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Evidence is emerging for differential pathogenicity
among Borrelia burgdorferi genotypes in the United
States. By using two linked genotyping systems, ribo-
somal RNA intergenic spacer type (RST) and outer
surface protein C (OspC), we studied the inflamma-
tory potential of B. burgdorferi genotypes in cells and
patients with erythema migrans or Lyme arthritis.
When macrophages were stimulated with 10 isolates
of each RST1, RST2, or RST3 strain, RST1 (OspC type
A)–stimulated cells expressed significantly higher lev-
els of IL-6, IL-8, chemokine ligand (CCL) 3, CCL4, tu-
mor necrosis factor, and IL-1�, factors associated with
innate immune responses. In peripheral blood mono-
nuclear cells, RST1 strains again stimulated signifi-
cantly higher levels of these mediators. Moreover,
compared with RST2, RST1 isolates induced signifi-
cantly more interferon (IFN)-�, IFN-�, and CXCL10,
which are needed for adaptive immune responses;
however, OspC type I (RST3) approached RST1 (OspC
type A) in stimulating these adaptive immune media-
tors. Similarly, serum samples from patients with er-
ythema migrans who were infected with the RST1
genotype had significantly higher levels of almost all
of these mediators, including exceptionally high lev-
els of IFN-�–inducible chemokines, CCL2, CXCL9, and
CXCL10; and this pronounced inflammatory response
was associated with more symptomatic infection. Dif-
ferences among genotypes were not as great in patients
with Lyme arthritis, but those infected with RST1 strains
more often had antibiotic-refractory arthritis. Thus, the
B. burgdorferi RST1 (OspC type A) genotype, followed
by the RST3 (OspC type I) genotype, causes greater
inflammation and more severe disease, establish-

ing a link between spirochetal virulence and host

2726
inflammation. (Am J Pathol 2011, 178:2726–2739; DOI:

10.1016/j.ajpath.2011.02.018)

Lyme disease, which is caused by the tickborne spiro-
chete Borrelia burgdorferi, is the most common vector-
borne disease in the United States and Europe.1 More
than 20,000 cases are reported to the Centers for Dis-
ease Control and Prevention each year.2 The infection
usually begins with an expanding skin lesion, erythema
migrans (EM).1 Within days to weeks, B. burgdorferi in the
northeastern United States may disseminate in blood,
particularly to synovial tissue in joints. Months later, ap-
proximately 60% of untreated patients develop arthritis,
most commonly affecting the knee.3,4 As with other man-
ifestations of the disease, Lyme arthritis usually resolves
with appropriate antibiotic therapy. However, in a few
cases, synovitis persists for months or even several years
after treatment with 2 to 3 months of oral and i.v. antibi-
otics, termed antibiotic-refractory Lyme arthritis.3,5,6

Infection with B. burgdorferi stimulates both innate
and adaptive type 1 helper T-cell (TH1)–like immune
responses, which are necessary for optimal spirochetal
killing.7 The spirochete directly induces cells of monocyte
lineage to secrete IL-6, IL-8, chemokine ligand (CCL) 3,
CCL4, tumor necrosis factor (TNF), and IL-1�, which are
typically involved in innate immune responses.8 In addi-
tion, spirochetes likely stimulate other cells, perhaps nat-
ural killer, natural killer T, or T cells, to secrete interferon
(IFN)-�, which causes cells of monocyte lineage to se-
crete the IFN-�–inducible chemokines CXCL9 and
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CXCL10. These chemokines are strong chemoattractants
for CD4� and CD8� T-effector cells, which are involved in
TH1-like immune responses.9–11

Regional variations have been noted in the clinical
manifestations and immune responses of patients with
Lyme borreliosis in the United States and Europe. Early in
the infection, B. burgdorferi, the sole agent of Lyme dis-
ease in the United States, is associated with faster ex-
pansion of EM lesions, more symptoms, and more fre-
quent hematogenous dissemination compared with B.
afzelii or B. garinii, the primary agent of the disease in
Europe.1,8,12–16 In addition, B. burgdorferi is considerably
more arthritogenic than B. afzelii, which usually remains
localized to the skin; or B. garinii, which is particularly
associated with neurological complications.1 Moreover,
compared with EM lesions of B. afzelii–infected Austrian
patients, those of B. burgdorferi–infected US patients had
significantly higher mRNA levels of chemokines and cy-
tokines associated with activation of macrophages,12 in-
cluding chemoattractants for neutrophils (CXCL1), mac-
rophages (CCL3, CCL4, IL-1�, and TNF), and TH1 cells
(CXCL9 and CXCL10).17–19

Two genetically linked typing systems, one based on
sequence variation of outer surface protein C (OspC) and
the other on ribosomal RNA intergenic spacer type (RST),
have been used to classify US B. burgdorferi strains.20–30

OspC typing divides B. burgdorferi strains into 21 ge-
netically distinct types, 16 of which have been identi-
fied in the northeastern United States30,31; and RST
divides B. burgdorferi into three groups.25 RST1 corre-
sponds to OspC genotypes A and B; RST2 corre-
sponds to OspC types F, H, K, and N; and RST3
corresponds to the remaining 10 OspC types, includ-
ing D, E, G, and I.24,26,32,33 In the northeastern United
States, infection with OspC type A (the most common RST1
strain) or OspC type K (the most common RST2 strain)
accounts for approximately 60% of Lyme disease cases;
and all of the OspC types within the RST1 and RST2
groups account for approximately 80% of cases.24,26,32

RST3, the least common type, is the most diverse, al-
though infection with OspC type I accounts for approxi-
mately half of the RST3 cases.24,26,32 Because RST typ-
ing of isolates may miss differences within groups and
because OspC typing may lead to small groups, more
information for clinical correlations can be obtained from
the use of both typing systems.

Evidence is emerging for differential pathogenicity among
subtypes of B. burgdorferi in the United States.24–26,32–34

RST1 strains are more often detectable in blood in mice
and humans,24,25,33–35 and they more frequently cause
human antibiotic-refractory Lyme arthritis.32 However,
the characteristics of the immune responses induced by
different B. burgdorferi genotypes are incompletely de-
scribed.

In this study, to determine whether strains of B. burg-
dorferi in the United States vary in inflammatory potential,
macrophages and peripheral blood mononuclear cells
(PBMCs) from healthy human donors were stimulated
with a range of B. burgdorferi genotypes recovered from
EM skin lesions of patients with Lyme disease; and cyto-

kine and chemokine levels were measured in cell culture
supernatants. In addition, levels of these inflammatory
mediators were assessed in serum samples from patients
with EM from whom the isolates were obtained and in joint
fluid from patients with Lyme arthritis; the results were
correlated with clinical outcomes. We found that the B.
burgdorferi RST1 (OspC type A) genotype, followed by
the RST3 (OspC type I) genotype, causes greater inflam-
mation and more severe disease, establishing a link be-
tween spirochetal virulence and host inflammation.

Materials and Methods

Ethics Statement

All patients met the Centers for Disease Control and
Prevention criteria for the diagnosis of Lyme disease.36,37

The study was approved by the Massachusetts General
Hospital, Boston, Partners Human Research Committee,
and all patients provided written informed consent.

Study Patients

During the summers of 1998 through 2001, we recovered
93 isolates of B. burgdorferi from biopsy samples of EM
skin lesions in a study of US patients with Lyme disease
from Rhode Island or Connecticut.26 In addition, serum
samples that were obtained from these patients were
used herein to determine protein levels of cytokines and
chemokines. For clinical correlation, the patients were
subdivided according to the number of symptoms asso-
ciated with EM. Clinical observations were made by Nitin
Damle, M.D., at the Rhode Island site and by Vijay Si-
kand, M.D., at the Connecticut site.

In addition, protein levels of cytokines and chemokines
were assessed in joint fluid samples from the 17 patients
who were treated with antibiotics, according to the guide-
lines of the Infectious Diseases Society of America; in
these patients, the infecting strain could be determined
by PCR.26 For clinical correlation, the patients were strat-
ified into those with antibiotic-responsive arthritis, defined
as the resolution of arthritis within 3 months after treat-
ment with i.v. antibiotics for �4 weeks or oral antibiotics
for �8 weeks; or antibiotic-refractory arthritis, defined as
persistent joint swelling for �3 months after the start of
treatment with i.v. antibiotics for �4 weeks or oral antibi-
otics for �8 weeks; or both.

Determination of B. burgdorferi RST and OspC
Genotypes

In a previous study26 of genetic markers in patients with
early Lyme disease, we identified the RST and OspC
genotypes of isolates from the EM skin lesions of 90 of the
patients seen from 1998 to 2001; 37 isolates were RST1
strains, 41 were RST2 strains, and 12 were RST3 strains.
The OspC type of the isolates was determined using
seminested PCR and sequencing techniques, and the
RST was determined using nested PCR and restriction

fragment length polymorphism. For this study, 30 iso-
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lates, 10 of each RST strain, were randomly selected from
this larger group.

Because it has been almost impossible to culture B.
burgdorferi from synovial fluid in patients with Lyme ar-
thritis, the OspC and RST types could only be identified
directly from small amounts of spirochetal DNA, some-
times present in joint fluid, using seminested PCR, se-
quencing, and restriction fragment length polymorphism
analysis.32 Of 124 joint fluid samples obtained between
1975 and 2006, only 17 could be typed in patients who
received recommended antibiotic regimens.32 For this
study, 14 of these 17 samples were still available. Be-
tween 2006 and 2009, 39 additional joint fluid samples
were collected, but it was possible to determine the
OspC or RST type in only three of these samples. Thus,
for this study, joint fluid samples were analyzed for cyto-
kine and chemokine determinations in 17 patients, 14
from the previous study and 3 from more recent patients,
who received recommended antibiotic regimens.

Preparation of Spirochetal Isolates

In preparation for cell culture experiments, each of the 30
low-passage (five or fewer) isolates was grown to mid- to
late-log phase in complete Barbour-Stoenner-Kelly (BSK)
medium (Sigma-Aldrich, St Louis, MO) containing 6%
rabbit serum.38 Isolates were washed three times in PBS
before assessing their numbers. Because it is difficult to
count motile spirochetes reliably and because all 30 spi-
rochetal cultures needed to be ready at the same time,
the number of organisms in each culture was determined
by OD. The concentration of organisms was adjusted to
1.25 � 108 spirochetes per milliliter for experiments with
macrophages and to 2.5 � 108 spirochetes/mL for ex-
periments with PBMCs, based on a carefully constructed
standard curve, as previously described.8 The adjusted
concentrations of organisms were confirmed by measur-
ing the total protein concentration (DC Protein Assay;
BioRad, Hercules, CA) of the isolates. This allowed for
similar numbers of organisms of each isolate to be used
in all experiments.

Macrophage Cell Culture

Human macrophages were differentiated from PBMCs
obtained from three healthy donors by the Massachusetts
General Hospital Blood-Component Laboratory. Before
blood donation, donors were required to answer a ques-
tionnaire, provide a vaccination report, and undergo a
physical examination to ensure their health. Blood sam-
ples were tested for markers of infectious diseases, in-
cluding syphilis, hepatitis B virus, hepatitis C virus, HIV
1/2, human T-lymphotropic virus I/II, and West Nile virus,
all of which were negative in our blood samples.

Macrophages were derived as previously descri-
bed.8,39,40 Briefly, PBMCs from buffy coats were resus-
pended in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
containing 10% human serum (Mediatech, Manassas,
VA) and seeded in flasks for 1 to 2 hours to allow attach-
ment of monocytes. Detached cells were removed by

washing, and adherent cells were allowed to differentiate
into macrophages by 6-day culture in RPMI 1640 medium
supplemented with 25% human serum, 2 mmol/L L-glu-
tamine, 100 �g/mL streptomycin, and 100 U/mL penicillin
at 37°C and 5% CO2. Before stimulation with borrelial
isolates, adherent macrophages were washed three
times, incubated in 5 mmol/L EDTA (Sigma-Aldrich) for
10 minutes, and removed by scraping. Cells were then
washed and transferred to 96-well culture plates at 1 �
105 cells per well and deprived of serum and antibiotics
for 12 hours to remove growth factors. Because the mac-
rophages from frozen PBMC stocks exhibit a dampened
inflammatory response, only fresh macrophages were
used in this study. Macrophages derived in this manner
are �95% pure.8 Preliminary experiments demonstrated
that maximal expression of macrophage-derived cyto-
kines and chemokines occurred within 48 hours at a
multiplicity of infection of 25 organisms per cell (data not
shown). These conditions were used in all macrophage
experiments.

PBMC Cell Culture

Human PBMCs were obtained from three healthy do-
nors by the Massachusetts General Hospital Blood-
Component Laboratory. Different donors were used to
obtain PBMCs versus macrophages, and the experi-
ments with these two cell types were conducted inde-
pendently. PBMCs were isolated from leukopaks after
centrifugation in medium (Lymphocyte Separation Me-
dium; MP Biomedicals, Solon, OH). Cells were then
washed three times, resuspended in RPMI medium
supplemented with 10% human serum and 2 mmol/L
L-glutamine, and seeded into round-bottom 96-well
plates at 2 � 105 cells per well at 37°C and 5% CO2. In
an effort to exclude the possibility that B. burgdorferi
strains altered the biological activity of PBMCs, global
metabolic activity, cytotoxicity, and proliferation were
assessed in these cells stimulated for 120 hours with
each of the 30 isolates, as previously described for
macrophages.8 In addition, preliminary experiments
demonstrated that optimal expression of most cyto-
kines and chemokines associated with the activation of
innate immune cells occurred within 24 hours of stim-
ulation, whereas induction of most IFN-inducible
chemokines required 120 hours at a multiplicity of in-
fection of 25 organisms per cell (data not shown).
These conditions were used in subsequent PBMC ex-
periments.

Detection of Cytokines and Chemokines from
Normal Macrophages or PBMCs Stimulated
with Patients’ B. burgdorferi Isolates

Macrophages were cultured with each of the 10 isolates
of B. burgdorferi RST1 strain (OspC type A), 10 isolates of
RST2 strain (OspC type F, K, or N), or 10 isolates of RST3
strain (OspC type D, E, G, or I) at a multiplicity of infection
of 25 for 48 hours in medium devoid of serum and anti-
biotics. All 30 isolates were tested with macrophages

from each of the three healthy donors. PBMCs were cul-
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tured with the same 10 isolates of each B. burgdorferi RST
type for 24 or 120 hours in culture medium devoid of
antibiotics. As with macrophages, all 30 isolates were
tested with PBMCs from each of the three healthy donors.
The expression of macrophage-derived cytokines (ie,
TNF, IL-1�, IL-6, and IL-10) and chemokines (ie, IL-8,
CCL2, CCL3, CCL4, and CCL5) or PBMC-derived cyto-
kines (ie, TNF, IL-1�, IL-6, IL-10, IFN-�, and IFN-�) and
chemokines (ie, IL-8, CCL2, CCL3, CCL4, CXCL9, and
CXCL10) was assessed in culture supernatants (1:25)
using two separate bead-based multiplex assays (Milli-
pore, Billerica, MA) coupled with the Luminex-200 Sys-
tem Analyzer (Luminex, Austin, TX), as recommended by
the manufacturer. The mean fluorescence intensity was
converted to pg/mL by Upstate Beadview software (Mil-
lipore). The results for each chemokine and cytokine from
all three macrophage experiments or all three PBMC
experiments were averaged for analysis. This minimized
host variation and allowed for a true assessment of dif-
ferences among RST groups.

Detection of Cytokines and Chemokines in
Patient Serum and Joint Fluid Samples

Serum samples, obtained from EM skin biopsy speci-
mens, were available from the same 28 of the 30 pa-
tients from whom Borrelia isolates were recovered: 8
were from B. burgdorferi RST1 strain, 10 were from
RST2 strain, and 10 were from RST3 strain. Joint fluid
samples were available from the 17 patients with anti-
biotic-responsive or antibiotic-refractory Lyme arthritis
in whom the RST and OspC subtype of the infecting
strain could be determined. The levels of cytokines
(IL-6, IL-10, TNF, IL-1�, and IFN-�) and chemokines
(IL-8, CCL2, CCL3, CCL4, CCL5, CXCL9, and CXCL-
10) were assessed in all serum samples at the same
time using bead-based multiplex assays (Millipore).
Similarly, the levels of these factors and IFN-� were
determined in all joint fluid samples at the same time
using separate multiplex assays. Because of limited
amounts of serum and joint fluid, cytokine and chemo-
kine levels in these samples were determined once.

Statistical Analysis

Differences between groups of borrelial isolates in cell
culture experiments, between patient groups according
to the number of symptoms, or between patient groups
according to antibiotic-responsive or antibiotic-refractory
course of arthritis were assessed using the Mann-Whit-
ney rank-sum test. This nonparametric test was selected
because of the differences in the number and distribution
of samples in each comparison group, which is common
in studies using human samples. Statistical analyses
were conducted using Sigma Stat version 3.0.1 software
(SPSS, Chicago, IL). P � 0.05 was considered statisti-

cally significant; all P values are two tailed.
Results

Cytokine and Chemokine Secretion by Normal
Human Macrophages Stimulated with
B. burgdorferi Genotypes Isolated from
Patients with EM

To test the inflammatory potential of B. burgdorferi isolates
in cells of the innate immune lineage, macrophages from
three healthy human donors were each stimulated with
each of the 30 B. burgdorferi isolates from patients with
EM, 10 each of the three RST genotypes. During these
experiments, two isolates of the RST1 genotype were con-
taminated; and the values from those samples were dis-
carded. Only a small variation in the levels of the nine
cytokines and chemokines was detected among the cells
from three donors, as shown for stimulation with RST1
isolates (Figure 1A); therefore, the results from the donors
were averaged before comparing differences among the
B. burgdorferi genotypes (Figure 1B).

All 28 isolates (8 RST1, 10 RST2, and 10 RST3) induced
macrophages to secrete the macrophage-associated cyto-
kines (ie, IL-1�, IL-6, IL-10, and TNF) and chemokines (ie,
IL-8, CCL2, CCL3, CCL4, and CCL5) tested herein (Figure
1B). Compared with RST2 or RST3 strains, RST1 isolates
stimulated the secretion of significantly higher levels of each
of these inflammatory mediators. No statistically significant
differences in cytokine and chemokine secretion were ob-
served between macrophages stimulated with RST2 or
RST3 isolates. The most highly expressed cytokine was IL-6
(median, 13,223 pg/mL), and the most highly expressed
chemokines were IL-8 (median, 12,040 pg/mL) and CCL3
(median, 7294 pg/mL). Within the RST1 group, there
were no clear trends regarding differences in inflam-
matory potential among the eight individual isolates.
Unstimulated cells secreted only low levels of IL-8,
CCL2, and CCL3; and undetectable levels of the other
cytokines and chemokines.

The 28 isolates could also be classified into eight OspC
subtypes. All of the RST1 isolates were OspC type A; seven
of the RST2 isolates were OspC type K, two were type N,
and one was type F; and five of the RST3 isolates were
OspC type I, two each were type E or G, and one was type
D (Figure 2). This distribution of B. burgdorferi genotypes is
consistent with the frequencies of these subtypes in the
northeastern United States.24,26,32 OspC type A (RST1) iso-
lates induced macrophages to secrete significantly higher
levels of all macrophage-associated cytokines and chemo-
kines tested herein compared with OspC type K (RST2)
isolates or OspC type I (RST3) isolates (Figure 2; see also
Supplemental Table S1 at http://ajp.amjpathol.org). How-
ever, among the OspC types corresponding to RST2, OspC
type K appeared to be slightly more inflammatory; and
among the OspC types corresponding to RST3, OspC type
I tended to be the most inflammatory. Because of small
numbers, these differences within the RST2 and RST3
groups were not statistically significant. Thus, B. burgdorferi
OspC type A (RST1) isolates induced macrophages to se-
crete significantly higher levels of cytokines and chemo-

kines associated with innate immune responses, particu-
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larly IL-6, IL-8, and CCL3, than other B. burgdorferi
genotypes.

Cytokine and Chemokine Secretion by Normal
Human PBMCs Stimulated with B. burgdorferi
Genotypes Isolated from Patients with EM

Next, we tested the inflammatory potential of the B. burg-
dorferi isolates with PBMCs, a mixed cell sample that

Figure 1. Inflammatory potential of the three B. burgdorferi RST genotypes
donors were each stimulated with 28 B. burgdorferi isolates (8 RST1, 10 RST
of five chemokines and four cytokines in culture supernatants was assessed
shown individually for each donor. B: Results from all three donors were
percentiles; lines outside the box, 5th to 95th percentiles; and horizontal lin
**P � 0.01, and ***P � 0.001. Differences between RST2 and RST3 strains w
includes cells involved in innate and adaptive immune
responses. For this purpose, PBMCs from three healthy
human donors were stimulated with 30 isolates from pa-
tients with EM, 10 each of the three RST genotypes; and
cell supernatants were collected at 24 hours and 5 days.
Previous experiments with PBMCs showed that 24-hour
stimulation was optimal for cytokine and chemokine se-
cretion associated with direct activation of innate immune
cells by B. burgdorferi, whereas 5 days was optimal for
expression of cytokines and chemokines that require in-

ophage cultures. Monocyte-derived macrophages from three normal human
10 RST3) at a multiplicity of infection of 25 for 48 hours. Protein expression
neously in one complete experiment using multiplex assays. A: Results are

for comparison of the three RST groups. The box represents 25th to 75th

box, median. For the comparison of RST1 with RST2 or RST3, *P � 0.05,
statistically significant.
in macr
2, and
simulta

averaged
teraction between innate and adaptive immune cells.41 In
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addition, we found no significant differences in the ability
of B. burgdorferi genotypes to alter the global metabolic
activity, cytotoxicity, or proliferation of PBMCs (data not
shown), which was consistent with recently published
findings in macrophages.8 These results indicated that
potential differences in the inflammatory capacity of
strains could not be attributed to the ability of strains to
alter global changes in cells’ biological activity.

Consistent with the results in macrophages, PBMCs
stimulated with RST1 isolates for 24 hours secreted sig-
nificantly higher levels of IL-6, IL-8, CCL3, and CCL4 than
RST2 or RST3 isolates (Figure 3A), reflecting the activa-
tion of cells of innate immune lineage. In addition, RST1
strains stimulated significantly higher levels of IFN-� and
CXCL10 than RST2 strains (Figure 3A). At 5 days, all
isolates induced high levels of IFN-� and CXCL9, indicat-
ing that longer stimulation allowed for recruitment and

Figure 2. Inflammatory potential of eight B. burgdorferi OspC genotypes in
1 were subdivided according to their OspC type. The box represents 25th to
the box, median. For the comparison of OspC type A with type K or I, *P �
OspC type K and OspC type I strains.
activation of cells that link innate and adaptive responses
(Figure 3B). Although RST1 strains still tended to stimu-
late the highest levels of IFN-� and IFN-�–inducible
chemokines CXCL9 and CXCL10, the differences among
RSTs were less pronounced at 5 days because RST3
strains approached RST1 strains in stimulating these me-
diators. No significant differences were detected be-
tween RST2 and RST3 strains.

Similar findings were observed when the results were
analyzed according to the three most common OspC
types. All 10 RST1 strains were OspC type A, whereas
seven of the RST2 strains were OspC type K, and five of
the RST3 strains were OspC type I. Again, OspC type A
(RST1) was the most inflammatory genotype. At 24 hours,
OspC type A–stimulated PBMCs secreted significantly
higher levels of most of the chemokines and cytokines
compared with OspC type K (RST2)–stimulated cells
(Figure 4; see also Supplemental Table S2 at http://ajp.

hage cultures. The 28 B. burgdorferi isolates used in experiments in Figure
rcentiles; lines outside the box, 5th to 95th percentiles; and horizontal line in
*P � 0.01, and ***P � 0.001. There were no significant differences between
macrop
75th pe
0.05, *
amjpathol.org). However, OspC type I isolates (an RST3
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strain) approached OspC type A isolates in inducing the
secretion of certain cytokines and chemokines, particu-
larly IFN-�, IFN-�, CXCL9, and CXCL10; this trend be-
came more apparent at 5 days. Thus, OspC type I strains
within the RST3 genotype were similar to OspC type A
(RST1) strains in their ability to induce the part of the
inflammatory response needed for the induction of TH1-

Figure 3. Inflammatory potential of three B. burgdorferi RST genotypes
burgdorferi isolates, 10 of each RST strain, at a multiplicity of infection of 25 f
in culture supernatants was assessed simultaneously in one complete experim
three healthy donors. The results from all three donors were averaged for co
outside the box, 5th to 95th percentiles; and horizontal line in the box, media
were no significant differences between RST2 and RST3 strains.
like adaptive immune responses.
Cytokine and Chemokine Levels in Serum
Samples from Patients with EM
To examine the inflammatory potential of the B. burgdor-
feri genotypes in vivo, cytokine and chemokine levels
were assessed in serum samples from the 28 patients
with EM whose isolates were used for the macrophage

cultures. PBMCs from three healthy donors were stimulated with 30 B.
urs (A) or 5 days (B). Protein expression of six chemokines and six cytokines
ng multiplex assays. All 30 isolates were tested with PBMCs from each of the
n of the three RST groups. The box represents 25th to 75th percentiles; lines
he comparison of RST1 with RST2 or RST3, *P � 0.05 and **P � 0.01. There
in PBMC
or 24 ho

ent usi
mpariso
n. For t
experiments. These samples were obtained a median of
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3 days after the onset of illness. Consistent with the in vitro
responses of B. burgdorferi–stimulated macrophages and
PBMCs, the levels of IL-8, CCL2, CCL3, CCL4, IL-1�, and
TNF were significantly higher in serum samples of pa-
tients infected with the RST1 genotype compared with
those infected with the RST2 or RST3 genotype (Figure
5A). The levels of these inflammatory mediators in healthy
control subjects were low or undetectable (data not
shown). Consistent with in vitro responses of B. burgdor-

Figure 4. Inflammatory potential of eight B. burgdorferi OspC genotypes in
subdivided according to their OspC type. Levels of cytokines and chemokine
five OspC type I isolates after 24 hours (A) or 5 days (B) of stimulation. The
and horizontal line in the box, median. For the comparison of OspC type A
feri–stimulated PBMCs, infection with the RST1 genotype
was also associated with significantly higher levels of
IFN-� and exceptionally high levels of the IFN-�–induc-
ible chemokines CCL2, CXCL9, and CXCL10 (Figure 5A).
When the patients with EM were stratified according to
infection with the most common OspC types (A, K, and I),
OspC type A (RST1) strains tended to be the most in-
flammatory, although all three of these OspC types in-
duced high levels of CCL2, CXCL9, and CXCL10. More-
over, OspC type I (RST3) strains sometimes approached

ultures. The 30 B. burgdorferi isolates used in experiments in Figure 3 were
ompared between 10 OspC type A isolates, seven OspC type K isolates, and
resents 25th to 75th percentiles; lines outside the box, 5th to 95th percentiles;
pe K or I, *P � 0.05, **P � 0.01, and ***P � 0.001.
PBMC c
s were c
or even exceeded the inflammatory potential of OspC
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type A strains (Figure 5B; see also Supplemental Table
S3 at http://ajp.amjpathol.org). Thus, in serum samples, the
TH1-associated chemokines and cytokines were the pre-
dominant inflammatory mediators, whereas in cultured
cells, factors associated with the innate immune response

Figure 5. Cytokine and chemokine levels in serum samples from patients wit
were obtained. Protein expression of cytokines and chemokines was determin
serum samples were subdivided according to the RST type of the infecting strain
samples were subdivided into two equally sized groups based on the number o
0 to 3 or 4 to 20 symptoms. The box represents 25th to 75th percentiles; lines ou
were induced at the highest levels.
The clinical characteristics of the 28 patients are shown in
Table 1. The size (median, 10 cm) and duration (median, 3
days) of EM skin lesions were similar among the three RST
patient groups. Similarly, the frequency of hematogenous
dissemination, as determined by PCR positivity in blood or

rum samples were available from 28 patients with EM from whom the isolates
multiplex assays from all serum samples in one complete experiment. Patient
10 RST2, and 10 RST3) (A) or the three most common OspC types (B). C: Patient
ms. Inset: The percentage of isolates in each RST group associated with either
box, 5th to 95th percentiles; and horizontal line in the box, median. *P � 0.05.
h EM. Se
ed using
(8 RST1,
multiple EM lesions, did not differ significantly among the

http://ajp.amjpathol.org
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three groups; and positive or negative PCR results in
blood did not correlate with the levels of chemokines
and cytokines. However, patients infected with RST1
(OspC type A) strains had significantly more symptoms
(median, 8.5), such as headache, stiff neck, fever,
myalgias, or arthralgias, compared with RST2-infected
patients (OspC types F, K, and N) (median, 1.5) (P �
0.05; Figure 5C, inset). Among RST3-infected patients,
the number of associated symptoms was more vari-
able; the five patients with OspC type I (RST3) infection
had a median of 6.0 symptoms. Thus, during the first
days of illness, OspC type A (RST1)–infected patients
were usually the most symptomatic, followed by those
infected with OspC type I (RST3) strains.

To investigate the relationship between the number of
associated symptoms and the inflammatory immune re-
sponse, the levels of cytokines (ie, IL-1�, IL-6, IL-10, TNF,
and IFN-�) and chemokines (ie, IL-8, CCL2, CCL3, CCL4,
CXCL9, and CXCL10) in serum were compared among the
28 patients subdivided into two equally sized groups: those
with zero to three symptoms and those with four symptoms
or greater. In both groups, IFN-�–inducible chemokines (ie,
CCL2, CXCL9, and CXCL10) were most highly expressed,
reflecting the predominant TH1 response early in the dis-
ease. However, patients with four symptoms or greater had
significantly higher levels of IL-1�, CCL2, and CXCL10; and
they tended to have higher levels of other inflammatory
cytokines and chemokines (Figure 5C). Thus, a more pro-
nounced inflammatory response, characterized by particu-
larly high levels of IFN-�–inducible chemokines, was asso-
ciated with more symptomatic infection.

Cytokine and Chemokine Levels in Joint Fluid
of Patients with Antibiotic-Responsive or
Antibiotic-Refractory Lyme Arthritis

Although it has rarely been possible to culture B. burgdorferi
from joint fluid in patients with Lyme arthritis,42,43 we have
sometimes been able to determine the infecting strain di-
rectly from that site by PCR, primarily from samples ob-
tained years ago before the use of antibiotics for the treat-

Table 1. Clinical Findings in Patients with EM According to Isola

Species and
genotype

Total
isolates

EM

Median size (cm) Me

B. burgdorferi 30 10
RST1 10 10

OspC type A 10 10
RST2 10 12

OspC type F 1 18
OspC type N 2 14
OspC type K 7 12

RST3 10 10
OspC type D 1 8
OspC type E 2 10
OspC type G 2 12
OspC type I 5 9

*Hematogenous dissemination in patients with EM was based on a p
†The number of symptoms in patients with RST1 infection was signific
ment of Lyme disease.32 Of 153 joint fluid samples
collected during a 35-year period, only 20 could be typed in
patients who received recommended antibiotic regimens;
17 were available for this study. By definition, all 17 patients
had positive PCR results for B. burgdorferi DNA in joint fluid.
Although there were examples of all three RSTs among the
17 patient samples, the number with a given OspC type was
small, including only three with OspC type A and none with
OspC type I.

Of the 17 patients, those infected with RST1 strains
had significantly higher levels of IFN-� than those in-
fected with RST2 or RST3 strains (Figure 6A). In addition,
RST1-infected patients had higher levels of TNF, IL-1�,
and CCL2 than RST3-infected patients, although this
group lacked patients infected with OspC type I. Thus,
the differences among genotypes were not as great in
patients with Lyme arthritis, a late disease manifestation,
as in those with EM early in the infection.

Of the 17 patients, 12 had antibiotic-refractory arthritis
and 5 had antibiotic-responsive arthritis. When the course of
their arthritis was stratified by B. burgdorferi genotype, all
five patients with RST1 infection had antibiotic-refractory
arthritis compared with four of seven patients with RST2 and
three of five patients with RST3 infection. However, the trend
toward a greater frequency of RST1 infection in antibiotic-
refractory patients was not statistically significant. Regard-
less of the infecting genotype, patients with antibiotic-re-
fractory arthritis had significantly higher levels of almost all
cytokines and chemokines tested, particularly the IFN-�–
inducible chemokines (ie, CCL2, CXCL9, and CXCL10),
compared with patients with antibiotic-responsive arthritis
(Figure 6B). Thus, in patients with Lyme arthritis, there was
a trend toward a more pronounced inflammatory response
in those infected with RST1 strains, but high inflammatory
responses were found in those with antibiotic-refractory ar-
thritis, regardless of the infecting strain.

Discussion

In this study, we evaluated the inflammatory potential of
B. burgdorferi isolates in cultures of macrophages and
PBMCs and in B. burgdorferi–infected patients with EM or

otype

No. of patients with
hematogenous
dissemination*

No. of symptoms
[median (range)]†ration (days)

3 15 5.0 (0–20)
3 6 8.5 (3–11)
3 6 8.5 (3–11)
4 6 1.5 (0–20)
3 0 2.0 (2)
6 1 0.5 (0–1)
3 5 3.0 (0–20)
3 3 6.5 (0–10)
7 1 0.0 (0)
4 1 9.0 (8–10)
4 0 4.5 (0–9)
3 1 6.0 (2–9)

CR result in blood or multiple EM lesions.
reater than in patients with RST2 infection (P � 0.01).
te Gen

dian du
Lyme arthritis. Several approaches were taken to stan-
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dardize testing and validate the results. First, we tested 8
to 10 isolates of each of the three RSTs, including eight
OspC types that cause Lyme disease in the northeastern
United States.24,26,32 Second, in an effort to hold host
factors constant, we tested all 28 isolates with fresh mac-
rophages or PBMCs from each of the three healthy do-
nors. Third, we used bead-based multiplex assays to
simultaneously measure protein expression of all chemo-

Figure 6. Cytokine and chemokine levels in joint fluid of patients with a
available from 12 patients with antibiotic-refractory and five patients with a
determined. Of the 17 patients, five were infected with RST1 strains (three w
with OspC type K, two with type H, and one with type N), and five were in
the RST could be determined). Cytokine and chemokine levels were compar
antibiotic-responsive arthritis (B). All cytokine and chemokine levels in each
experiment. The box represents 25th to 75th percentiles; lines outside the bo
of RST1 with RST2 or RST3, *P � 0.05. For the comparison of refractory wi
kines and cytokines from each complete experiment.
Fourth, we compared the cytokine and chemokine results
from cell culture studies with those obtained using serum
samples from the same patients with EM from whom the
isolates were obtained. Finally, we assessed inflamma-
tory mediators in joint fluid from patients with Lyme arthri-
tis, a late disease manifestation, in whom it was possible
to determine the infecting strain by PCR. However, some
of the less common OspC types were not examined,

-responsive or antibiotic-refractory Lyme arthritis. Joint fluid samples were
-responsive arthritis in whom the RST type of the infecting strain could be
C type A and two with type B), seven were infected with RST2 strains (four
ith RST3 strains (two with OspC type G, one with type J, and, in two, only

rding to the RST type of the infecting strain (A) and antibiotic-refractory and
7 joint fluid samples were determined by multiplex assays in one complete
95th percentiles; and horizontal line in the box, median. For the comparison
nsive arthritis, *P � 0.05 and **P � 0.01.
ntibiotic
ntibiotic
ith Osp
fected w
ed acco
of the 1

th
including OspC type B (RST1) and OspC type H (RST2),
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which appear to be more invasive strains.24 Although a
more detailed analysis of B. burgdorferi genotypes is pos-
sible using techniques such as multilocus PCR electros-
pray mass spectrometry,44 the information gained from
less common strains of B. burgdorferi is limited by lack of
clinical correlations. Thus, the current study allows a
comparison of more common B. burgdorferi genotypes
but not all of the OspC subtypes.

With both culture systems, RST1 (OspC type A) iso-
lates were more inflammatory than RST2 or RST3 isolates,
but these differences in inflammatory potential among B.
burgdorferi genotypes were most apparent with macro-
phages. Consistent with a previous study,8 we showed
that B. burgdorferi, particularly RST1 strains, stimulated
macrophages from normal human donors to secrete
high levels of TNF, IL-1�, IL-6, IL-8, CCL3, and CCL4,
cytokines and chemokines that are important in the
recruitment and activation of neutrophils, monocytes,
and macrophages in innate immune responses.9–11 At
24 hours, RST1-stimulated PBMCs also secreted
greater amounts of these macrophage-associated cy-
tokines and chemokines. Moreover, RST1-stimulated
PBMCs expressed higher levels of IFN-� and CXCL10
than RST2-stimulated cells. Other investigators45 iden-
tified IFN-�–producing populations in B. burgdorferi–
stimulated PBMCs as plasmacytoid dendritic cells and
CD14�CD11c� dendritic cells, which are also involved
in innate immune responses.

By 5 days, PBMCs stimulated with OspC type A (RST1)
isolates also secreted the highest levels of IFN-� and
IFN-�–inducible chemokines (ie, CXCL9 and CXCL10),
but OspC type I (RST3) strains approached OspC type A
(RST1) strains in inducing these mediators. B. burgdorferi
stimulates cells of monocyte lineage directly to secrete
CCL4, whereas stimulation of intermediate cell types,
probably natural killer, natural killer T, and T cells, is
necessary for secretion of IFN-�; this induces macro-
phages to secrete CXCL9 and CXCL10,41 thereby linking
innate and TH1-like adaptive immune responses.10 Other
investigators24 reported that OspC types A and I were more
often detectable in blood, suggesting that these two types
were particularly virulent. Thus, the B. burgdorferi OspC type
A (RST1) genotype induced PBMCs to secrete the highest
levels of cytokines and chemokines involved in innate and
adaptive TH1-like immune responses, whereas the OspC
type I (RST3) genotype approached OspC type A strains in
stimulating the part of the inflammatory response needed
for adaptive immune responses.

The greater inflammatory potential of B. burgdorferi
RST1 (OspC type A) isolates in cell cultures was also
observed in serum samples from patients with EM from
whom the isolates were obtained. Compared with RST2-
or RST3-infected patients, serum samples of RST1-in-
fected patients contained significantly higher levels of a
range of cytokines and chemokines involved in innate
and adaptive immunity, but high levels of IFN-�, CCL2,
CXCL9, and CXCL10 were the most prominent. When
analyzed by OspC type, infection with OspC type I was
close to OspC type A in inflammatory potential. Consis-
tent with these findings, previous studies of EM lesions,

which were not available for study herein, showed that
IFN-�, IL-6, and IL-10 were the predominant cytoki-
nes17,19 and that CXCL9 and CXCL10 were the most
highly expressed chemokines.12,18

In addition to the greater inflammatory response,
RST1-infected patients with EM had more symptoms, in-
cluding headache, stiff neck, fever, myalgias, and arthral-
gias, followed closely by OspC type I (RST3)-infected
patients. Although significant differences among geno-
types in the frequency of hematogenous dissemination
were not observed in our study, a previous analysis24 of
422 EM skin and blood isolates found that OspC type A
and I strains were more often detected in blood. Finally, in
patients with EM who were seen before the cause of
Lyme disease was known and before this infection was
treated with antibiotics, those with more symptoms early
in the infection were more likely to develop subsequent
arthritis.4 Thus, in the first days of illness, infection with
the RST1 (OspC type A) genotype, followed by infection
with the RST3 (OspC type I) genotype, was associated
with greater inflammation, more severe symptoms, more
frequent hematogenous dissemination, and, probably,
more common progression to late-stage disease.

In a previous study,32 patients with antibiotic-refractory
Lyme arthritis were more often infected with RST1 strains;
this trend was seen in the current patients. Moreover, we
showed herein that RST1-infected patients had higher
levels of IFN-� in joint fluid than RST2- or RST3-infected
patients, but differences among genotypes were less
pronounced than those seen in serum early in the infec-
tion. Instead, consistent with previous experience,46 the
current patients with antibiotic-refractory arthritis had
significantly higher levels of almost all cytokines and
chemokines measured herein compared with patients
with antibiotic-responsive arthritis; this difference be-
tween patients with refractory or responsive arthritis was
seen regardless of the infecting strain. Thus, infection
with other inflammatory strains of B. burgdorferi, not just
RST1 strains, and several host factors, such as HLA
type,5 likely interact to produce the marked joint inflam-
mation that is necessary for the development of antibiot-
ic-refractory arthritis.

However, persistent arthritis after oral and i.v. antibiotic
therapy does not seem to result from spirochetal persis-
tence. After such therapy, PCR results for B. burgdorferi
DNA in joint fluid are typically negative; they were uni-
formly negative in synovial tissue obtained at synovec-
tomy months after the completion of oral and i.v. antibi-
otics.47 We postulate that highly inflammatory responses,
such as those induced by RST1 infection, may set the
stage for infection-induced autoimmunity in affected
joints,3,32 leading to proliferative synovitis that may per-
sist for months to several years after spirochetal killing
with antibiotic therapy.

In summary, evidence continues to grow regarding
differences among B. burgdorferi genotypes in the north-
eastern United States. In the enzootic infection, RST1
strains have higher transmission efficiency from ticks to
mice than other strains,48 which may give them a selec-
tive advantage. Interestingly, RST1 (OspC type A)
strains, which appear to be a recently evolved clonal

lineage, may have been introduced into the northeastern
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United States �200 years ago and may be an important
factor in the emergence of the Lyme disease epidemic in
the northeastern United States in the late 20th cen-
tury.49,50 This study shows that B. burgdorferi OspC type
A (the most common RST1 genotype), followed by OspC
type I (the most common RST3 genotype), causes
greater inflammation and more severe disease, establish-
ing a link between spirochetal virulence and host inflam-
mation. Furthermore, these findings help to explain the
markedly symptomatic early infection and occurrence of
antibiotic-refractory Lyme arthritis late in the disease in
the northeastern United States.
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