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Interferon (IFN)-v is present in lesions of patients with
Lyme disease and positively correlates with the severity
of manifestations. To investigate the role of IFNy in the
development of Lyme carditis, wild-type and IFNvy-defi-
cient C57BL/6 mice were infected with the causative
bacterium, Borrelia burgdorferi. Histological analysis
revealed no change in the severity of carditis between
wild-type and IFNy-deficient mice at 14, 21, 25, and 28
days after infection. However, a distinct shift in the
types of leukocytes within the hearts of IFNy-deficient
mice was observed at 25 days. In the absence of IFNvy,
the number of neutrophils in the heart was increased,
whereas the number of T lymphocytes was decreased.
Bacterial loads within hearts were the same as in wild-
type mice. Macrophages secrete chemokines that re-
cruit immune cells, which could contribute to the accu-
mulation of leukocytes in murine Lyme carditis. The
ability of IFNy and B. burgdorferi to activate murine
macrophages was examined, and the two stimuli syner-
gistically induced chemoattractants for mononuclear
cells (ie, CXCL9, CXCL10, CXCL11, CXCL16, and CCL12)
and decreased those for neutrophils (ie, CXCL1, CXCL2,
and CXCL3). IFNy and B. burgdorferi also synergis-
tically enhanced secretion of CXCL9 and CXCL10 by
murine cardiac endothelial cells. These results in-
dicate that IFNy influences the composition of in-
flammatory infiltrates in Lyme carditis by promot-
ing the accumulation of leukocytes associated with
chronic inflammation and suppressing that of cells
that typify acute inflammation. (4m J Pathol 2011,
179:1917-1928; DOI: 10.1016/j.ajpath.2011.06.029)

Lyme disease is characterized by the infiltration of leu-
kocytes into tissues infected by the spirochetal bacte-

rium Borrelia burgdorferi. B. burgdorferi is transmitted to
the skin of a human host through the bite of an Ixodes
scapularis tick. This infection initiates a local inflamma-
tory event, resulting in a rash known as erythema mi-
grans.”® In infected lesions, the innate immune
response includes the recruitment of neutrophils, mac-
rophages, and lymphocytes.*® If patients are left un-
treated, the bacteria can enter the bloodstream and
disseminate throughout the body. Over time, the infec-
tion can develop into a multisystemic disorder, in which
the immune response causes arthritis, myocarditis,
and complications within the nervous system.?

Lyme disease in humans may develop into a chronic
inflammatory disorder, with macrophages and T lympho-
cytes found in the synovium of infected joints.? Neutro-
phils are present in synovial fluid but are rarely noted in
the synovium itself.® Type 1 helper T cells (Th1s) com-
pose most lymphocytes found in synovial fluid.® These
cells stimulate the cellular immune response through pro-
duction of interferon (IFN)-y and other pro-inflammatory
cytokines. The Th1/Th2 cell ratio in the synovial fluid
directly correlates with the severity of Lyme arthritis.®
Serum levels of IFNy also correlate positively with the
severity of disease in individuals infected with B. burg-
dorferi.” These data suggest that Th1 cells, which secrete
IFN+y, have a crucial role in the pathological features of
Lyme disease in humans and potentially contribute to the
development of a chronic inflammatory state.

The vascular endothelium plays an integral role in the
recruitment of Th1 cells and other circulating leukocytes
to areas of infection through the up-regulation of adhe-
sion molecules on its surface and the secretion of che-
moattractant cytokines (chemokines).® B. burgdorferi in-
duces the expression of adhesion molecules (eg,
E-selectin, intercellular adhesion molecule-1, and vascu-
lar cell adhesion molecule-1) on the surface of primary
human umbilical vein endothelial cells (HUVECs)® and
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stimulates endothelium to release the chemokines CXCL8'©
and CCL2."" An in vitro model of the blood vessel wall,
consisting of monolayers of HUVECs grown on acellular
amniotic connective tissue,'? has demonstrated that B.
burgdorferi acts on endothelium to promote the transmi-
gration of neutrophils,®'® T lymphocytes,'® and mono-
cytes.™ In addition, the populations of CD4* and CD8*
T cells that traverse HUVECs stimulated with B. burgdor-
feri are enriched for those that produce IFNy.'*

Thus, there is both in vivo and in vitro evidence that
secretion of IFNy by T lymphocytes may contribute to the
progression of human Lyme disease. Therefore, our lab-
oratory previously investigated whether IFNy alters the
phenotype of endothelium exposed to B. burgdorferi. We
found that incubation of HUVECs with a combination of
IFNvy and B. burgdorferi promotes synergistic secretion of
seven chemokines. All but one of these attract T cells and
macrophages, which are typically found in lesions of
those with chronic inflammation. Concurrent stimulation
of HUVEC-amnion cultures by IFNy and B. burgdorferi
also increases transendothelial migration of T cells com-
pared with stimulation with either agent alone. In contrast,
the migration of neutrophils across B. burgdorferi-acti-
vated HUVECs is decreased when IFNy is added.'®
Given that neutrophils typify acute inflammatory lesions,
these in vitro observations support the hypothesis that
IFNy mediates a switch from acute to chronic inflamma-
tion in human Lyme disease.

In this study, we tested the hypothesis that IFNy pro-
motes chronic inflammation in Lyme disease using the
murine model of the illness. The mouse model of Lyme
disease has provided a means of investigating the pro-
gression of pathological features in the joints and heart.'®
In infected mice, arthritic lesions are populated by many
neutrophils, both in the lumina and connective tissues of
the joint.’” '8 At peak severity, ranging from 2 to 4 weeks
after infection,’®2° lesions in mice with Lyme carditis
contain mostly mononuclear leukocytes, predominately
macrophages. Lymphocytes are also observed, but in
most instances relatively few neutrophils are no-
ted. 2! Compared with murine Lyme arthritis, the cellu-
lar infiltrates seen in Lyme carditis in the mouse more
closely resemble those found in human Lyme arthritis and
carditis.?*® Therefore, we chose to use murine Lyme car-
ditis as a model to study the potential role of IFNy in the
switch from acute to chronic inflammation in human Lyme
disease.

Herein, we demonstrate that mice deficient in IFNy
show an increase in neutrophils and a decrease in T
lymphocytes within lesions of Lyme carditis compared
with wild-type animals. Thus, IFNy modulates the immune
response to B. burgdorferi by promoting the recruitment of
leukocytes that are associated with chronic inflammation.

Materials and Methods

Infection of Mice

Wild-type C57BL/6 and B6.129S7-Iing"™""s/J (IFNvy-defi-
cient) mice were received from the Jackson Laboratory

(Bar Harbor, ME) at the age of 8 weeks. Although C3H/He
mice develop more severe Lyme carditis than do
C57BL/6 animals,'® we were unable to identify a source
for C3H/He strains that lack IFNwy or its receptor. All pro-
cedures involving mice were approved by Stony Brook
University’s Institutional Animal Care and Use Committee
(Stony Brook, NY). Low-passage B. burgdorferi N40 was
grown in Barbour-Stoenner-Kelly-H (BSK) medium (Sig-
ma-Aldrich Co, St Louis, MO), supplemented with 6%
rabbit serum (Sigma-Aldrich Co) for 5 to 7 days at 33°C.
Spirochetes were counted using dark-field microscopy,
and mice were inoculated i.d. on the back with 2.5 x 10°
bacteria in 100 pL of BSK medium or with 100 uL of BSK
medium alone as a control. To confirm infection, bladders
were collected at sacrifice, and each was cultured sep-
arately in a tube containing 7 mL of BSK medium.'® After
7 days, cultures were examined for spirochetes using
dark-field microscopy. Results verified the infection of all
mice that had been inoculated with spirochetes.

Evaluation of Severity of Cardlitis

Five infected and two uninfected wild-type or IFN+y-defi-
cient mice were sacrificed using a CO, chamber preset
at 5 psi at 14, 21, and 28 days after inoculation. Hearts
were collected, perfused with PBS (Gibco/Invitrogen Cor-
poration, Grand Island, NY), and cut sagittally such that
all four chambers were bisected. Hearts were fixed in
10% neutral-buffered formalin for 24 hours at room tem-
perature, embedded in paraffin, divided into sections
(5-um thick), and stained with H&E. The severity of car-
ditis was graded by two independent observers (G.J.S.
and S.J.H.) who were unaware of the origin of each sec-
tion. The severity of inflammation within these sections
was measured using the following criteria: grade 0, no
inflammation; 1, minimal inflammation with fewer than two
small foci of inflammation; 2, moderate inflammation with
two or more foci; and 3, severe inflammation with focal
and diffuse infiltration covering a large area.??

Identification of Leukocytic Subtypes in Cardiac
Lesions

Five infected and two uninfected wild-type or IFNvy-defi-
cient mice were sacrificed using CO, at 14 and 25 days
after inoculation. Hearts were collected, perfused with
PBS, and bisected sagittally. Hearts were flash frozen in
optimal cutting temperature embedding medium (Sakura
Finetek USA, Inc., Torrance, CA) using isopentane
cooled by liquid N,. Frozen tissues were serially divided
into sections (5-um thick) using a cryostat and stored at
-80°C until stained. This experiment was repeated using
five or six infected and four uninfected wild-type or IFNy-
deficient mice at the 25-day point only.

For immunofluorescent staining, sections were fixed in
acetone for 5 minutes at -20°C, rehydrated in PBS lacking
Ca®* and Mg®* (PBS-; Gibco/Invitrogen Corporation),
blocked with 5% bovine serum albumin (Sigma-Aldrich
Co) in PBS- for 1 hour, and washed. Sections were incu-
bated for 30 minutes at room temperature with conju-



gated primary antibodies diluted in PBS-. Unconjugated
primary antibodies were placed on sections overnight at
4°C. After washing, sections were incubated with conju-
gated secondary antibodies for 45 minutes at room tem-
perature. All sections were mounted with VectaShield
mounting medium containing DAPI (Vector Laboratories,
Inc., Burlingame, CA). In addition, some tissue sections
were stained with H&E to grade the severity of carditis, as
previously described.

To identify T lymphocytes, fluorescein isothiocyanate
(FITC)-conjugated rat anti-mouse CD3 (1:50) was used.
Natural killer cells were identified by FITC mouse anti-
mouse NK1.1 (1:50). Alexa Fluor 647 rat anti-mouse B220
(1:50) and phycoerythrin rat anti-mouse IgM (1:50) were
used simultaneously to identify B cells. To identify den-
dritic cells, FITC hamster anti-mouse CD11c (1:50) and
Alexa Fluor 647 rat anti-mouse CD11b (1:50) were used
simultaneously. All of these antibodies were obtained
from BD Biosciences, San Jose, CA. Unconjugated rat
anti-mouse Gr-1 (1:100; AbD Serotec, Raleigh, NC) and
goat anti-mouse F4/80 (1:50; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) were used simultaneously to iden-
tify neutrophils and macrophages. Secondary antibodies
for detection were Alexa Fluor 555 donkey anti-goat 1gG
(1:1000; Invitrogen Corporation, Carlsbad, CA), followed
by Alexa Fluor 488 goat anti-rat IgG (1:1000; AbD Sero-
tec). Fc Block (BD Biosciences) was used to prevent
non-specific binding of antibodies to cell surface Fc re-
ceptors. Matched antibodies to irrelevant antigens from
the same manufacturers were used as negative controls.
For comparison, negative controls were prepared in par-
allel with the positively stained samples. The number of
positively stained leukocytes was counted by an ob-
server (G.J.S.) using coded samples. DAPI staining of
leukocytes was first used to identify the areas where
leukocytes had infiltrated into the atrial walls and the base
of the heart, the typical locations of Lyme carditis in
mice.'®2"22 Then, the number of leukocytes stained for
particular markers was tallied in 10 fields (xX630) selected
at random from within these areas. Whenever possible,
fields were selected from two sections separated by an
interval of at least 30 wm.

Assessment of B. burgdorferi Burden in Hearts
of Mice

Five infected and two uninfected wild-type or IFN+y-defi-
cient mice were sacrificed using CO, at 25 days after
inoculation. Hearts were removed, perfused with PBS,
blotted dry, and minced. DNA was isolated using a
DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia,
CA), according to the manufacturer's protocol, and
stored at -20°C. Primers were used to amplify the B.
burgdorferi recA gene (forward, 5'-GTGGATCTATTG-
TATTAGATGAGGCTCTCG-3';: and reverse, 5'-GCCAA-
AGTTCTGCAACATTAACACCTAAAG-3') and mouse
Nid1 (nidogen-1) gene (forward, 5-CCAGCCACA-
GAATACCATCC-3’; and reverse, 5'-GGACATACTCT-
GCTGCCATC-3"). The amounts of B. burgdorferi recA
DNA were analyzed relative to Nid7 on an ABI 7500 Real
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Time PCR System (Applied Biosystems, Carlsbad, CA) in
96-well Thermo-Fast detection plates (Thermo Fisher Sci-
entific, Waltham, MA) using the ABsolute Blue SYBR
Green Low ROX Master Mix (Thermo Fisher Scientific),
according to the manufacturer’s protocol, in a total vol-
ume of 25 ul. Results are presented as the expression of
recA in infected mice relative to uninfected mice, as cal-
culated by ABI System SDS software (Applied Biosys-
tems). Reactions were performed in quadruplicate.

Microarray Analysis of Murine Macrophages

B. burgdorferi strain HBD1' at passages 44 to 49 was
cultured at 33°C in low-endotoxin BSK medium® that con-
tained 5% EX-CYTE Growth Enhancement Media Supple-
ment (Millipore, Billerica, MA). The infectious N40 strain,
which was used to inoculate mice, did not grow in this
medium; therefore, it was unsuitable for in vitro experi-
ments with cells that respond vigorously to endotoxin.
Three to five days after passage, spirochetes were cen-
trifuged at 5000 X g for 20 minutes and resuspended in
the appropriate experimental medium. Spirochetes were
counted using dark-field microscopy and added to mac-
rophages at a ratio of 10 live spirochetes per macro-
phage.

To isolate murine macrophages, C57BL/6 mice at the
age of 8 weeks were euthanized using CO,. Femurs and
tibiae were removed, and marrow was collected by flush-
ing the inside of each bone with Dulbecco’s modified
Eagle’'s medium (DMEM; Gibco/Invitrogen Corporation)
containing 5% fetal bovine serum (Thermo Fisher Scien-
tific), 100 U/mL of penicillin, and 100 wg/mL of strepto-
mycin. Cells were plated in bone marrow medium-high
(BMM,g), which consisted of DMEM with 2 mmol/L
L-glutamine, 1 mmol/L sodium pyruvate (Gibco/Invitrogen
Corporation), 20% heat-inactivated fetal bovine serum,
and 30% medium conditioned by 929 cells.?®* On the
fifth day, macrophages were detached by rinsing with
cold PBS- and plated in BMM,,,,, which was composed of
DMEM with 1 mmol/L sodium pyruvate, 2 mmol/L L-glu-
tamine, 10% heat-inactivated fetal bovine serum, and
15% L.929 cell-conditioned medium.?*2° For each exper-
imental group, 8 X 10° macrophages were plated in
BMM,,,, for 24 hours at 37°C. Macrophages were then
incubated for 8 hours at 37°C with BMM,g,, only, B. burg-
dorferi (10 spirochetes/cell), recombinant murine IFNy
(10 ng/mL; R&D Systems, Inc., Minneapolis, MN), or the
same amounts of B. burgdorferi and IFNy combined. The
stimuli were removed, and RNAlater (Applied Biosys-
tems) was added at 4°C overnight. RNA was isolated
using an RNeasy Mini Kit (Qiagen Inc.), according to the
manufacturer’s protocol, and stored at -80°C. The quality
and concentration of RNA samples were measured using
an Agilent 2100 Bioanalyzer Automated Analysis System
(Agilent Technologies, Inc., Santa Clara, CA). Microarray
analysis was performed by the Stony Brook University
DNA Microarray Core Facility using the Mouse Expres-
sion Array 430 2.0 (Affymetrix, Santa Clara, CA). Data
were analyzed by the Affy and Limma packages from
Bioconductor open source software for bioinformatics
(http.//bioconductor.org, last accessed March 1, 2008)
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run in the R statistical environment, and synergy scores
were calculated as previously described.'®

Measurement of Expression of Chemokines by
Murine Macrophages

Murine macrophages were isolated as previously de-
scribed and incubated with BMM,,,, only, B. burgdorferi
(10 live spirochetes/cell), IFNy (10 ng/mL), or B. burgdor-
feri and IFN+y together for 8 hours at 37°C. The stimuli
were removed, and RNAlater was added at 4°C over-
night. RNA was isolated using an RNeasy Mini Kit, ac-
cording to the manufacturer’'s protocol, and stored at
—80°C. RNA was converted into cDNA using a Verso
cDNA Kit (Thermo Fisher Scientific), as specified by the
manufacturer. Solaris quantitative PCR primer and probe
pairs for chemokines of interest were used in conjunction
with Solaris gPCR Gene Expression Low ROX Master Mix
(Thermo Fisher Scientific) on an ABI 7500 Real Time PCR
System in 96-well Thermo-Fast detection plates, accord-
ing to the manufacturer’s protocol, in a total volume of 25
wuL. The Gapdh (glyceraldehyde-3-phosphate dehydro-
genase) transcript was used as an endogenous control
for all samples. The efficiency of each primer and probe
set was analyzed and was within acceptable limits for
fold-change calculation using the AAC; method, as cal-
culated by ABI System SDS software. To measure the
expression of chemokines at the protein level, murine
macrophages were stimulated as previously described
for 24 hours at 37°C. Conditioned media were removed
and centrifuged at 8000 X g for 10 minutes. Supernatants
were analyzed for content of selected chemokines using
enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems, Inc.).

Measurement of Expression of Chemokines by
MCECs

The base medium for culture of murine cardiac endothe-
lial cells (MCECs) consisted of DMEM containing 20%
heat-inactivated fetal bovine serum, 100 U/mL of penicil-
lin, 100 pwg/mL of streptomycin, 2 ug/mL of amphotericin
B, and 25 mmol/L HEPES (Gibco/Invitrogen Corporation).
To make complete MCEC medium, base medium was
supplemented with 1X nonessential amino acids (Gibco/
Invitrogen Corporation), 1X sodium pyruvate (Gibco/In-
vitrogen Corporation), 100 ug/mL of heparin sodium (Sig-
ma-Aldrich Co), and 100 ug/mL of endothelial cell growth
supplement (Biomedical Technologies, Stoughton, MA).

To obtain primary cultures of MCECs, hearts were har-
vested from 7- to 10-day-old C57BL/6 pups. To reduce
contamination by fibroblasts, the great vessels and most
of the atria were dissected away, as previously de-
scribed.?® The ventricles were then bisected, and the
pooled heart tissue was rinsed with HBSS (Gibco/Invitro-
gen Corporation). Heart tissue from up to eight pups was
placed in a gentleMACS C tube (Miltenyi Biotec, Auburn,
CA) in 5 mL of HBSS containing 600 U/mL of collagenase
type 2 (Worthington Biochemical Corp, Lakewood, NJ)
and 60 U/mL of DNase | (Roche, Indianapolis, IN). A

gentleMACS Dissociator (Miltenyi Biotec) was used to
process the tissue first with the preset program
m_heart_01, followed by a 30-minute incubation at 37°C
with inversion of the C tube every 5 minutes and a second
dissociation with preset program m_heart_02. The result-
ing suspension was filtered with a 70-um cell strainer (BD
Biosciences). The filtrate was then centrifuged at 300 X g
for 10 minutes at room temperature. The resulting pellet
was resuspended in 2 mL of cold base medium, mixed
with 8 mL of cold 30% Histodenz solution (Sigma-Aldrich
Co) in a 15-mL conical tube, overlaid with 2 mL of cold
base medium, and centrifuged at 1500 X g for 20 min-
utes at 4°C with the brake off. The cells at the low-density
interface were transferred to a fresh tube and washed
once with 10 mL of cold MACS buffer (PBS-containing
0.5% bovine serum albumin and 2 mmol/L EDTA). The
pellet was resuspended in 100 uL of MACS buffer, 1 ug
of FITC anti-mouse CD31 (eBioscience, San Diego, CA)
per 2 X 10° cells was added, and the sample was incu-
bated in the dark for 10 minutes at 4°C. The cells were
then washed with 2 mL of MACS buffer, resuspended in
100 wL of MACS buffer, and incubated with 20 ulL of
anti-FITC MicroBeads (Miltenyi Biotec) in the dark at 4°C
for 15 minutes. Cells were washed with 2 mL of MACS
buffer, resuspended in 500 ulL of MACS buffer, and pos-
itively selected using an LS column (Miltenyi Biotec)
equilibrated with 3 mL of MACS buffer and affixed to a
midiMACS Separator (Miltenyi Biotec). No more than 6 X
10° cells were applied per column. The columns were
rinsed three times with 3 mL of MACS buffer, and labeled
cells were collected by detaching the column from the
magnetic separator and flushing the column with 5 mL of
cold MACS buffer. The collected MCEC fraction was cen-
trifuged and resuspended in 3 mL of warm complete
medium per four to five hearts, and cells were plated on
gelatin-coated 6-cm dishes at 3 mL of suspension per
dish. MCECs were incubated overnight in a humidified
CO, incubator at 37°C. The day after isolation, the cul-
tures were washed three times, fed with complete me-
dium, and refed every 2 to 3 days.

A second enrichment step targeting trypsin-resistant
CD102 was performed when cultures were approximately
90% confluent (usually 4 to 5 days after isolation). MCECs
were detached with 0.125% trypsin in PBS- with 2 mmol/L
EDTA for 3 minutes at 37°C. Trypsin was neutralized with
2 mL of base medium, and the cells were washed with 2
mL of MACS buffer and resuspended in 100 uL of MACS
buffer. FITC anti-mouse CD102 (BD Biosciences) at 2 ug
per 2 X 10° cells was added, and the preparation was
incubated in the dark for 10 minutes at 4°C. Magnetic
labeling with anti-FITC MicroBeads and collection over
LS columns were performed as previously described.
MCECs at passage 2 were used for experiments, with a
purity of 89% to 94%, as determined by flow cytometry to
assess expression of CD102. Staining for CD11b dem-
onstrated that contamination by myelomonocytic cells
ranged from 1.0% to 2.2%. Secretion of chemokines by
MCECs exposed to live B. burgdorferi, IFNvy, or the two
agents combined was analyzed by ELISA, exactly as for
murine macrophages.



Statistics

Data assessing the degree of severity of Lyme carditis
were analyzed by the U-test (two tailed). All other data
were analyzed using an unpaired analysis of variance,
followed by the Tukey-Kramer multiple-comparisons test,
using InStat software (GraphPad, La Jolla, CA). P < 0.05
was considered statistically significant.

Results

To determine the role of IFNvy in the development of Lyme
carditis in mice, wild-type and IFNvy-deficient C57BL/6
animals were injected i.d. with B. burgdorferi N40. Three
individual experiments were conducted to compare the
severity of carditis in the two types of mice at times
ranging from 14 to 28 days after infection. Lesions con-
sisting of infiltrated leukocytes were seen in all infected
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Figure 1. The histopathological features of Lyme carditis are similar
in wild-type (WT) and IFNy-deficient mice. The WT and IFNvy-
deficient (KO) mice were infected with B. burgdorferi N40 or inoc-
ulated with BSK medium as uninfected (UI) controls. Representative
sections stained with H&E from hearts of infected WT (A and B),
infected KO (C and D), and UI WT (E) mice at 25 days after infection
are shown. Boxed regions in A and C are magnified in B and D,
respectively. Scale bars: 100 um (A, C, and E); 50 um (B and D). At,
atrium; V, base of ventricle.

mice (Figure 1, A-D) but not in sham-inoculated animals
(Figure 1E). The results of a histological examination of
sections stained with H&E revealed that most infiltrating
leukocytes were located at the base of the heart and root
of the aorta, consistent with previous reports.'®2"22 The
leukocytes were observed along the endocardium and in
the myocardium (Figure 1, A-D). The severity of carditis
in wild-type and IFNy-deficient mice was assessed semi-
quantitatively using a previously established scale of O to
3.22 An initial study examined hearts harvested from mice
14, 21, and 28 days after infection; severity scores did not
differ between wild-type and IFNvy-deficient mice at any
of these times (Figure 2A). A second study measured the
severity of carditis at 14 and 25 days after infection, and
a third study was performed at 25 days only. The com-
bined results of the second and third studies are shown in
Figure 2B. Consistent with the initial experiment, there
was no difference in the severity of carditis between
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Figure 2. IFNy-deficient mice do not exhibit a change in severity of carditis compared with wild-type mice when infected with B. burgdorferi. Wild-type and
IFNy-deficient mice were infected with B. burgdorferi N40. Five to eleven mice of each type were sacrificed at 14, 21, and 28 days (A) or 14 and 25 days (B) after
infection. Two to four mice of each strain, inoculated with BSK medium only, were sacrificed at the same time points. The severity of carditis was assessed by
two independent observers, as described in Materials and Methods. Horizontal bars indicate the mean score of carditis severity. Each data point represents the
averaged severity score of an individual mouse. Data from uninfected mice at the various time points were combined. In B, data from mice infected for 25 days
were combined from two separate experiments. There was no significant difference between wild-type and IFNy-deficient mice in any of the experimental groups.

wild-type and IFNy-deficient mice at 14 or 25 days after
infection. Overall, the size and density of lesions within
hearts of infected wild-type and IFN+y-deficient mice were
comparable at all times examined.

Although the absence of IFNy did not alter the severity
of murine Lyme carditis, we investigated the possibility
that IFNy affects the composition of leukocytic infiltrates
within these cardiac lesions. This possibility is supported
by our in vitro studies, wherein IFNvy increases the migra-
tion of T cells but decreases that of neutrophils across
endothelium activated by B. burgdorferi.'®> Therefore, we
used immunofluorescent microscopy to analyze the leu-
kocytic subtypes that constitute the lesions of Lyme car-
ditis in wild-type and IFNy-deficient mice. The numbers of
B cells, natural killer cells, dendritic cells, T cells, neutro-
phils, and macrophages were counted in regions of in-
flammation using frozen sections prepared from the
same hearts that were graded for severity of carditis in
Figure 2B. B lymphocytes were not detected in lesions
of Lyme carditis of wild-type or IFNy-deficient mice at
either 14 or 25 days after infection (data not shown). In
addition, natural killer cells (Figure 3, A and B) and
dendritic cells (Figure 3, C and D) were rarely seen at
these points in either type of mouse. T cells were more
prevalent within lesions than dendritic cells and natural
killer cells, but they were still in the minority in both
wild-type (Figure 3E) and IFNy-deficient (Figure 3F)
mice. Simultaneous staining for neutrophils and mac-
rophages revealed that both were present within le-
sions of carditis in the two strains of mice, but macro-
phages predominated (Figure 3, G and H).

Quantitative analysis of the immunostained sections
determined that there was an increase in the number of
CD3" T cells in hearts of infected wild-type mice at 25
days after inoculation, relative to uninfected mice (P <
0.001, Figure 4A). Gr-1" neutrophils were increased rel-
ative to sham-inoculated controls in both strains of mice
at 14 days after infection (P < 0.01) but only in IFNvy-
deficient mice at 25 days (P < 0.001, Figure 4B). F4/80*

macrophages were elevated in both strains of mice after
infection for either 14 or 25 days (P < 0.001, Figure 4C).

When amounts of T lymphocytes, neutrophils, and
macrophages were compared between wild-type and
IFN+y-deficient mice, there were no significant differences
at 14 days after infection. However, at 25 days after
infection, a shift in subtypes of leukocytes within lesions
of Lyme carditis was observed. In the hearts of infected
IFN+y-deficient mice, there was a decrease in the number
of T cells compared with infected wild-type mice (Figure
4A). In contrast, there was an increase in the number of
neutrophils in IFNvy-deficient mice relative to wild-type
mice (Figure 4B). The population of F4/80* macrophages
was increased in infected mice, but differences in geno-
type had no influence on amounts (Figure 4C). During the
counting of neutrophils and macrophages, cells that were
positively stained for both Gr-1 and F4/80 were observed.
This species of myeloid cell?” was present to some de-
gree in all mice. Notably, though, the number of Gr-1*
F4/80" cells was greatly increased in the cardiac lesions
of infected IFNy-deficient mice compared with infected
wild-type mice at both 14 and 25 days (Figure 4D).

The shift in the populations of neutrophils and T cells in
IFN+y-deficient mice at 25 days could be the result of an
altered number of spirochetes within the heart. Therefore,
it was important to compare the spirochetal load in the
hearts of infected wild-type and IFN+y-deficient mice.
Through the use of quantitative real-time PCR, it was
determined that hearts of wild-type and IFNy-deficient
mice contained comparable numbers of B. burgdorferi
(Figure 5). From these data, it is evident that alterations in
the composition of leukocytic infiltrates in the absence of
IFN+y are not simply because of a change in spirochetal
burden.

Like endothelial cells, macrophages, when activated,
secrete various pro-inflammatory cytokines, which may
recruit additional leukocytes to areas of infection. Further-
more, macrophages are present in lesions of Lyme dis-
ease in both humans®® and mice'®2° (Figure 4C) and
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Figure 3. The composition of leukocytic infiltrates differs in the hearts of
wild-type (WT) and IFNvy-deficient mice infected with B. burgdorferi. The
WT and IFN+y-deficient (KO) mice were infected with B. burgdorferi N4O.
Representative sections from hearts of WT (A, C, E, and G) and IFNvy-
deficient (B, D, F, and H) mice at 25 days after infection are shown. Sections
were stained with anti-NK1.1 (green) to detect natural killer cells (A and B).
To distinguish dendritic cells, anti-CD11c (green) and anti-CD11b (pink)
were used concurrently (C and D). Anti-CD3 (green) was used to detect T
cells (E and F). Samples were incubated with anti-Gr-1 (green) and anti-
F4/80 (red) concurrently to detect neutrophils and macrophages, respec-
tively (G and H). Arrows indicate examples of positively stained cells.
Dendritic cells expressing both CD11c and CD11b are indicated by white
staining (C). Arrowheads indicate examples of cells expressing both Gr-1
and F4/80 (HD. Scale bars: 20 um (A-H).

are activated by B. burgdorferi.?®-3° Therefore, we hypoth-
esized that, as for HUVECs,'® IFN+y could be acting as a
switch to promote the production by B. burgdorferi-stimu-
lated macrophages of chemokines that attract leukocytes
associated with chronic inflammation. To determine
whether IFNy alters the expression of chemokine genes
in murine macrophages exposed to spirochetes, microar-
ray analysis was performed. Primary murine bone mar-
row—derived macrophages were stimulated with B. burg-
dorferi, IFNv, or B. burgdorferi and IFNy concurrently for 8
hours. Among the genes encoding chemokines, those for
CXCL9, CXCL11, CXCL16, and CCL12 were synergisti-
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cally up-regulated by B. burgdorferi and IFNy, whereas
those for CXCL1, CXCL3, and CXCL5 were synergisti-
cally down-regulated. The up-regulated genes all encode
attractants for mononuclear cells, whereas the down-reg-
ulated genes encode neutrophil chemoattractants.®’

Six of these chemokines were chosen for further anal-
ysis using real-time RT-PCR. Transcripts of chemokines
that typically attract neutrophils (ie, CXCL1 and CXCL3)
were highly up-regulated by B. burgdorferi alone com-
pared with cells activated by IFN+vy alone (Figure 6, A and
D). Conversely, genes encoding chemokines that attract
mononuclear cells (ie, CXCL9, CCL12, CXCL11, and
CXCL16) were up-regulated by stimulation with IFNv,
whereas B. burgdorferi alone had little effect (Figure 6, B,
C, E, and F). The response of macrophages to IFN+y and
B. burgdorferi combined also differed between the two
categories of chemokines. The addition of both stimuli
resulted in reduced expression of chemokines that attract
neutrophils, compared with B. burgdorferi alone (Figure 6,
A and D). On the contrary, B. burgdorferi and IFNy to-
gether promoted increased expression of chemokines
that attract mononuclear leukocytes, compared with IFNy
only (Figure 6, B, C, E, and F).

As measured by microarray analysis, transcripts for
CXCL2 and CXCL10 were synergistically up-regulated by
B. burgdorferi and IFN+y in HUVECs' but not in murine
macrophages. Nevertheless, we examined the transcrip-
tion of these chemokine genes in the macrophages using
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Figure 4. IFNy increases T cells and decreases neutrophils within lesions of
murine Lyme carditis. Wild-type and IFN+y-deficient mice were infected with
B. burgdorferi N40 or inoculated with BSK medium as uninfected controls.
Hearts were collected at 14 and 25 days after infection, divided into sections,
and stained with fluorescent antibodies against CD3 or both Gr-1 and F4/80
concurrently. Results show the mean * SD total number of cells in 10 fields
(X630) expressing CD3 (A), Gr-1 (B), F4/80 (C), or both Gr-1 and F4/80 (D).
There was no difference between controls at 14 and 25 days after infection,
so data from the two time points were combined. Uninfected groups, 7 = 8
from two independent experiments; 14-day groups, 7 = 5 from one exper-
iment; 25-day groups, 7 = 10 or 11 from two experiments. *P < 0.001 versus
wild-type at the same time point.
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Figure 5. Deficiency of IFNy does not alter spirochetal burden in hearts of
infected mice. Wild-type and IFNvy-deficient mice were infected with B.
burgdorferi N40 or inoculated with BSK medium as uninfected controls.
Hearts were collected at 25 days after infection. DNA was extracted from the
tissue and assessed using real-time PCR. The gene recA was used to measure
the presence of B. burgdorferi. Samples were normalized to mouse Nid1, and
data were plotted as mean * SD relative to uninfected controls of the same
genotype. Wild-type group, n = 4; IFNy-deficient group, n = 5.

real-time RT-PCR. When macrophages were activated by
B. burgdorferi alone, expression of CXCL2, a chemokine
that recruits neutrophils, was increased. As was the case
for other neutrophil chemoattractants, a decrease in ex-
pression was observed with the further addition of IFNy
(compare Figure 6G with Figure 6, A and D). The expres-
sion of CXCL10, an attractant for mononuclear cells, was
enhanced by stimulation of macrophages with IFNy
alone, but incubation with B. burgdorferi and IFNy con-
currently did not further increase the level of transcripts
(Figure 6H).

The secretion of CXCL1, CXCL2, CXCL9, and CXCL10
from stimulated macrophages was measured by ELISA.
In agreement with the RT-PCR results, the production of
CXCL1 and CXCL2 was decreased when macrophages
were incubated concurrently with IFN+y and B. burgdorferi
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Figure 7. IFNYy alters the pattern of chemokines secreted by B. burgdorferi
(Bb)-stimulated macrophages. Murine macrophages were incubated with
medium alone, B. burgdorferi, IFNvy, or B. burgdorferiand IFNy concurrently
for 24 hours. Conditioned media were assessed by ELISA for the concentra-
tions of CXCL1 (A), CXCL9 (B), CXCL2 (C), and CXCL10 (D). CXCL1 and
CXCL2 attract neutrophils, whereas CXCL9 and CXCL10 attract mononuclear
leukocytes. Data represent the mean = SD of triplicate samples. This exper-
iment was repeated two more times for CXCL1, CXCL2, and CXCL10 with
similar results. The experiment for CXCL9 was repeated once more, yielding
similar results. *P < 0.001 versus B. burgdorferi or IFNvy alone.

compared with B. burgdorferi alone (Figure 7, A and C). In
contrast, amounts of CXCL9 were synergistically in-
creased by the two stimuli combined (Figure 7B). Al-
though transcripts for CXCL10 in macrophages incu-
bated with IFNy were not further increased when B.
burgdorferi was added (Figure 6H), the secretion of this
chemokine was synergistically elevated by the two stimuli
together (Figure 7D). Within macrophages activated by
B. burgdorferi, IFNy thus promotes the production of

Mononuclear Leukocyte Attractants

Figure 6. Incubation of murine macrophages
with B. burgdorferi (Bb) and IFNy alters the
expression of chemokine genes. Murine macro-
phages were incubated with medium alone, B.
burgdorferi, IFNvy, or B. burgdorferi and IFNy
concurrently for 8 hours. RNA was extracted
from cells and analyzed using real-time RT-PCR
for the following transcripts: CXCL1 (A), CXCL9
(B), CCL12 (C), CXCL3 (D), CXCL11 (E), CXCL16
(F), CXCL2 (G), and CXCL10 (H). CXCLI,
CXCL2, and CXCL3 attract neutrophils; the re-
mainder attract mononuclear leukocytes. Fold
changes are relative to the level of transcripts in
macrophages incubated with medium alone.
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Figure 8. IFNvy alters the pattern of chemokines secreted by B. burgdorferi
(Bb)—stimulated MCECs. The MCECs were incubated with medium alone, B.
burgdorferi, IFNy, or B. burgdorferi and IFNvy concurrently for 24 hours.
Conditioned media were assessed by ELISA for the concentrations of CXCL1
(A), CXCL9 (B), CXCL2 (C), and CXCL10 (D). CXCL1 and CXCL2 attract
neutrophils, whereas CXCL9 and CXCL10 attract mononuclear leukocytes.
Data represent the mean * SD of triplicate samples. This experiment was
repeated two more times for CXCL1, CXCL2, and CXCL10. Results were
similar, with the exception of one assessment for CXCL1, in which the
secretion was slightly, but significantly, increased by the addition of IFNvy to
B. burgdorferi-stimulated MCECs. Assessment of CXCL9 was repeated once
more, with similar results. *P < 0.001 versus B. burgdorferi or IFNvy alone.

chemokines that attract mononuclear leukocytes but sup-
presses that of chemokines that recruit neutrophils.

To further investigate the mechanisms driving the se-
lective recruitment of leukocytes in murine Lyme carditis,
the secretion of chemokines by endothelial cells isolated
from hearts of C57BL/6 mice was quantified by ELISA. B.
burgdorferi alone stimulated MCECs to produce CXCL1
and CXCL2, which attract neutrophils. However, IFNvy
had no effect on secretion of these chemokines, either
alone or combined with the spirochetes (Figure 8, A and
C). Conversely, the production of two chemokines that
attract T cells, CXCL9 and CXCL10, was induced by
IFN-y but not B. burgdorferi. Furthermore, secretion of
CXCL9 and CXCL10 was synergistically enhanced when
MCECs were costimulated with B. burgdorferi and IFNy
(Figure 8, B and D). In summary, murine macrophages
(Figure 7), MCECs (Figure 8), and HUVECs'® all dis-
played synergistic up-regulation of CXCL9 and CXCL10
when challenged simultaneously with IFN+y and B. burg-
dorferi. Although spirochetes stimulated all three types of
cell to secrete chemokines that attract neutrophils, IFN+y
suppressed this secretion in only the macrophages.

Discussion

A previous study showed that IFNy synergizes with B.
burgdorferi to promote secretion of seven chemokines
from human endothelial cells. Six of the seven chemo-
kines attract leukocytes typical of chronic inflammation.
Moreover, IFNvy increases the migration of T cells, while
decreasing that of neutrophils, across B. burgdorferi-acti-
vated HUVECs. " These in vitro observations suggest that
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IFNy may influence recruitment of leukocytes to tissues
infected with B. burgdorferi. The current study used the
murine model of Lyme disease to address this question in
vivo. Our results indicate that IFNy influences the com-
position of leukocytic infiltrates in hearts of infected mice
because lesions in IFNy-deficient animals have more neu-
trophils and fewer T cells than those in wild-type mice.
Whether this altered composition affects the time needed
for clearance of the spirochetes or resolution of carditis is
an important question for future investigation.

The presence of IFN+y positively correlates with the
severity of Lyme disease in humans.” However, studies of
the role of IFNy in murine Lyme arthritis have reached
conflicting conclusions. Treatment of infected mice with
anti-IFN+y antibodies reduces joint swelling.®**3 In addi-
tion, neutralization of IL-4, which opposes the function of
IFNy, exacerbates arthritis.> These data support the no-
tion that IFNy contributes to the evolution of inflammation.
On the other hand, IFNy- and IFNy receptor—deficient
mice develop the same severity of Lyme arthritis as wild-
type animals, suggesting that IFNy is not required for the
progression of disease.3*3°

The expression of IFNy is increased in the hearts of
mice infected with B. burgdorferi,**3” but examination of
its role in murine Lyme carditis has been largely through
indirect means. Stat1-deficient mice, which have defects
in signaling pathways induced by IFNe«, IFNB, and IFNy,
show an increase in the extent of carditis, but not arthritis,
at 21 days after infection.?® This observation suggests
that IFNy may play a protective role in murine Lyme
carditis. In apparent contradiction, mice deficient in IL-4,
which produce abnormally high levels of IFNy, develop
more severe carditis after infection with B. burgdorferi,
implying that IFNy may exacerbate carditis.®® In both
instances, spirochetal loads are similar in hearts of wild-
type and knockout animals, even though the severity of
carditis differs. To directly examine the effects of IFNy on
the progression of murine Lyme carditis, we infected
mice that were incapable of producing IFN+y with B. burg-
dorferi. Hearts were scored for overall severity of carditis,
and no difference between wild-type and IFNy-deficient
strains was measured at any time. Similar to the previous
reports,?®® spirochetal burdens in hearts of the two
strains of mice were the same. One previous publication
also directly examined the role of IFNy in Lyme carditis
using IFNy receptor—deficient mice. In disagreement with
our results, these researchers®” observed that loss of the
receptor produced a slight increase in severity and a
greater spirochetal load in the heart at 14 days after
infection. The differences in strain of mouse, strain of B.
burgdorferi, and route of inoculation might account for the
disparity.

Although IFN+y did not alter the severity of murine car-
ditis in our study, we speculated that it might still be
influencing the types of leukocytes that infiltrate cardiac
lesions. Indeed, at 25 days after infection, cardiac lesions
of IFNy-deficient mice contained more neutrophils and
fewer T cells than those of their wild-type counterparts. It
is likely that the larger population of neutrophils observed
in IFNvy-deficient mice is a consequence of enhanced
recruitment of the leukocytes because they are short-
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lived cells in tissues.®® Consistent with other publica-
tions,?°2? macrophages were the predominant leuko-
cyte observed in both strains of infected mice. Unlike T
cells and neutrophils, F4/80" macrophages were found
in similar numbers in infected IFNvy-deficient and wild-
type mice at both time points examined. F4/80 is not
highly expressed on all macrophages,® so it is possible
that some of these leukocytes were not counted in our
analysis. Strikingly, there was an increase in the amount
of F4/80™" cells that also expressed Gr-1 in the lesions of
IFNvy-deficient mice at both 14 and 25 days. IFNvy is
required for macrophages to mature into inflammatory
M1 macrophages. This subset of mature macrophages is
a prominent secretor of pro-inflammatory cytokines.?”
The Gr-1% F4/80™ leukocytes that were observed are
potentially myeloid-derived suppressor cells, an imma-
ture population that can dampen inflammation and pro-
mote healing of damaged cardiac tissue.?” Gr-1* F4/80*
cells were not prevalent in infected wild-type mice in our
study. Therefore, they are unlikely to play a major role in
the progression of Lyme disease.

We found that IFN+y and B. burgdorferi synergistically
induced macrophages, like endothelium,'® to produce
chemokines that attract cells typical of chronic inflamma-
tion, including CXCL9, CXCL10, and CXCL11. Notably,
both CXCL9 and CXCL10 are observed in the synovial
fluid of patients with antibiotic-refractory Lyme disease*’
and septic arthritis,***3 whereas CXCL9 is prevalent in
autoimmune arthritis.** In contrast, the addition of IFNy to
murine macrophages stimulated by B. burgdorferi syner-
gistically decreased expression of several attractants for
neutrophils, including CXCL1 and CXCL2. CXC chemo-
kine receptor 2, which is a receptor for both CXCL1 and
CXCL2, is required for the migration of neutrophils into
joints during murine Lyme arthritis.*® In addition, CXCL1
regulates the infiltration of neutrophils into lesions of mu-
rine Lyme carditis.*® CCL2 is a major attractant for mono-
nuclear leukocytes in many disease models.*” However,
its expression, as measured by microarray analysis, was
not synergistically altered by spirochetes and IFN-vy in
HUVECs' or murine macrophages. In accordance, se-
cretion of CCL2 was not synergistically enhanced by the
two stimuli in either murine macrophages or MCECs (data
not shown).

Our current and published® in vitro observations sup-
port the idea that chemokines derived from macrophages
and endothelial cells shape the composition of leukocytic
infiltrates in Lyme carditis. In hearts of infected mice,
IFN+y promoted the accumulation of T lymphocytes. Like-
wise, IFN+y enhanced the production of attractants for T
cells by endothelial cells' and macrophages exposed to
B. burgdorferi. IFNvy also suppressed recruitment of neu-
trophils into lesions of Lyme carditis, and it reduced pro-
duction of chemoattractants for neutrophils by spiro-
chete-stimulated macrophages. Nevertheless, IFN-y had
no effect on secretion of the neutrophil attractants CXCL1
and CXCL2 by MCECs activated with B. burgdorferi. Sim-
ilarly, IFNy does not reduce secretion of CXCL8, a major
neutrophil attractant in humans, by HUVECs activated
with B. burgdorferi. Moreover, levels of transcripts for
CXCL2 in HUVECSs are synergistically induced by the two

stimuli.’® Collectively, these results raise the possibility
that chemokines secreted by macrophages play a more
important role in recruitment of neutrophils during Lyme
carditis than those produced by endothelial cells. Fur-
thermore, IFNy dampens migration of neutrophils across
spirochete-stimulated HUVECs in vitro, despite the fact
that expression of two chemokines important for their
recruitment is not decreased.'® Perhaps, then, alterations
in other factors necessary for extravasation, such as en-
dothelial cell adhesion molecules, also are involved in the
mechanism by which IFNy down-modulates accumula-
tion of neutrophils in murine Lyme carditis.

B. burgdorferi elicits inflammatory responses that mirror
other forms of chronic inflammation. Arthritic lesions in
Lyme disease and rheumatoid arthritis have similar path-
ological features, and both contain T cells, which are
primarily helper T cells, distributed throughout the af-
fected tissue.*® As with B. burgdorferi, IFNvy synergizes
with ligands of Toll-like receptors, such as peptidoglycan,
double-stranded RNA, flagellin, and lipopolysaccharide,
to increase the secretion of CXCL9 and CXCL11 from
fibroblasts*® and CXCL9, CXCL10, and CXCL11 from
human microvascular endothelial cells.** In our study,
IFNy was required for an enrichment of T cells and re-
duction of neutrophils as Lyme carditis progressed, and
it controls a shift in the profile of infiltrating leukocytes in
other inflammatory conditions as well. In cardiac allo-
grafts in IFN+y-deficient mice, T cells and other mononu-
clear leukocytes that normally accumulate are replaced
by many neutrophils.*® In addition, the absence of IFNy
results in more neutrophils infiltrating into the central ner-
vous system of mice during experimental autoimmune
encephalomyelitis.®® As we observed in murine Lyme
carditis, IFNvy is altering the composition of leukocytic
populations in these instances by promoting the infiltra-
tion of mononuclear cells and suppressing that of neu-
trophils. These results support the premise that IFNy is
acting as a molecular switch in the progression of acute
to chronic inflammation in Lyme disease and other inflam-
matory conditions.
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