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Inflammation at Initial Sites of Infection

NOAH SAEDERUP,' SHIRLEY A. AGUIRRE,' TIMOTHY E. SPARER,'
DONNA M. BOULEY,? A0 EDWARD S. MOCARSKI'*

Department of Microbiology and Immunology' and Department of Comparative Medicine,>
Stanford University School of Medicine, Stanford, California 94305-5124

Received 26 March 2001/Accepted 3 June 2001

The murine cytomegalovirus CC chemokine homolog MCK-2 (m131-129) is an important determinant of
dissemination during primary infection. Reduced peak levels of viremia at day 5 were followed by reduced levels
of virus in salivary glands starting at day 7 when mck insertion (RM461) and point (RM4511) mutants were
compared to mck-expressing viruses. A dramatic MCK-2-enhanced inflammation occurred at the inoculation
site over the first few days of infection, preceding viremia. The data further reinforce the role of MCK-2 as a
proinflammatory signal that recruits leukocytes to increase the efficiency of viral dissemination in the host.

Primary infection with human cytomegalovirus (CMV) is
associated with shedding in saliva and other body fluids (42).
This virus encodes functions that modulate the host immune
response (22, 23) and that influence host cell or tissue tropism
(39). Due to the strict species specificity of CMVs, murine
CMYV has been used to gain insights into viral pathogenesis and
latency (24), host immune control of virus infection (27), and
viral modulation of the host immune response (22, 23). Human
and murine CMVs have a colinear genome organization (46)
and encode immunomodulatory functions that carry out anal-
ogous functions during infection (22, 23). Gene products that
function in similar ways sometimes retain little amino acid
sequence similarity in these two viruses. For example, murine
and human CMVs rely on nonhomologous gene products to
downmodulate major histocompatibility complex class I gene
expression (1, 22, 23, 25, 61), and both have major histocom-
patibility complex class I homologs that are nonhomologous
themselves, although both influence natural killer cell behavior
(17, 31, 47).

The chemokine receptor US28 (20, 41, 56) is not conserved
in murine CMYV, although two other seven-transmembrane-
spanning G-protein-coupled receptor homologs, M33 and
M78, are (46). Both murine and human CMVs encode gene
products with chemokine-like activities (35, 36, 43, 49); how-
ever, they represent different chemokine classes and lack
amino acid sequence similarity. The human CMV UL146 gene
encodes vCXC-1, a CXC chemokine (43), and the murine
CMV m131-129 gene encodes MCK-2, a CC chemokine ho-
molog (19, 35, 36, 49). Viral chemokine homologs (3, 14, 30,
33, 40, 67) may function as chemokines to increase leukocyte
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migration or may act as antagonists that block the migration of
leukocyte subsets (6, 13, 15, 16, 26, 28, 43, 49, 54) to host
chemokines (4, 7, 48, 63). Chemokines regulate cell effector
functions such as granule release and cytokine expression, con-
tributing to both the quality and the magnitude of inflamma-
tory responses (2, 11, 34, 50, 58, 66). Human CMV vCXC-1
activates neutrophils via CXCR2 very much like interleukin 8
(43) and could influence neutrophil behavior (21, 51). Murine
CMV open reading frame (ORF) m131 was initially predict-
ed to encode an 81-aminio-acid (aa) chemokine, designated
MCK-1, based on the presence of C spacing motifs typically
conserved in CC chemokines (36). A predicted processed 63-
aa synthetic form of MCK-1 was found to induce calcium flux
on murine peritoneal macrophages and THP-1 cells but to nei-
ther bind to nor inhibit the binding of host chemokines to other
leukocyte populations (49). This behavior led us to propose a
model where MCK-1 recruits a subset of mononuclear leuko-
cytes during viral infection (49; N. Saederup, Y. C. Lin, T.
Schall, and E. S. Mocarski, Abstr. 23rd International Herpes-
virus Workshop, York, England, abstr. 340, 1998).

The principal transcript arising from the m131 region was
found to contain an intron such that the spliced mRNA created
an in-frame fusion between MCK-1 and 199 codons that in-
cluded the entire m129 ORF (19, 35). This m131-129 fusion
was denoted MCK-2 (35) and was shown to be expressed as a
true late (vy,) gene product (60) secreted into the medium dur-
ing infection (35). Although functional evaluation of MCK-2
has not been undertaken, studies of synthetic MCK-1 (49)
predicted that MCK-2 would be proinflammatory because all
81 aa of MCK-1 are contained in MCK-2. Consistent with this
prediction, mck mutant viruses exhibited reduced levels of
viremia and poor dissemination to salivary glands (19, 49, 55)
without having an impact on dissemination to other organs,
such as the spleen, liver, and lungs. Reduced dissemination to
salivary glands appeared independent of the capacity to mount
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FIG. 1. Schematic representation of mutant virus genomes. The top line represents a restriction map of the HindIII K, L, and J DNA fragments
in murine CMV strain K181, corresponding to nts 173170 to 195847 of the Smith strain genome (46) (GenBank accession number U68299).
Restriction sites for HindIII and selected BssHI, Hpal, and BbrPI sites are indicated above the line, and a 1-kbp scale marker is indicated by a
double-headed arrow below the line. Open boxes with arrowheads depict the positions of viral ORFs, with m131 and m129 contributing the coding
sequences for MCK-2 (35). m130 overlaps mck on the opposite DNA strand (46). Solid arrows depict transcripts (iel, ie3, ie2, mck, and sggl)
encoded by wild-type viruses. The mutations introduced into mutant viruses RM427%, RM4503, RM461, and RM4511 are depicted below the
transcripts. The 3.9-kbp lacZ insert carried by RM427" and RM461 (open box) is controlled by a 199-bp human CMV iel-ie2 promoter fragment
(shaded box) encompassing positions —219 to —19 relative to the transcription start site (8, 37, 55). The 1.7-kbp EGFP-puro insert in RM4503
and RM4511 (open box) is controlled by a 248-bp human CMV iel-ie2 promoter fragment (hatched box) encompassing positions —242 to +7
relative to the transcription start site (59). The expanded region shows aa 25 to 30 of m131 and aa 142 to 147 of m130, including the two nucleotide
point mutations (denoted by asterisks) introduced into RM4511, generating a new BbrPI site (underlined) and altering the MCK-2 amino acid
sequence (C,;R and C,4G; bold type). Wild-type strain K181" nucleotide and amino acid sequences are shown at the bottom.

an adaptive immune response (55) but may be influenced by
the natural killer cell response (19).

Murine CMYV disseminates in two distinct phases (12) via
peripheral blood mononuclear leukocytes (5, 55). Primary vire-
mia within 2 days after inoculation (12) is believed to seed sites
such as the spleen, liver, lungs, and brown fat (12, 55). A
readily detected secondary viremia peaks at 5 days after inoc-
ulation (12, 49, 55); from this the salivary glands, a major site
of murine CMV replication and shedding, become seeded (55).
Five recombinant viruses, RM461 (8, 55) (Fig. 1), RMA461-1
(8), Am131Z (19), Am131ns (19), and RM4485 (49), all of
which carry mutations in the mck gene, have been shown to
exhibit reduced peak titers in salivary glands. RM461 and
RM4485 were shown to exhibit reduced peak levels of viremia
(49). It has been found that dissemination of mck mutant
viruses to other organs, including the spleen, liver, lungs, ad-
renal glands, kidneys, and brown fat, remains largely unaltered
(8, 49, 55). Latency and reactivation characteristics of mck
mutants are similar to those of wild-type viruses (8). We un-

dertook the current study to investigate the nature of the
impact of mck expression on the behavior of virus or host cells
at the site of inoculation. Our study shows that mck expression
is associated with a strong cellular inflammatory response at
the site of inoculation and that this activity is dependent on the
conserved CC chemokine motif in mck gene products.
Construction of recombinant viruses to assess the mck che-
mokine motif. First, we isolated RQ461, a rescue of the mck
mutation in RM461 (49, 55). Then, we constructed mutant
virus RM4511, with a mutation in the conserved CC chemo-
kine motif (Fig. 1). Rescued virus RQ461 was constructed by
transfecting Mlul-linearized pON4457 into RM461-infected
cells by use of Superfect (Qiagen, Valencia, Calif.) and, after
harvesting at 72 hours postinfection, expanding viral progeny
at a low multiplicity of infection (<0.1) on NIH 3T3 cells.
pON4457 (59) carries a wild-type murine CMV Dral/EcoRI
fragment (nucleotides [nts] 183086 to 189674), spanning the
sggl, mck, and ie2 genes, as well as the major immediate-early
enhancer, cloned into pGEM-2 (Promega, Milwaukee, Wis.).
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FIG. 2. Restriction digestion analysis of RQ461 DNA. Autoradio-
graph of **P-end-labeled HindIlI fragments from K181*, RM461, and
RQ461 DNA following electrophoretic separation on a 0.7% agarose
gel.

To select for recombinants and to reduce the likelihood of
isolating viruses with adventitious mutations (55), the virus
pool was passaged twice through mice by inoculating footpads
and screening salivary gland sonicates 14 days later for lacZ-
deficient plaques. Viruses were isolated and subjected to three
rounds of limiting dilution purification. White plaques were
observed with pON4457 but not with control plasmid pME18S
(57). Initially, two independent isolates of RQ461 were se-
lected based on replacement of the lacZ insert with a wild-type
copy of the mck gene (Fig. 1). Both of these isolates exhibited
growth properties similar to those of the wild-type parental
virus, and one of these was designated RQ461.

The RQ461 genome structure was compared to those of
RM461 and K181™" by separation of [a-**P]dCTP-end-labeled
Hindlll-digested virion DNA by agarose gel electrophoresis.
Virion DNA (0.5 to 1.0 ng) was digested with HindIII, BssHII,
AfII, or Spel (New England Biolabs, Beverly, Mass.) and end
labeled in the presence of 2.5 wCi of [a-*?P]dCTP (Amer-
sham), 125 uM each dATP, dGTP, and dTTP, and 0.5 U of
Klenow polymerase (Roche, Indianapolis, Ind.) for 15 min at
room temperature in 20 pl of restriction enzyme buffer. Re-
striction fragments were separated on a 0.6% agarose gel,
which was fixed in 95% ethanol and vacuum dried at 80°C,
followed by autoradiography. RQ461 displayed a restriction
pattern distinct from that of mutant RM461 but similar to that
of wild-type K181" (Fig. 2). Restriction digest analysis using
Aflll, Hpal, or Sspl showed that the genome of the rescued
virus did not contain detectable adventitious deletions or re-
arrangements (data not shown).

All previously characterized mck mutant viruses (19, 49),
including RM461, disrupt the m130 ORF located on the cDNA
strand in addition to the intended disruption of m131. The
m130 ORF, predicted from genome sequence analysis of mu-
rine CMV (46), completely overlapped the chemokine domain
of m131 (Fig. 1); however, m130 has not been subjected to
evaluation. In order to establish that the phenotype of mck
mutant viruses was independent of m130, point mutations were
introduced to disrupt the two adjacent conserved amino-ter-
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minal cysteines of m131. These would be expected to eliminate
the chemokine activity of mck gene products based on the
well-established role of this conserved CC motif in forming
disulfide bonds that are critical for chemokine function (9, 10,
45). We changed these two adjacent cysteines in m131 to ar-
ginine and glycine (C,,R and C,4G) in a way that did not alter
the sequence of m130 (A,,, and T,,s; Fig. 1) or any other
known ORF within the murine CMV genome (46).

pON4511 was constructed by replacing a 393-bp Af/11/BssHII
fragment of pON4503 which spans the amino terminus of mck
(murine CMV nts 188185 to 188577) with a PCR-generated
Afill/BssHII fragment containing T,,C and Tg,G mutations of
mck, resulting in C,,R and C,4G mutations of the MCK-2 pro-
tein. PCR was conducted with primers 5'GAGGCTATCTTA
AGACTATC3' and 5'GCGCGCCACGTGGCTCGCGGAG
GTCC3’, pON4457 as a template, and an Expand high-fidelity
PCR system (Roche) according to the manufacturer’s protocol.
The PCR fragment was cloned into pPGEMT-EZ (Promega),
and the sequences of both DNA strands were determined prior
to ligation into Af/1l/BssHII-digested pON4503. This mutation
created a BbrPI site (CACGTG) that was used to aid in the
isolation of plasmid pON4511 and recombinant virus RM4511.
In addition to the mutation, RM4511 was engineered to carry
an enhanced green fluorescent protein (EGFP)-puromycin
(EGFP-puro) cassette (59) within the ie2 gene to facilitate se-
lection (Fig. 1). ie2 mutant viruses have been repeatedly found
to exhibit wild-type growth patterns in cell cultures as well as
after experimental infection of mice (8, 32, 59; S. A. Aguirre,
unpublished data). The mck CC mutant virus RM4511 was
made by the same protocol as RQ461, except that RM427™ vi-
rus (32, 49) was the parent and Af/I1I/Pacl-linearized pON4511
contained the mutation in addition to the EGFP-puro marker
(59). After two rounds of selection, RM4511 transfection pools
were expanded under low-multiplicity-of-infection conditions
in tissue cultures and passaged through mice as described for
RQ461. Individual RM4511 clones (designated RM4511.1 and
RM4511.2) were isolated from independent pools by two
rounds of limiting dilution and two rounds of plaque purifica-
tion using a B-galactosidase substrate 5-bromo-4-chloro-3-in-
dolyl-B-p-galactopyranoside (X-Gal) overlay (37) to confirm
the absence of parental virus RM427% (<1 plaque/10° PFU).

RM4511 DNA was subjected to blot hybridization analysis
to detect the introduced BbrPI site by following established
protocols (37, 44, 60). A HindIII/AfIII fragment from pON4457
(murine CMV nts 187890 to 188578) was radiolabeled with
[«->?*P]dCTP as an mck probe (18). This detected 1,097 and
591-bp BbrPI restriction fragments in RM4511 DNA. DNA
from parental virus RM427" or EGFP control virus RM4503
(59) had only the expected 1,688-bp BbrPI fragment (Fig. 3A)
of the wild-type mck gene. Thus, the substitution mutations
had been introduced at the correct genomic locations. To con-
firm the position of the EGFP-puro insert, end-labeled BssHII
DNA fragments were generated from all viruses, separated by
agarose gel electrophoresis, and subjected to autoradiography
to reveal a 7.9-kbp RM4511 fragment in place of the 8.3-kbp
fragment observed in parental virus RM427" (Fig. 3B). Thus,
the EGFP-puro cassette was inserted within the ie2 gene of
RM4511 in a manner similar to that in RM4503 (59). RM4511
DNA was also digested with HindIIl, generating the expected
8.5-kbp fragment instead of the two fragments (3.7 and 7.3
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FIG. 3. Restriction digestion analysis of RM4511 DNA. (A) Detection of the RM4511 mck mutation by BbrPI digestion. Autoradiograph of
BbrPI-digested (Roche) virion DNA from parental RM427", RM4503, and two isolates of RM4511 (RM4511.1 and RM4511.2) following
electrophoretic separation on a 1% agarose gel and hybridization with a HindIII/AfIII fragment mck probe. (B) Detection of the EGFP-puro insert
in RM4503 and RM4511. Autoradiograph of electrophoretically separated, BssHII-digested **P-end-labeled DNA fragments. (C) Autoradiograph
of electrophoretically separated **P-end-labeled HindIII fragments of DNA from RM427*, RM4503, and two isolates of RM4511.

kbp) found in RM427" DNA. No adventitious genomic dele-
tions or rearrangements were detected in RM4503 or either of
the RM4511 isolates when subjected to HindIll, Spel, or
BssHII restriction analysis (Fig. 3C and data not shown). To-
gether, these results demonstrated that both independent
RM4511 isolates carried the intended substitution mutations
in mck and the marker gene insert in ie2. As expected from
extensive analyses of previous ie2 mck double mutants in cul-
tures and in mice (8), the two independent RM4511 isolates
produced peak titers in NIH 3T3 cells that were indistinguish-
able from those of K181" and RM427" (data not shown).
Role of mck in peripheral blood mononuclear cell-associated
viremia. Previous studies of mck mutant viruses in mice sug-
gested that this gene affected the behavior of host mononu-
clear cells in a way that resulted in poor dissemination to
salivary glands (8, 19, 49, 55). Although our studies have dis-
counted any impact on the adaptive immune response or viral
latency, one study suggested that mck modulated the host
immune response (19). To date, precise m131-specific muta-
tions have not been studied, so differences in the behavior of
mutant viruses may have resulted from an impact on viral
genes, such as m130, that overlap m131 (19, 49). We compared
the growth properties of mck mutants and control viruses,
initially evaluating peak levels of viremia at 5 days postinocu-
lation (10° PFU, intraperitoneal [i.p.] route). PBLs were col-
lected from CO,-asphyxiated mice for coculturing with permis-
sive NIH 3T3 cells. Peripheral blood leukocytes (PBLs) were
washed, suspended in growth medium at 10° cells/ml, serially
diluted, and subjected to an infectious-center assay on NIH
3T3 cells overlaid with complete growth medium (37) contain-
ing 0.75% carboxymethyl cellulose. For this and all other ex-

periments, groups of female mice (3 to 5 weeks of age) were
used with the approval of the Stanford Administrative Panel
on Laboratory Animal Care.

Peak viremia was reduced 50- to 100-fold in mice infected
with RM461 compared to either rescued virus RQ461 or pa-
rental wild-type virus K181" (Fig. 4A), consistent with previ-
ous observations (49). To investigate the contribution of the
conserved chemokine sequence motif in m131, mice were in-
oculated with RM461, RM4511.1, RM4511.2, RM4503, or
RM427"; PBLs were harvested at 5 days postinoculation for
assay. The previously observed decrease in RM4511.1 or
RM4511.2 infection resulted in peak viremia that was 25- to
50-fold lower than that seen with either parental virus RM427"
(Fig. 4B) or control virus RM4503 (Fig. 4C). These results
showed that mck expression correlated with increased viremia,
that mck function depended upon the conserved CC motif, and
that the m130 ORF did not contribute to the phenotype.

Dissemination of mck mutants after inoculation. We used
the footpad inoculation route to evaluate whether mck influ-
enced dissemination to salivary glands as it does following i.p.
inoculation (8, 19, 49). This inoculation route introduces virus
in the periphery at a location more distal to organs and tissues
that become involved during acute infection. This route may
also be considered a model of natural transmission that is
dependent on animal behavior such as biting. The impact of
mck on viral dissemination was examined in several indepen-
dent experiments (Fig. 5). We observed lower virus titers in the
salivary glands at day 7 or 14 postinoculation with RM461 than
with K181 or rescued virus RQ461 (Fig. 5K and L). Following
either i.p. or footpad inoculation, mck mutant or wild-type
viruses reached peak levels in the salivary glands between days



9970 NOTES

A

°

8 0

O

21 .
£ T L
=1 -2

m

o

< -3

o

g

Q

RM461 RQ461

K181t
B-..

LOG1 0 %PBL. Infected

RM427t RM461 RM4511.1 RM4511.2

O

i
N

D

2

3 -1

c T

= T
-2 I T
m

o

0\0-3

o

g

RM427% RM4503 RM4511.2

FIG. 4. Evaluation of peak levels of viremia at 5 days after i.p.
inoculation of BALB/c mice with 10° PFU. (A) Comparison of K1817,
RM461, and RQ461. (B) Comparison of RM427", RM461, RM4511.1,
and RM4511.2. (C) Comparison of RM427*, RM4503, and RM4511.2.
PBLs (10°) were harvested and subjected to an infectious-center assay
on NIH 3T3 cells. Bar height indicates the geometric mean, and ver-
tical bars indicate standard deviations of the geometric mean. The
shaded area indicates the limit of detection of virus.

14 and 21 and began to decrease by day 28 (8, 55; J. Huang,
unpublished data). Footpads (Fig. SA and B), draining popli-
teal lymph nodes (Fig. 5C and D), and organs such as the liver
and spleen (Fig. 5E through H) showed similar titers for all
viruses tested. Except for the significantly reduced titers in the
salivary glands, growth of the mck mutant viruses could not be
distinguished from that of the wild-type virus. Although a re-
port (19) suggested that viral replication in the spleen and liver
may be influenced by mck, we have not detected any consistent
differences (Fig. 5 and data not shown). In our experiments,
variable virus titers in the spleen, liver, and lungs have some-
times been observed (8), but these differences are not consis-
tently associated with a particular virus genotype, as exempli-
fied by the data in Fig. 5I and J.

The high inoculum dose (10° PFU) used for experimental
infection likely exceeds the dose typical of natural infection. To
evaluate the impact of mck on dissemination under low-dose
conditions, groups of five mice were inoculated i.p. with either
10? or 10* PFU of mck mutant or control virus. Virus titers in
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salivary glands at 8 and 21 days postinoculation showed that
the mck phenotype was preserved at a dose of as low as 10?
PFU (Fig. 6A) as well as at a dose of 10* PFU (data not
shown). Thus, the mck gene plays an important role as a de-
terminant of dissemination at high doses as well as at low doses
that better approximate natural transmission. Interestingly, ti-
ters of either virus in salivary glands were significantly lower
than when higher doses were used and were most variable
following the lowest dose. Despite the variability, the impact of
mck on the levels of virus present in this tissue remained highly
significant over a broad range of doses using either tissue
culture-derived or salivary gland-passaged virus inocula (8, 19,
49, 55; this study).

To assess the contribution of the m131 CC chemokine motif
to dissemination, salivary gland sonicates were collected at 14
days postinoculation with RM4511.1, RM4511.2, RM4503, or
RM427*. The RM4511 isolates replicated to levels 10- to 30-
fold lower than those of control mck-expressing viruses (Fig.
6), consistent with a role for the CC chemokine motif in dis-
semination to this tissue. Although RM4503 and RM427"
replicated to similar levels (P > 0.3; Student’s two-sided ¢ test)
that were comparable to those of wild-type K181 (Fig. 5K),
differences between any of the control viruses and the RM4511
isolates were significant (P values determined by Student’s
two-sided ¢ test of RM4503 compared to either RM4511.1
or RM4511.2 were <0.002 and <0.0008, respectively). When
RM4511.1 and RM4511.2 were isolated from salivary gland
sonicates and analyzed, both retained the BbrPI restriction site
indicative of the introduced mutation (data not shown). These
results show that the CC chemokine motif mutation was stable
and suggest a substantial proinflammatory activity for mck.

It was previously reported (49) that low-level viremia of mck
mutant virus was complemented by coinoculation with mck-
expressing virus. In order to determine whether mck-express-
ing virus was able to complement mutant virus dissemination
to salivary glands, lacZ-tagged mck mutant virus RM461 was
inoculated i.p. alone or together with control virus RM4503
into groups of four BALB/c mice. We used 2 X 10° PFU of
RM461 or 1 X 10° PFU of RM4503 for independent inocula-
tion and 1 X 10° PFU of RM461 plus 5 X 10° PFU of RM4503
(1.5 X 10° PFU total) for coinoculation. Virus titers in salivary
gland sonicates were determined at 5, 7, and 15 days postin-
oculation. In tissues from the coinfected animals, lacZ-express-
ing mck mutant RM461 plaques were distinguished from
RM4503 plaques by staining with X-Gal. RM461 titers were
enhanced 4- to 50-fold in coinoculated animals (Table 1), the
highest levels of complementation being observed on day 7
postinoculation. At this time, the ratio of titers for RM461 and
RM4503 in the coinfected mice was 0.1, compared to 0.002 for
independently inoculated mice. Apparently, mck mutant virus
was able to disseminate 50 times more efficiently in coinfected
mice. RM461 levels in salivary glands were also complemented
by RM4503 at day 5, when titers were very low, as well as at day
15 postinoculation, when peak levels of virus were observed at
this site (55). The variations in these ratios were entirely due to
differences in the levels of RM461. Titers of mck-expressing
virus RM4503 were unaltered by the presence of mutant virus
(data not shown). The peak complementation at day 7 fol-
lowed the period of peak viremia (49) and coincided with the
initial rise in viral replication levels in salivary glands (Fig. 5),
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FIG. 6. Dissemination of mck mutant viruses to salivary glands. (A)
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days postinoculation of 100 PFU into footpads of 3-week-old BALB/c
mice (four animals per group). (B) Levels of RM427", RM4503,
RM4511.1, and RM4511.2 in the salivary glands at 14 days postinocu-
lation of 10° PFU into footpads of 3-week-old BALB/c mice (four
animals per group). Titers of organ sonicates were determined by
plaque assays on NIH 3T3 cells, and mean values were plotted. Ver-
tical bars indicate standard deviations of the geometric mean. The
shaded area indicates the limit of detection of virus.

suggesting that the expression of MCK-2 (35) by RM4503
increased the dissemination of mutant virus RM461.
Modulation of foot swelling by mck. Foot thickness, mea-
sured with a caliper, can provide an indicator of local inflam-
matory responses, particularly in conjunction with direct his-
tological evaluation of tissue sections (62, 64, 65). Groups of
3-week-old BALB/c mice were inoculated (10° PFU) with mck
mutant or rescued virus, and the foot thickness of restrained
mice was measured before and at 0.5, 1, 2, 3, 4, 5, 7, 10, and
14 days after inoculation using a digital caliper (Mitutoyo,
Kanagawa, Japan). Virus-infected mice did not show outward
signs of illness, so to control investigator bias, all inocula were

TABLE 1. Complementation of mck mutant
dissemination to salivary glands

RM461/RM4503 ratio at the following

Mouse days postinoculation:
infection
5 7 15
Independent® 0.2 0.002 0.009
Combined” 0.9¢ 0.1 0.06

“ Four mice per time point were inoculated with 1 X 10° PFU of RM4503 or
2 X 10° PFU of RM461. The data are the ratios of the mean salivary gland titers
of RM461 and RM4503 cohorts at the indicated time.

® Four mice per time point were coinoculated with 5 X 10° PFU of RM4503
and 1 X 10° PFU of RM461. The data are the means of individual ratios of
paired RM461-RM4503 salivary gland titers calculated for each coinfected
mouse.

¢ Three mice were assayed in this group.
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FIG. 7. Time course analysis of footpad swelling. (A and B) Measurement of RM461 (A)- or RQ461 (A)-induced swelling following footpad
inoculation of 3-week-old BALB/c mice in groups of five (A) or four (B) animals. (C) Measurement of RM4511.1 (¥)-, RM4511.2 (V)-, RM4503
(®)-, or RM427" (M)-induced swelling following footpad inoculation of three 5-week-old mice. Mice were inoculated with 10° PFU of virus. Foot
thickness was measured with a digital caliper at the times indicated after inoculation, and mean values were plotted. Vertical bars indicate standard

deviations of the mean.

coded. Foot swelling was defined as the percent increase in
thickness relative to the preinoculation measurement. This
variation in foot thickness in different groups of mice was
found to be low, between 0.3 and 0.7%, based on measure-
ments taken over a 2-week period. We found that mck mutant
virus RM461 induced significantly less swelling than either
rescued virus RQ461 (Fig. 7A) or parental wild-type virus
K181* (data not shown). A consistent pattern developed by
day 2, when the level of swelling in RQ461-inoculated feet
increased markedly, about 50% over preinoculation levels,
compared to the results obtained with RM461. These levels
were maintained through day 5, started to decline by day 7, and
approached baseline by day 14 for all viruses. All swelling
resulted from the effects of virus in the inoculum because tissue
culture medium alone failed to elicit any response (data not
shown). The differences in swelling corresponded to the ex-
pected timing of expression of MCK-2 (35), starting at day 2,
and were consistently observed in several independent exper-
iments (Fig. 7). Swelling continued throughout the period dur-
ing which viral replication was detected (Fig. SA and B). The
induction of an mck-dependent swelling response correlated
with the true late (y,) kinetics of mck expression (35). Swelling
before 48 h, when MCK-2 is expressed, was variable without
regard to virus genotype or inoculum dose. The appearance of
dramatic, sustained differences in inflammation starting at day
2 provided confirmation for the suggested proinflammatory
role of mck (19, 49).

To assess whether the m131 CC chemokine motif contrib-
uted to the intensity of the swelling response, we evaluated
foot swelling during infection with either of the RM4511 iso-
lates (Fig. 7C). The level of swelling induced by RM4511.1 or
RM4511.2 was similar to that induced by mck mutant virus
RM461 (Fig. 7A and B) and was lower than that induced by
either parental virus RM427" or control virus RM4503 (Fig.
7C). RM427" induced swelling similar to that seen with other
mck-expressing viruses, almost 60% above preinoculation lev-
els in this experiment and more than double that observed
following inoculation of RM4511.1 or RM4511.2. A similar
pattern was induced by other mck-expressing viruses through-

out a 10- to 14-day observation period (data not shown). Taken
together, these data show that the increased swelling induced
by wild-type viruses is dependent upon the conserved CC che-
mokine motif in m131, further implicating MCK-2 as a proin-
flammatory protein.

Modulation of local inflammation by mck. In order to direct-
ly investigate cellular infiltrates in response to mck, BALB/c
mouse footpads were inoculated with mutant virus RM461 or
rescued virus RQ461 (10° PFU). Feet were collected from sac-
rificed mice at 48 h postinoculation, and midline longitudinal
sections were prepared from 10% neutral buffered formalin-
fixed (Ex Cal II; Fisher Scientific), paraffin-embedded (Histo
Tech, Inc.) blocks. Examination by light microscopy at a low
power (X40) revealed substantially larger amounts of both
cellularity and edema in mck-expressing virus- than in control
virus-infected feet (Fig. 8). All areas of inoculated feet (dorsal,
internal, and ventral) appeared less inflamed following infec-
tion with mutant virus RM461 (Fig. 8B) than following infec-
tion with mck-expressing control virus RQ461 (Fig. 8A). The
differences in foot thickness measured grossly using calipers
(Fig. 7) correlated with the histopathological findings and ap-
peared to result from increases in both cellularity and edema
(Fig. 8A and B). In a pattern that was readily appreciated at a
low power, the expression of mck correlated with a much more
intense local inflammatory response in the regions closest to
the inoculation sites. At a higher power (X400), differences in
cellular infiltrates with increased neutrophils were readily ap-
parent, and there was more necrosis in tissues from mck-
expressing virus-infected mice (Fig. 8C) than in those from
mutant virus-infected mice (Fig. 8D). All of these inflamma-
tory changes were due to the presence of virus in the inoculum,
because injection of culture medium alone failed to induce any
response over that seen in sham (medium)-inoculated controls
(data not shown). These observations suggested that the ex-
pression of mck altered and intensified the innate inflamma-
tory response to virus infection.

To determine how the host inflammatory response was mod-
ulated by the expression of mck during infection, histological
sections from groups of mice were analyzed. Sections were



FIG. 8. Inﬂammatory responses induced by RM461 and RQ461 following footpad inoculation. Tlssues were harvested from an inoculated
mouse foot 48 h after inoculation with RQ461 or RM461 (10° PFU in 3 pl of growth medium), formalin fixed, and decalcified; after embedding
in paraffin, 5-pwm sections were cut and stained with hematoxylin and eosin. (A) RQ461. (B) RM461. (C) RQ461. (D) RM461. The dorsal, internal,
and ventral areas are denoted by white, grey, and black bars, respectively, on the sides of panels A and B. Areas boxed in panels A and B are
magnified in panels C and D, respectively.
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FIG. 9. Histopathological evaluation of edema and cellularity following footpad inoculation. Groups of five mice were inoculated in a single
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assigned numerical values (see the text) for levels of cellularity (A) and edema (B). Bars correspond to the mean values for the dorsal (open),
internal (grey), and ventral (black) areas and are depicted to appreciate the score for an area as well as a total score (maximum of 15) that

incorporates the evaluation of all three areas.

evaluated semiquantitively at 2, 3, and 7 days postinoculation,
and mean scores for the intensity of cellular infiltration and
edema in the dorsal, internal, and ventral areas of midline
longitudinal sections (5 wm) of infected feet were assigned
numerical values: minimal, 1; mild, 2; moderate, 3; marked, 4;
and severe, 5 (Fig 9). Dorsal, internal, and ventral regions of
the feet were evaluated by light microscopy at low-power mag-
nification for levels of edema and cellularity and at high-power
magnification for changes in cell type and necrosis. When
separate areas of the feet were scored for cellularity and
edema, the ventral and internal regions exhibited greater dif-
ferences at day 2 or 3 than did the dorsal region, although
mutant virus infection consistently induced a less intense re-
sponse than wild-type virus infection in all of these areas.
Overall, these differences reflected the extent of swelling mea-
sured using calipers (Fig. 7). The total levels of cellularity (Fig.
9A) and edema (Fig. 9B) were depicted by combining the
mean scores of individual areas. These levels peaked at day 2
or 3 following inoculation with wild-type virus and were mark-
edly lower in mutant virus-infected tissues. Mononuclear cell
infiltrates increased and neutrophil infiltrates decreased at be-
tween days 3 and 7 for both viruses (data not shown), consis-
tent with the transition from an innate to an adaptive immune
response over this time (27). When the intensity of cellularity
or edema in separate areas was evaluated (Fig. 9A and B),
results continued to show a marked difference in mutant-in-
fected and control tissues. On day 2 or 3 postinoculation, levels
of cellularity during infection with mutant virus were approx-
imately 60% the levels seen with wild-type virus, with differ-
ences being most marked in the ventral and internal areas. On
day 2 or 3 postinoculation, levels of edema during infection
with mutant virus were variable (55 to 79% the levels of the
wild type) but were consistently lower than the levels seen with
wild-type virus. Together, these results show that mck expres-
sion correlated with a more intense inflammatory response in
the infected tissues at times when the innate response predom-
inated. It seems likely that mck acts to profoundly alter and

intensify the early antiviral inflammatory response, albeit in a
manner that is apparently independent of the effectiveness of
that response. Quite remarkably, the profound increase in the
inflammatory response induced by mck-expressing viruses does
not result in a greater clearance of infection (Fig. 5).

We have shown that the expression of MCK-2 during acute
infection in mice contributes to an increase in the inflamma-
tory response at the footpad site of inoculation as well as to
higher peak levels of viremia and more efficient dissemination
to salivary glands. Efficient mck-dependent dissemination is
not affected by the capacity of the host to mount an adaptive
immune response (8, 55) but appears to interface with the
innate immune response over the first few days of infection.
Fleming et al. (19) observed approximately twofold lower lev-
els of inflammation in the liver at 2 days after i.p. inoculation
with mck mutant viruses; however, this result does not reflect
differences in the levels of inflammation in the peritoneal cav-
ity, which are similar for mck mutant and control viruses (N.
Saederup, unpublished observations).

Recombinant viruses carrying specific mutations disrupting
the conserved CC chemokine motif within m131 provide the
strongest evidence that inflammation at the footpad inocula-
tion site is under the control of MCK-2 and that the intensity
of the local inflammatory response influences the level of vire-
mia that precedes dissemination to the salivary glands. Con-
sistent with a proposed role as a secreted chemokine, the
requirement for MCK-2 can be complemented by coinoculat-
ing an mck-expressing virus together with a mutant virus. Al-
though we cannot discount a direct immunomodulatory role
for MCK-2, we believe that the major impact of mck is to re-
cruit mononuclear leukocytes that disseminate virus. Many
other immunomodulatory viral gene products probably con-
tribute to altering the effectiveness of innate and adaptive
immune responses (reviewed in references 29, 38, 52, and 53).
mck function therefore appears to be focused on the recruit-
ment of cells that facilitate dissemination to the salivary glands
during acute infection. With a pirated function used to in-
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crease dissemination, mck appears suited to the needs of a
virus that gains access to the salivary glands in order to be shed
into saliva and transmitted to new hosts (24).
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