis assays
indicated a critical role for CXCR2 in MVA-induced neutrophil
migration in vitro. Notably, supernatants from MLFs were more
efficient in inducing neutrophil chemotaxis than supernatants
from BMDM. The observed differences between the two cell types
in their abilities to induce chemotaxis of neutrophils could be due
to the lack of CXCL1 induction in BMDM. The failure of the
protein array to detect CCL5 in supernatants from BMDM could
hint at another possibility. Macrophage proteases can cleave
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FIG 8 MVA-induced leukocyte recruitment to the lungs is impaired in CcrI-deficient mice. C57BL/6 WT and Ccrl ~’~ mice were i.n. infected with 1 X 107 PFU
of MVA. An equal volume of PBS was used as a control. Cells in the lung were recovered at 48 h p.i. by BAL and analyzed by flow cytometry. Neutrophils (PMN)
were gated as CD11b™ Ly6C* Ly6G ™, inflammatory monocytes (IM) were gated as CD11b™ Ly6C™, and lymphocytes were gated according to expression of CD3
and CD8. (A) Representative dot plots from each group. The gates show the positions of relevant cell types. (B) Summary of the analysis. For groups of
MVA-infected mice, n = 8; for groups of PBS-dosed mice, n = 5. The bars represent the mean numbers of gated cell populations, and the error bars indicate SEM.

*, P <0.05; ***, P < 0.001.

CCLS5, resulting in amino-terminally truncated forms that are bi-
ologically less active (48). Proteolytic processing of CCL5 might
alter an epitope that is important for detection by the protein array
but not by the CCL5-specific ELISA. Proteolytic enzymes are read-
ily isolated from the lungs of patients (49), and their activity can
have important consequences for the immune response. Process-
ing of CCLS5 alters its receptor specificity, with cleaved CCL5 bind-
ing preferentially to CCR5 (50) while inhibiting CCR1-mediated
effects at the same time (51, 52). Despite increased amounts of
CCL5 protein in MVA-infected BMDM supernatants, it is possi-
ble that CCL5 may be proteolytically processed and therefore a
weaker agonist for CCR1. This might explain why BMDM super-
natants are less efficient than MLF supernatants in inducing neu-
trophil chemotaxis and appear to be less affected by blockade of
CCRI.

Using a murine intranasal-infection model, we demonstrated
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that MVA induces the expression of chemokines that act on CCR1
and CXCR2, which are known to mediate migration of neutro-
phils. As the role of CXCR2 in neutrophil migration is relatively
well understood, we focused on CCRI. Similar to our in vitro
findings, neutrophil recruitment was significantly reduced, but
not abolished, in Ccrl ™/~ mice at 48 h postinfection. On the other
hand, treatment of mice with a CCR1 antagonist nearly com-
pletely prevented neutrophil recruitment at 16 h postinfection.
However, J-113863, the CCR1 antagonist used, has been shown to
interfere with tumor necrosis factor alpha (TNF-«) (41), which is
also involved in neutrophil recruitment (53); therefore, the off-
target effects of J-113863 may potentiate the effects of CCR1 inhi-
bition. Based on our results, it is tempting to speculate that CCR1
and CXCR?2 ligands may interact in a synergistic manner to enable
optimal recruitment of neutrophils. Indeed such cross-regulation
between CCR1 and CXCR2 has been shown previously in vitro
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(54), and CXCL2 and CCL3 have been shown to act in a cascade
that induces neutrophil recruitment by triggering the release of
TNF-a and leukotriene B4 (55). In this context, the two VACV CC
chemokine binding proteins, A41 (56, 57) and the 35-kDa viral
CC chemokine inhibitor (58-60), may play an important role in
poxvirus immune evasion, as inhibition of CCR1 ligands, such as
CCL5, may be sufficient to affect neutrophil recruitment. How-
ever, not all VACV strains, including VACV WR, express the 35-
kDa C-C chemokine inhibitor (61), yet many are still able to block
chemokine induction and leukocyte recruitment. VACYV, includ-
ing the WR strain, encodes many viral immune evasion proteins
(2) that are absent in MVA. Therefore, prevention of chemokine
production and early neutrophil recruitment by VACV strain WR
probably occurs at the level of host gene expression.

Reduced numbers of infiltrating leukocytes could potentially
have important consequences for the development of the antiviral
immune response. The reduction of T lymphocytes, particularly
CD8™ cytotoxic T cells, in MVA-infected Ccrl ™/~ mice indicates
that the adaptive immune response may also be affected. This is
not entirely unexpected, as CCR1 appears to be expressed on dis-
tinct subsets of T lymphocytes and is important for T cell migra-
tion to the lymph nodes (62). In addition CCR1 was also shown to
play a role in an antigen transport mechanism whereby antigen-
loaded neutrophils migrate to the bone marrow, where a distinct
subset of CD8" T cells is induced (10).

In summary, we have demonstrated that CCR1 is important
for MVA-triggered leukocyte migration in vivo, particularly with
regard to neutrophil and inflammatory monocyte recruitment.
Additionally we showed that MV A-infected, but not VACV WR-
infected, cells produce neutrophil-attracting chemokines, which
is independent of TLR2 signaling. These findings extend the
knowledge about the induction of the host immune response by
MVA, which is important for its application as a viral vector.
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