INFECTION AND IMMUNITY, June 2005, p. 3242-3250
0019-9567/05/$08.00+0  doi:10.1128/1A1.73.6.3242-3250.2005

Vol. 73, No. 6

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

B2 Integrins Control the Severity of Murine Lyme Carditis

Mireia Guerau-de-Arellano,' Joseph Alroy,” and Brigitte T. Huber'*

Department of Pathology, Tufts University School of Medicine, Boston, Massachusetts," and Department
of Pathology, Tufts University School of Medicine, Veterinary Medicine and Tufts-NEMC,
Boston, Massachusetts>

Received 29 October 2004/Returned for modification 22 December 2004/Accepted 21 January 2005

Infection of C57BL/6 (B6) mice with the Lyme disease spirochete Borrelia burgdorferi can result in develop-
ment of arthritis and carditis. B. burgdorferi induces expression of 32/CD18 integrins, adhesion molecules that
mediate the firm adhesion of leukocytes to the endothelium necessary for cellular extravasation during
inflammation. The important role of 32/CD18 integrins during extravasation suggests that these molecules
play a role in the development of Lyme arthritis and carditis. The dependency of these inflammatory processes
on the 32 integrins was investigated in CD18 hypomorph mice, which express low levels of CD18. The results
indicate that CD18 deficiency did not abrogate development of Lyme arthritis or carditis. Moreover, it resulted
in increased severity of Lyme carditis. B. burgdorferi-infected CD18 hypomorph mice showed an increased
macrophage infiltration of the heart, while they produced lower levels of borreliacidal anti-B. burgdorferi
antibodies compared to wild-type mice. In accordance with these results, we demonstrate that dendritic cells
from CD18 hypomorph mice secrete higher levels of monocyte/macrophage chemoattractant protein 1 (MCP-
1/CCL2) in response to B. burgdorferi. Similarly, we show by real-time PCR that B. burgdorferi-infected hearts
from CD18 hypomorph mice express increased levels of MCP-1 RNA compared to wild-type mice. Overall, our
results indicate that 32 integrin deficiency does not abrogate B. burgdorferi-induced inflammation; rather, it
results in increased recruitment of macrophages into the B. burgdorferi-infected heart, likely due to the
increased expression of MCP-1 in this tissue. Thus, 32 integrins may play a regulatory role in B. burgdorferi-

induced inflammation beyond mediating adhesion of leukocytes to the endothelium.

Lyme disease is a consequence of infection with the two-
membrane, diderm (31), spirochete Borrelia burgdorferi (17,
63). B. burgdorferi is transmitted to humans upon feeding of
infected Ixodes ticks (40, 59). The spirochete initially estab-
lishes infection in the skin and then disseminates to other
organs, such as the heart, joints, and nervous system (60).
Inflammation is a hallmark of B. burgdorferi infection, which
can be manifest as carditis and arthritis. Carditis usually ap-
pears several weeks after infection and is estimated to affect 2
to 8% of untreated patients (32). Arthritis develops months
after infection, affecting 60% of untreated patients (64). The
inflammatory manifestations of Lyme disease can be detrimen-
tal to the host; i.e., Lyme carditis can result in serious cardiac
conduction abnormalities (44, 61), and joint inflammation may
set the stage for development of chronic antibiotic treatment-
resistant Lyme arthritis (23, 30, 64). Understanding the mech-
anism for the development of inflammation in Lyme disease is,
therefore, an important aim.

Although the effects of Lyme carditis can be severe, limited
information on this disease can be gathered from human pa-
tients (32). In contrast, the mouse model of Lyme disease
provides an excellent tool to study Lyme carditis. C57BL/6
(B6) mice inoculated with live B. burgdorferi organisms develop
Lyme arthritis and carditis 2 to 4 weeks postinfection (3, 68).
While Lyme arthritis is characterized by tendonitis and syno-
vitis, with infiltration of neutrophils and other leukocytes (6, 7),
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the macrophage is the main infiltrating cell found in Lyme
carditis (52). Neutrophils and macrophages reach the B. burg-
dorferi-infected tissues after undergoing a process of extrava-
sation.

Extravasation of immune cells into tissues usually depends
on the B2 integrin group of adhesion molecules (33). B2 inte-
grins mediate adhesion of leukocytes to the endothelium, a
step required for extravasation (33). All members of the B2
integrin family are heterodimers made up of the common
chain, CD18, which pairs with CD11la, CD11b, CDllc, or
CD11d, respectively, forming the corresponding integrins
LFA-1, Mac-1/CR3, p150,95, and CD11d/CD18 (33). There-
fore, CD18 deficiency results in decreased expression of all 32
integrins (27) and in humans is manifested as the disease
leukocyte adhesion deficiency (LAD). Symptoms of LAD in-
clude impaired wound healing, severe gingivitis, and recurring
necrotic soft tissue infections that can be moderate to life-
threatening, depending on the level of expression of functional
B2 integrins (34). A mouse model of the moderate form of
LAD was developed by Wilson et al. (69). The CD18 hypo-
morph mice have reduced levels of B2 integrins, with 2 to 16%
of normal expression levels of CD18 on leukocytes (69).

We investigated the influence of B2 integrins on the devel-
opment of the inflammatory infiltrates characteristic of murine
Lyme arthritis and carditis. It has been shown that B. burgdor-
feri induces the expression of B2 integrins on neutrophils (19,
48) and that infiltrating cells in human Lyme arthritis joints
express high levels of CD11a/CD18 (LFA-1) (1). These data
suggest that B2 integrins play an important role in the inflam-
matory processes associated with B. burgdorferi infection.
CD18 hypomorph mice express low levels of B2 integrins on
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the surface of immune cells and show decreased cell migration
in a thioglycolate-induced peritonitis model (69). Therefore,
we tested whether CD18 hypomorph mice on the B6 back-
ground develop Lyme arthritis comparable to wild-type (WT)
B6 mice. Although we expected to find diminished inflamma-
tion in both the joint and the heart of B. burgdorferi-infected
CD18 hypomorph mice, we observed that these mice develop
arthritis similar to that of infected WT mice. Furthermore,
CD18 hypomorph mice developed carditis of aggravated se-
verity, marked by an increased infiltration of macrophages that
correlated with increased expression of monocyte/macrophage
chemoattractant protein 1 (MCP-1) RNA in the heart of these
mice. Our results underscore that B2 integrins play an impor-
tant role in the control of MCP-1 expression and, therefore, in
control of the inflammatory response.

MATERIALS AND METHODS

Bacteria. Low-passage (passages 2 to 4) cultures of the infectious B. burgdorferi
N40 clone D1I0E9A1-E (kind gift of Jenifer Coburn) (20, 21) were used in all
experiments. Spirochetes were grown in complete BSK-H medium (Sigma
Chemical Co., St. Louis, Mo.) at 33°C until mid-log phase (5 X 107 cells/ml). A
lot of BSK-H medium known to provide high rates of infection was used to grow
B. burgdorferi for all experiments, as it has been reported that different lots of
BSK-H media influence the pathogenicity of in vitro grown B. burgdorferi (67). B.
burgdorferi cell numbers were determined by dark field microscopy.

Mice. Male CDI18 hypomorph mice on the B6 background (B6.129S7-
Itgh2tm1Bay/J) were bred at the Tufts University Division of Laboratory Animal
Medicine from breeding pairs obtained from Jackson Laboratories (Bar Harbor,
Maine) (kind gift of Joan Mecsas). The Institutional Animal Care and Use
Committee of Tufts University approved all procedures. Age-matched wild-type
B6 mice were purchased (Jackson Laboratories, Bar Harbor, Maine).

Four-week-old male CD18 hypomorph and wild-type mice were infected in-
tradermally in the skin of the tibular area of both hind limbs with a total dose of
10* B. burgdorferi N40 cells per mouse. After infection, mice were followed for
development of arthritis by measurement of ankle width with a caliper (Mahr
Federal, Providence, RI), and serum was collected once a week through tail
bleeding. At 2 to 3 weeks postinfection, at the peak of Lyme disease (based on
Lyme arthritis edema measurements) (3, 68), mice were sacrificed by CO, as-
phyxiation, and the heart and ankle tissues were harvested. In some experiments,
the heart was cut longitudinally, and one half was used for histology (see “His-
topathology” below), while the other one was used for DNA extraction (see “B.
burgdorferi burden” below). In addition, some hearts were used for immunohis-
tochemistry and/or RNA extraction. All mouse experiments were repeated at
least three times.

Histopathology. After being harvested, ankle tissues were decalcified and fixed
overnight in Decalcifier I solution (Surgipath, Richmond, IL) and then kept in
formalin until further processing. Hearts were cut in half through bisection
across the atria and ventricles, and one half was fixed in phosphate-buffered 4%
formalin. After fixation, either tissue was embedded in paraffin, sectioned and
hematoxylin-eosin stained (HE). HE-stained sections were histopathologically
scored for cellular infiltration in a blind fashion on a scale from 0 to 3 (54): 0, no
inflammation; 1, mild inflammation, with less than two small foci of infiltration;
2, moderate inflammation, with 2 or more foci of infiltration; 3, severe inflam-
mation, with focal and diffuse infiltration covering a large area, with the differ-
ence that we observed no necrosis of the myocardium.

Immunohistochemistry. After being harvested, the heart was embedded in
22-oxyacalcitriol, snap-frozen in a dry ice-ethanol bath, and kept at —80°C until
further processing. Frozen sections (6 pm thick) were cut from 22-oxyacalcitriol-
embedded heart tissues representative of average carditis severity for each
group, fixed in acetone for 10 min, air dried, and rehydrated in Tris-buffered
saline (TBS). Sections were blocked in 20% swine serum (DAKO, Carpinteria,
CA) and then with anti-CD16/CD32 (Pharmingen, San Diego, CA) in TBS-1%
swine serum. To eliminate endogenous biotin activity, sections were treated with
a biotin blocking system (DAKO, Carpinteria, CA), according to the manufac-
turer’s instructions. After this, sections were stained using the DAKO LSAB+
system (Carpinteria, CA) with the anti-mouse F4/80 biotin antibody (Serotec,
Raleigh, NC) or recombinant immunoglobulin G2b (IgG2b)-biotin isotype (E-
bioscience), diluted to 0.5 pg/ml in TBS-1% swine serum.
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B. burgdorferi burden. Collected heart tissue was minced with a razor blade
and kept frozen at —20°C until processing. DNA was extracted by a modification
of the method of Morrison et al. (47). The tissue (half a heart) was incubated for
4 h at 37°C in 200 pl of 1 mg/ml collagenase A (Roche, Indianapolis, IN) in
Dulbecco’s phosphate-buffered saline without Ca**/Mg?* (Cellgro, Herndon,
VA). The same volume of lysis solution (100 mM Tris-Hcl, pH 8, 5 mM EDTA,
0.2% sodium dodecyl sulfate, 200 mM NaCl) containing 1 mg/ml proteinase K
(Invitrogen, Carlsbad, Calif.) was then added, and the tissue was further incu-
bated overnight at 55°C. The resulting solution was extracted twice with buffer-
saturated phenol (Invitrogen, Carlsbad, Calif.) and once with phenol-chloro-
form-isoamylalcohol (25:24:1; Invitrogen). The DNA was precipitated with 95%
ethanol in the presence of 0.3 M Na acetate, pH 5.5, and resuspended in
PCR-quality water.

The B. burgdorferi chromosomal RecA and the mouse nidogen genes were
amplified by real-time PCR, according to the method described by Morrison et
al. (47), with the following modifications: the real-time amplification was per-
formed in a 50-pl volume containing QTAGEN SYBR green mix and 0.3 pM
concentrations of the 5’ and 3" RecA or nidogen primers and 300 ng of sample
with an Applied Biosystem 5700 sequence detection system. The amplification
was started by an incubation at 95°C for 15 min, followed by 45 cycles of 94°C for
15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. Data were analyzed
with the GeneAmp5700SDS software and compared to standard curves of B.
burgdorferi or mouse genomic DNA to calculate a RecA/nidogen ratio, repre-
sentative of the number of B. burgdorferi genomes per mouse genome in the
samples.

MCP-1 real-time reverse transcription-PCR. Half of the heart was frozen in
liquid nitrogen immediately after sacrifice of the mouse. The tissue was ground
with a dry ice-cooled mortar and pestle, and RNA was extracted from the
resulting ground tissue with Trizol (Invitrogen, Carlsbad, CA), according to the
manufacturer’s instructions. The RNA was treated with DNase from a DNA-free
kit (Ambion, Austin, TX) and reverse transcribed to cDNA, using the Super-
script III reverse transcriptase (Invitrogen, Carlsbad, CA). The resulting cDNA
was diluted 1:200 or 1:10 for 18S or MCP-1 amplification, respectively. A total of
20 pl of the diluted cDNA was used as a template in the real-time reaction
mixture that contained 1X iTaq Sybr Green Supermix with ROX (Bio-Rad,
Hercules, CA) and 0.3 uM concentrations of each primer. For the 18S amplifi-
cation, primers were CGGCTACCACATCCAAGGAA and GCTGGAATTAC
CGCGGCT (2). For MCP-1 amplification, the primers used were TTAACGC
CCCACTCACCTGCTG and GCTTCTTTGGGACACCTGCTGC (2, 71). The
amplification, adapted from Akpek et al. (2), was performed on an Applied
Biosystem 5700 sequence detection system. The reaction was initiated by incu-
bation at 95°C for 2 min, followed by 40 cycles of 94°C for 15 seconds and 60°C
for 1 min. Data were analyzed with the GeneAmp5700SDS software, and the
factor of increase in expression relative to the uninfected WT sample was cal-
culated and normalized to the expression of the housekeeping gene, 18S, for
each sample.

Borreliacidal assay. The ability of infected mouse serum to kill live B. burg-
dorferi in the presence of complement was determined by borreliacidal assay, as
previously described (9). Briefly, B. burgdorferi was incubated with the serum
samples in the presence of exogenous complement. After a 24-h incubation, B.
burgdorferi cells were counted under a dark field microscope, and a percent
viability was calculated in relation to complement-only samples. All samples were
run in duplicates and scored in a double-blind fashion.

B. burgdorferi, OspC, or C6-specific Ig enzyme-linked immunosorbent assay
(ELISA). Flat-bottom Nunc-Immuno MaxiSorp plates (Rochester, NY) were
coated with B. burgdorferi antigen, prepared by sonication as previously described
(29), at 10 pg/ml, and with recombinant OspC (kind gift of Nikhat Parveen) at
4 pg/ml in coating buffer (Na,HPO, 0.1 M pH 9) overnight at 4°C or were
purchased precoated with C6 (Immunetics, Boston, MA). Coated plates were
blocked with blocking buffer (phosphate-buffered saline-0.05% Tween—2% bo-
vine serum albumin; Sigma, St. Louis, MO) for 45 min at 37°C, with gentle
shaking. Serum samples, diluted 1:400, were applied onto wells in duplicate and
incubated at 37°C for 45 min. After washes, plates were incubated with alkaline
phosphatase-conjugated anti-mouse IgG or specific isotype antibody (Southern
Biotech, Birmingham, Ala.) for 1 h at 37°C. Plates were developed with a
substrate solution prepared with 1 pNPP (Pierce, Rockford, IL) tablet dissolved
in 10 ml of 0.2% diethanolamine substrate buffer (Pierce, Rockford, IL). Optical
densities were read at a 405-nm wavelength in a SpectraMax Plus spectropho-
tometer (Molecular Devices, Sunnyvale, CA).

DC challenged with B. burgdorferi and MCP-1 ELISA. Dendritic cells (DC)
from CD18 hypomorph and wild-type mice were generated via granulocyte-
macrophage colony-stimulating factor stimulation of mouse bone marrow, as
previously described (42). After 10 days of growth in granulocyte-macrophage
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FIG. 1. Murine Lyme arthritis is unaffected by CD18 deficiency. (Left) The graph depicts the variation in average ankle width (a measure of
arthritis edema) over the course of the experiment in uninfected WT (open circles; n = 2 mice) or CD18 hypomorph (open squares; n = 2 mice)
and infected WT (filled circles; n = 8 mice) and CD18 hypomorph (filled squares; n = 7 mice) mice, with error bars corresponding to standard
deviations of the means. Both ankles were measured for each mouse. Results correspond to one experiment, which is representative of five
independent experiments. No significant differences in day of onset or ankle width were observed between the two experimental groups. (Right)
Lyme arthritis pathology in WT and CD18 hypomorph mice at 3 weeks postinfection, determined by histopathology score (see Materials and
Methods). Each symbol in the graph represents the histopathology score of one individual ankle, with two ankles per mouse included in the
analysis, and the average of each experimental group is depicted as a horizontal line. Data correspond to one experiment, representative of three
independent experiments. No significant differences were observed between groups (the average =+ standard deviation was 1.6 * 1.2 for WT and
2.25 *+ 0.88 for CD18 hypomorph mice; P = 0.22, not significant by an unpaired ¢ test). CD18"P°, CD18 hypomorph mice.

colony-stimulating factor-containing RPMI medium-10% fetal bovine serum,
nonadherent DC were harvested, washed, and plated at 150,000 cells/500 pl/well
in RPMI 1640-10% fetal bovine serum supplemented with L-glutamine in 24-
well tissue culture plates. After overnight rest, DC were challenged with various
B. burgdorferi cell/DC ratios for 24 h, and supernatants were collected and tested
for the presence of the chemokine MCP-1 by mouse MCP-1 ELISA (R & D
Systems), according to the manufacturer’s instructions.

Statistical analysis. Statistical analysis to compare experimental groups was
performed through a Student’s two-tailed, unpaired equal variance ¢ test. A P
value of =0.05 was considered statistically significant. In addition, statistical
significance for the borreliacidal assay results, anti-OspC antibody level, and
MCP-1 secretion by bone marrow-derived dendritic cells by a Student’s ¢ test was
also confirmed through use of the nonparametric Mann-Whitney U test.

RESULTS

CD18 hypomorph mice develop Lyme arthritis. Lyme arthri-
tis develops as a consequence of B. burgdorferi infection in the
joint, manifested through edema and/or cellular infiltration. It
has been shown that the susceptibility of mice to these two
manifestations of Lyme arthritis is controlled by distinct chro-
mosomal loci (51). No significant difference in the course or
severity of arthritis between WT and CD18 hypomorph mice
following B. burgdorferi infection was observed, as assessed by
the measurement of joint edema (Fig. 1, left panel). Three
weeks postinfection, we performed a histopathological assess-
ment of cellular infiltration of ankle tissue. As shown in Fig. 1
(right panel), we observed no significant difference in arthritis
severity, as measured by cellular infiltration of the ankle tissue.
To confirm that CD18 hypomorph mice maintained low-level
expression of B2 integrins, we performed CD18, CDlla,
CD11b, and CD11c fluorescence-activated cell sorter staining
of spleen and lymph node cells from mice at 2 weeks postin-
fection, when obvious signs of Lyme disease had already de-
veloped. Upon B. burgdorferi infection, the level of expression
of B2 integrins was slightly up-regulated in WT mice, while it
remained low in CD18 hypomorph mice upon B. burgdorferi
infection (data not shown). One interpretation of these results
is that low expression of B2 integrins is sufficient to allow full
development of Lyme arthritis. Alternatively, other adhesion
molecules, such as the B1 integrin very late antigen 4 (VLA-4)

that mediates CD18-independent adhesion in some cases may
contribute to extravasation in CD18 hypomorph mice.

CD18 hypomorph mice develop increased Lyme carditis.
Lyme carditis is another manifestation of B. burgdorferi infec-
tion. To assess carditis, heart tissues were harvested 3 weeks
postinfection and scored for cellular infiltration. We observed
increased carditis severity in CD18 hypomorph mice, com-
pared to WT mice (Fig. 2). Similar results were obtained when
carditis was analyzed at 2 weeks postinfection (data not
shown). Increased numbers of nucleated cells and larger foci of
infiltration were observed in the base of the heart of the CD18
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FIG. 2. Increased Lyme carditis severity in CD18 hypomorph mice.
Lyme carditis pathology in WT (circles) and CD18 hypomorph
(CD18™P°; squares) mice at 3 weeks postinfection, determined by
histopathology score (see Materials and Methods). Open and filled
symbols correspond to mock-infected and B. burgdorferi-infected mice,
respectively. Each symbol represents an individual mouse, with the
average shown by the horizontal line. The average *+ standard devia-
tion was 1.7 = 0.95 for infected WT (n = 14) and 2.7 = 0.46 for
infected CD18 hypomorph mice (n = 11). Hearts from uninfected WT
(n = 5) and CD18 hypomorph mice (n = 3) did not display symptoms
of inflammation. The asterisk indicates that the difference is significant
(P = 0.004). Data include the pooled results of three independent
experiments.
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FIG. 3. HE staining of heart sections from WT and CD18 hypomorph CD18™P° mice, 3 weeks after B. burgdorferi infection. The top left panel
shows the base of the heart of an infected wild-type mouse, with a carditis severity score of 2, while the top right panel shows a comparable area
from a CD18 hypomorph mouse, with a severity score of 3, both at a magnification of X100. The scores selected represent the median score for
each experimental group. The arrows point to some of the areas of infiltration. Note that the areas of infiltration in the CD18 hypomorph mouse
are more abundant, dense, and extensive compared to WT mice. AL, atrium lumen; M, myocardial tissue. The bottom panels correspond to the
insets of the picture directly above, blown up to a magnification of X400. Sparse mononuclear cell infiltration is observed in WT (bottom left
panel), compared to the heavy mononuclear cell infiltrate in the CD18 hypomorph (bottom right panel). Pictures were taken with SpotAdvanced

software.

hypomorph mice (Fig. 3). This increase in infiltration of heart
tissue suggests that B2 integrins play an important role in
homeostasis of B. burgdorferi-induced inflammation.

Serum of B. burgdorferi-infected CD18 hypomorph mice has
reduced borreliacidal activity. To study how B2 integrins exert
their immunomodulatory effect, we looked at anti-B. burgdor-
feri antibody responses in CD18 hypomorph mice. It has been
reported that lack of anti-B. burgdorferi antibody in B-cell-
deficient mice results in increased carditis severity (46), similar
to what we have observed in CD18 hypomorph mice. We
hypothesized that CD18 hypomorph mice have an intrinsic
defect in producing anti-B. burgdorferi antibodies that are im-
portant for control of B. burgdorferi infection by fixing comple-
ment, resulting in B. burgdorferi lysis (37). However, when we
compared the total anti-B. burgdorferi sonicate antibody re-
sponse in CD18 hypomorph and WT mice over the course of
the infection, we found no significant qualitative or quantita-
tive differences, as determined by the isotype profile and titer
of anti-B. burgdorferi antibodies, respectively (data not shown).
In contrast, when we determined the ability of CD18 hypo-
morph or WT day 21 postinfection immune serum plus exog-
enous complement to kill B. burgdorferi in a borreliacidal assay
(9), we observed that a higher percentage of B. burgdorferi cells
survived in the presence of serum from B. burgdorferi-infected
CD18 hypomorph mice than from WT mice (Fig. 4, top).
Because there are differences in the lipoproteins expressed by
in vitro grown and host-adapted B. burgdorferi (15), it was

important to determine whether the reduced borreliacidal ac-
tivity observed against in vitro grown B. burgdorferi correlated
with a reduced antibody response against host-adapted B. burg-
dorferi proteins. OspC is abundantly expressed in host-adapted
B. burgdorferi (22), and anti-OspC antibodies have been shown
to be, in many cases, the most important borreliacidal antibody
(36). Therefore, we looked at the antibody response to recom-
binant OspC. We indeed found significantly reduced levels of
anti-OspC antibodies in the sera of B. burgdorferi-infected
CD18 hypomorph mice compared to levels in WT (Fig. 4,
bottom). As a control, we determined the levels of antibodies
against the C6 peptide, an invariant epitope in the B. burgdor-
feri protein VISE that is useful for diagnosis of B. burgdorferi
infection (5), in the sera of the two groups of mice and found
no significant differences (data not shown). These data indicate
that the antibody-mediated borreliacidal activity in CD18 hy-
pomorph mice is reduced, with a defect in the production of
anti-OspC antibodies.

CD18 hypomorph mice control B. burgdorferi burden. The
reduced borreliacidal activity of the sera from B. burgdorferi-
infected CD18 hypomorph mice could result in increased B.
burgdorferi burden and increased carditis. To investigate this,
we harvested heart tissue 3 weeks postinfection for DNA ex-
traction. The B. burgdorferi burden in these samples was de-
termined by real-time PCR. We found no significant difference
in the B. burgdorferi burden in the hearts of mice from CD18
hypomorph and WT mice (the median was 5.57 B. burgdorferi
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FIG. 4. Reduced borreliacidal activity in the serum of CD18 hypo-
morph mice. (Top) The percentages of viable B. burgdorferi cells after
incubation in serum from infected WT (circles; n = 10) and CD18
hypomorph mice (squares; n = 11) at 3 weeks postinfection are shown.
Each symbol represents the serum from one infected mouse, with the
average of each experimental group depicted as a horizontal line (the
average was 55.99% for WT and 76.31% for CD18 hypomorph mice
sera). Samples from four independent experiments were included in
this analysis. The asterisk indicates that the difference is statistically
significant (P = 0.02). The difference was also statistically significant
when the nonparametric Mann-Whitney U test was used. (Bottom)
Anti-OspC IgG level in B. burgdorferi-infected WT (circles) and CD18
hypomorph (squares) sera at 3 weeks postinfection. Each symbol cor-
responds to serum from one mouse. The samples were combined from
four independent experiments, as in the top panel. Average optical
density (OD) values for B. burgdorferi-infected WT (n = 9) and CD18
hypomorph (n = 10) sera were 0.183 and 0.109, respectively, and are
depicted as horizontal lines. The asterisk indicates that the difference
is statistically significant (P = 0.008). The difference was also statisti-
cally significant when the nonparametric Mann-Whitney U test was
used. No anti-OspC IgG was detected in sera from uninfected mice.
Bb, B. burgdorferi; CD18™P° CD18 hypomorph.

genomes/10° mouse genomes for WT and 5.8 B. burgdorferi
genomes/10° mouse genomes for CD18 hypomorph mice; n =
8 per group from three independent experiments; P = 0.4, not
significant). Similar results were obtained with ear tissue sam-
ples (data not shown). These data indicate that CD18 hypo-
morph mice control the amount of B. burgdorferi burden to a
level similar to that of WT mice; thus, the difference in carditis
severity is not related to increased B. burgdorferi burden in the
heart. The maintenance of similar B. burgdorferi burden in the
presence of reduced antibody-mediated borreliacidal activity
appeared paradoxical; however, other borreliacidal mecha-
nisms, like increased macrophage infiltration, may compensate
for this defect.

Increased cardiac macrophage infiltration in B. burgdorferi-
infected CD18 hypomorph mice. The two most important
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mechanisms for B. burgdorferi elimination appear to be borre-
liacidal antibodies and macrophage killing (62). We hypothe-
sized that the reduced borreliacidal antibody activity in CD18
hypomorph mice might be compensated by an increase in the
recruitment of macrophages to the heart. It has been reported
that the most abundant inflammatory cells found in the Lyme
carditis lesion are cells of the monocyte/macrophage lineage,
characterized by expression of the Mac-1 and F4/80 markers
(52). To test whether the increased carditis in the CD18 hy-
pomorph mice was accompanied by increased macrophage in-
filtration, we stained frozen sections of infected WT and CD18
hypomorph mice with the macrophage marker F4/80 or its
corresponding isotype control. The B2 integrin Mac-1 was not
used as a marker in this case because its expression is reduced
in CD18 hypomorph mice. Heart sections from infected CD18
hypomorph mice showed massive macrophage infiltration
compared to mild infiltration in those of WT mice (Fig. 5).
These results suggest that, similar to Lyme carditis in WT mice,
the macrophage is the main infiltrating cell in the Lyme carditis
lesions of CD18 hypomorph mice.

Dendritic cells from CD18 hypomorph mice show enhanced
secretion of MCP-1. The recruitment of macrophages into the
infected heart has been associated with expression of the
monocyte/macrophage chemoattractant MCP-1 (52). Den-
dritic cells are key initiators of the immune reaction to infec-
tion via cytokine and chemokine production (18). Thus, we
postulated that DCs resident in heart tissue secrete MCP-1,
which attracts macrophages. As a measure of how CD18 hy-
pomorph and WT mice respond to the presence of the infec-
tious B. burgdorferi, we looked at the chemokine response of
bone marrow-derived DCs to B. burgdorferi. We found that
both WT and CD18 hypomorph DCs responded to B. burgdor-
feri with an increase in MCP-1 secretion, but CD18 hypomorph
DCs secrete about twice as much of the chemokine MCP-1
than WT DCs (Fig. 6), reaching the MCP-1 concentration of 1
ng/ml shown to induce maximal migration of monocytes in an
in vitro chemotaxis assay (4). In addition, baseline levels of
MCP-1 secretion were higher in the CD18 hypomorph mice
than in WT mice (Fig. 6). These data suggest that increased
levels of MCP-1 expression might be found in the hearts of B.
burgdorferi-infected CD18 hypomorph mice.

Expression of MCP-1 in hearts of B. burgdorferi-infected
CD18 hypomorph mice. To test the hypothesis that the in-
creased macrophage infiltration in the heart of CD18 hypo-
morph mice is due to increased secretion of MCP-1 in re-
sponse to B. burgdorferi, we harvested hearts of uninfected or
infected WT and CD18 hypomorph mice at 2 weeks postinfec-
tion, when inflammation is still developing and cells are being
recruited into the heart. The levels of transcription of the
MCP-1 gene and the control gene, 18S, were determined by
real-time PCR. In uninfected mice, we found that MCP-1 was
expressed at similar levels in WT and CD18 hypomorphs (Fig.
7), which contrasts with the increased MCP-1 secretion by
CD18 hypomorph DCs in the absence of B. burgdorferi chal-
lenge (Fig. 6) but correlates with the absence of cellular infil-
tration in uninfected CD18 hypomorph mice (Fig. 2). Upon B.
burgdorferi infection, MCP-1 expression was up-regulated
threefold in WT and sixfold in CD18 hypomorph mice (Fig. 7).
The twofold increase in the level of expression of MCP-1
transcripts in CD18 hypomorph compared to WT mice corre-
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FIG. 5. Increased macrophage infiltration in hearts of B. burgdorferi-infected CD18 hypomorph mice. Two sections of the base of the heart of
wild-type (left panel) and CD18 hypomorph mice (right panel) are shown, corresponding to the median carditis severity for each group. The
sections are stained with the macrophage marker F4/80 in red/fuchsia, and counterstained with hematoxylin. Isotype control stainings on serial
sections demonstrated minimal background, confirming the specificity of the F4/80 staining. Both pictures were taken at a magnification of X100.
Pericardially localized macrophage infiltration foci are observed in B. burgdorferi-infected hearts in both groups of mice (marked with arrowheads).
However, CD18 hypomorph mice show denser and more numerous areas of macrophage infiltration. The more intense blue staining observed in
the major blood vessel on the right panel corresponds to normal endothelial cell staining. Pictures were taken with SpotAdvanced software. A,
atrium wall; M, myocardium; V, major blood vessel; CD18™P°, CD18 hypomorph.

lates well with the twofold increase in secretion of MCP-1 by
DCs and provides a possible explanation for the increased
macrophage infiltration observed in CD18 hypomorph mice.

DISCUSSION

Lyme arthritis and carditis are a consequence of migration
of immune cells into B. burgdorferi-infected joint and heart
tissues (6, 7). Because leukocyte migration is considered to
depend on B2 integrins (33), we addressed the role of B2
integrins in the development of Lyme arthritis and carditis. We
have found that CD18 deficiency results in increased secretion
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FIG. 6. MCP-1 chemokine production of CD18 hypomorph
(CD18™°) versus wild-type DCs. MCP-1 secretion, determined by
ELISA, by bone marrow-derived DCs from wild-type (open circles)
and CD18 hypomorph (open squares) mice at increasing ratios of B.
burgdorferi to DCs. Each symbol corresponds to dendritic cells origi-
nating from the bone marrow of one mouse, with the average of each
experimental group depicted as a horizontal line. Data from three
independent experiments were combined. The difference between val-
ues for WT and CD18 hypomorph mice was statistically significant at
all tested ratios (P < 0.05). The differences were also statistically
significant when the nonparametric Mann-Whitney U test was used.
Average MCP-1 values for B. burgdorferi cell:DC ratios of 0:1, 0.1:1,
1:1, 10:1, and 100:1 were 281.9, 299.4, 267.4, 442.4, and 521 for WT
mice, respectively, and 669.2, 710, 600.4, 874, and 1060.4 for CD18
hypomorph mice, respectively. Bb, B. burgdorferi.

of MCP-1 by CD18 hypomorph DCs and an increase in MCP-1
RNA expression in the B. burgdorferi-infected heart. Our data
suggest that this deregulation results in increased macrophage
infiltration in the heart and a consequent increase in the se-
verity of carditis.

Contrary to our expectations, development of Lyme arthritis
and carditis was not impaired in CD18 hypomorph mice. Leu-
kocytes from CD18 hypomorph mice express low levels (2 to
16%) of B2 integrins (69), and we have confirmed that they do
not up-regulate these molecules to WT level upon B. burgdor-
feri challenge. This indicates that either a low level of expres-
sion of CD18 is sufficient for cell extravasation into the B.
burgdorferi-infected heart and ankle tissues or that additional
adhesion molecules contribute to this extravasation. In this
regard, the CD18 null mouse model may prove useful in dis-
tinguishing between these two possibilities. However, it is in-
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FIG. 7. Increased MCP-1 expression in hearts from B. burgdorferi-
infected CD18 hypomorph mice. The expression level of MCP-1, rel-
ative to the uninfected WT mouse sample, was measured by reverse
transcriptase real-time PCR and normalized to 18S expression in each
sample. The heart of CD18 hypomorph mice expresses levels of
MCP-1 similar to that of reference uninfected WT mice. Upon B.
burgdorferi infection, MCP-1 was induced in WT mice (average *
standard deviation, 3.5 = 0.27) to a lesser extent than in CD18 hypo-
morph mice (average * standard deviation, 6.3 = 0.87). The average
of each experimental group is depicted as a horizontal line. The as-
terisk indicates that the difference is significant (P = 0.006).
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teresting that CD18-independent extravasation of monocytes
and neutrophils has been observed in other systems. For ex-
ample, Streptococcus pneumoniae induces CD18-independent
extravasation into the lungs but not in the abdominal wall,
suggesting that this effect is tissue-specific (24). Cardiac endo-
thelium is another tissue in which CD18-independent migra-
tion has been observed and alternative molecules, such as the
VLA-4/VCAM-1 pair, have been proposed to be involved in
this migration (14). Furthermore, B. burgdorferi lipoproteins
can induce expression of VCAM-1 on endothelial cells (25)
and may, therefore, be setting the right conditions for CD18-
independent extravasation of cells into tissues. We have ob-
served a slight, but not statistically significant, up-regulation of
the B1 chain present in VLA adhesion molecules in leukocytes
from B. burgdorferi-infected CD18 hypomorph mice (data not
shown), which may contribute to cellular extravasation.

Nonetheless, the observed increase in carditis severity was
puzzling, and we tried to address its nature and its cause. We
have found that the increased severity of carditis was accom-
panied by increased macrophage infiltration in the heart. The
mainly monocyte/macrophage infiltrate characteristic of Lyme
carditis is believed to be determined by production of the
monocyte/macrophage chemoattractant MCP-1 in the heart
(52). In fact, an increase in MCP-1 production has previously
been observed to correlate with cardiac discase, as human
patients with acute myocarditis show a twofold increase in
MCP-1 serum levels, compared to healthy controls (28). In
addition, there is direct evidence that cardiac expression of
MCP-1 results in development of myocarditis, since mice trans-
genic for the MCP-1 gene under control of the « cardiac
myosin heavy chain promoter develop myocarditis, with mac-
rophage infiltration (38). MCP-1 is a potent chemoattractant
for monocytes, but the MCP-1 receptor CCR2 is also ex-
pressed on activated and memory T cells, basophils, DCs, and
NK cells (12, 49, 53). Therefore, increased recruitment of these
cells may also contribute to increased Lyme carditis severity in
CD18 hypomorph mice.

MCP-1 is reportedly secreted by a variety of cell types, in-
cluding DCs, macrophages, fibroblasts, vascular endothelial
cells, and vascular smooth muscle cells (50, 66). Although any
of these cell types may be responsible for MCP-1 production in
the heart of CD18 hypomorph mice upon sensing B. burgdorferi
infection, DCs are professional innate immune cells that can
sense the site of infection, move toward it, produce very high
amounts of MCP-1, and amplify the response through recruit-
ment of more macrophages and DCs. Although no direct stain-
ing of DCs was performed in the heart of CD18 hypomorph
mice, a population of heart-resident DCs has been reported to
be present in rat hearts (58). Our results indicate that CD18
hypomorph bone marrow-derived DCs secrete twofold more
MCP-1 upon B. burgdorferi infection, compared to WT, favor-
ing the notion that DCs may be responsible for increased
MCP-1 production in the heart. An increase in MCP-1 secre-
tion by CD18 hypomorph DCs versus WT DCs was also ob-
served in the absence of B. burgdorferi stimulation. The signif-
icance of this baseline difference in MCP-1 production is
unclear, especially since we have not observed increased infil-
tration in the hearts and no increase in MCP-1 mRNA expres-
sion in the hearts of uninfected CD18 hypomorph mice.

The question remains whether CD18 hypomorph mice have

INFECT. IMMUN.

a T-cell defect that contributes to the development of in-
creased severity of Lyme carditis. SCID mice, which do not
have T or B cells, do not resolve Lyme carditis, which is occa-
sionally of increased severity (8, 55), and increased Lyme car-
ditis severity has also been observed in RAG-1"/" mice, which
lack T and B cells (46). Interestingly, delayed resolution of
Lyme carditis was observed in TcRaB '~ mice that could be
reversed by transfer of Th1 T cells (10). Therefore, a defect in
T-cell responses may affect the resolution or, maybe, the se-
verity of Lyme carditis. It is known that CD18 /" mice have a
defect in T-cell receptor-mediated responses, with reduced or
absent proliferative response to alloantigens or staphylococcal
enterotoxin (56). A less pronounced T-cell defect may, there-
fore, also exist in CD18 hypomorph mice, but this has not been
experimentally tested. In this regard, it is also interesting that
MCP-1 can skew the T-cell response toward a Th2 phenotype,
which may compromise the resolution of Lyme carditis. In any
case, it is also important to bear in mind that the clearest role
of T cells in Lyme carditis is in the resolution phase, while our
study was limited to the acute phase of Lyme carditis.

In contrast to the increase in MCP-1, serum from B. burg-
dorferi-infected CD18 hypomorph mice has reduced borreli-
acidal activity and anti-OspC antibody responses compared to
that of WT mice. These specific defects occur in the absence of
a general defect in anti-B. burgdorferi antibody production. It is
unclear why production of antibodies against some B. burgdor-
feri targets is reduced in CD18 hypomorph mice. A possibility
is that T-cell help may be more important for production of
antibodies against particular B. burgdorferi proteins, such as
OspC, than others, such as VISE C6. The immunogenicity of
each protein may be a factor influencing this difference, since
peptide C6 in the highly conserved IR6 segment of VISE VISE
is highly immunodominant (5, 41) and may induce antibodies
more readily than OspC. It is known that B. burgdorferi is
capable of inducing specific isotype-switched antibody re-
sponses in CD40L-deficient mice, despite the inability of these
mice to mediate T-cell-dependent responses (26). However,
the production of antibodies against certain targets was im-
paired in CD40L ™'~ mice (26), similar to what we found in
CD18 hypomorph mice. Furthermore, in a more artificial sys-
tem, in which B. burgdorferi-pulsed antigen-presenting cells
were injected into mice, T-cell help for production of anti-
OspC antibodies was provided by o3 and yd T cells (45).

While we have observed increased carditis severity in CD18
hypomorph mice, arthritis severity was not significantly in-
creased. One important difference between Lyme arthritis and
carditis is the predominant infiltrating cell: the monocyte/mac-
rophage in carditis (52) and the neutrophil in arthritis (6, 7).
MCP-1 is a CC chemokine with specific monocyte/macrophage
chemoattractant activity but no effect on neutrophils (70).
Therefore, the alteration in MCP-1 secretion in CD18 hypo-
morph mice would not, in theory, affect arthritis severity, and
in actuality that is what we observed.

How the reduced level of B2 integrins in CD18 hypomorph
mice results in increased level of MCP-1 secretion by DCs is an
important question. MCP-1 is a chemoattractant that has ef-
fects on both the initial adhesion and subsequent migration of
cells into tissues (35). More specifically, MCP-1 reportedly
induces expression of several B2 integrins on human mono-
cytes, including the alpha chains CD11b and CD11c of Mac-
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1/CR3 and p150,95 (35). We postulate that the increased ex-
pression of MCP-1 in CD18 hypomorph mice reflects an
unsuccessful compensatory mechanism by which the cell tries
to up-regulate cellular expression of B2 integrins in an auto-
crine manner. Support for this hypothesis comes from the
observation by a number of groups that nitric oxide (NO)
inhibits MCP-1 production, while treatment with an inhibitor
of the NO synthase greatly enhances MCP-1 mRNA expres-
sion (13, 65). CD18 engagement has been shown to induce NO
production (39). Therefore, reduced levels of CD18 in CD18
hypomorph mice may reduce production of NO, resulting in
increased MCP-1 production. Future work will be aimed to
determine the accuracy of this model.

The importance of chemokines in cell recruitment during
Lyme disease has recently been demonstrated, to the extent
that these chemoattractants may be indispensable for develop-
ment of Lyme arthritis and carditis. For example, B. burgdor-
feri-infected mice deficient in the receptor for the neutrophil
chemoattractant CXCL1 (KC) fail to recruit neutrophils to the
joint and do not develop arthritis (16). This study was based on
the observation that the KC and MCP-1 chemokines are ex-
pressed at higher levels in joints of high pathology C3H mice
compared to low pathology B6 mice (16). Even though these
two strains harbor similar numbers of spirochetes, the severity
of lesions is higher in C3H mice (43). In contrast, no effect on
arthritis severity was found in MCP-1 receptor knockout
(CCR27/7) mice (16). In light of our results, it would be
interesting to study the development of carditis in CCR2™/~
mice. Our prediction is that carditis development would be
reduced or abrogated in these mice.

Recent evidence has pointed out that Toll-like receptor sig-
naling, although essential for control of B. burgdorferi burden,
is not required for development of B. burgdorferi-induced in-
flammation. This has been interpreted as a “dichotomy be-
tween host defense and inflammatory Lyme arthritis” (11). The
data from the laboratory of Brown et al. (16), discussed above,
imply that chemokines play a crucial role in controlling the
severity of infiltration in Lyme disease, providing a possible
mechanism that resolves the above dichotomy. In this regard,
the fact that MyD88-independent secretion of MCP-1 has been
observed in a Listeria monocytogenes infection model (57) is
extremely interesting. Determining whether MyD88 ™/~ mac-
rophages can produce chemokines in response to B. burgdorferi
may further clarify why inflammation still develops in these
mice. Our study supports the idea that chemokines determine
the severity of inflammation. Furthermore, it highlights the
importance of B2 integrins, not only in the initiation of the
inflammatory response through adhesion of immune cells to
the endothelium but also in the control of this inflammatory
response through regulation of chemokine production.
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