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T-helper responses following Borrelia burgdorferi infection in mice determine susceptibility to Lyme arthritis.
The ratio of interleukin 4-positive, CD41 to gamma interferon (IFN-g)-positive, CD41 T cells was significantly
greater in infected BALB/cJ mice than in infected C3H/HeJ mice. Increased numbers of IFN-g-producing cells
predicted greater arthritis severity, and CD81 T cells were the main source of IFN-g in both strains.

The spirochete Borrelia burgdorferi, transmitted to humans
by infected ixodes ticks, is the causative agent of Lyme disease
and its attendant secondary and tertiary cardiac, neurologic,
and rheumatic complications (29). Among inbred strains of
mice experimentally infected with B. burgdorferi, the severity of
arthritis is under host genetic control, with BALB/c mice de-
veloping only mild disease but C3H/He mice acquiring severe
arthritis (2, 26, 33). Severity is linked to higher spirochete
burdens, suggesting that susceptibility to pathology represents,
in part, a deficiency in antimicrobial immunity (33).

In a number of murine infectious disease models with vari-
ous degrees of strain-specific susceptibility, polarized lympho-
kine responses underlie the discordance in disease outcome (8,
9, 15, 22, 23). A panel of B. burgdorferi antigen-specific CD41

T-cell clones derived from chronic Lyme disease patients dis-
played exclusively the Th1-like cytokine pattern (35). Human
rheumatoid arthritis is also associated with an increased Th1-
like response (27, 35). Arthritis-susceptible C3H (H-2k) mice
produce a predominately Th1-type immune response following
infection with B. burgdorferi, while resistant BALB/c (H-2d)
mice produce the opposite Th2-type response (10, 11, 16).
When these Th responses are switched by anticytokine anti-
body treatment of mice, disease outcome, measured as arthritis
severity and burdens of the two spirochete strains, is reversed
(10, 16).

Infection of mice with B. burgdorferi. The N40 isolate of
B. burgdorferi was kindly provided by Stephen Barthold (Yale
University, New Haven, Conn.). Low-passage B. burgdorferi
N40 cells (20) were frozen into single-experiment aliquots in
Barbour-Stoenner-Kelly (BSK) II with 30% glycerol (Sigma
Chemical Co., St. Louis, Mo.). Frozen B. burgdorferi cells were
thawed rapidly, transferred into 10 volumes of BSK II, and
cultured at 32°C overnight prior to enumeration of motile
spirochetes by dark-field microscopy. Motility, a minimal esti-
mate of viability, was consistently greater than 75%. Female
BALB/cJ and C3H/HeJ mice were obtained from the Jackson
Laboratory (Bar Harbor, Maine) at 5 weeks of age and housed
in the barrier containment facility (biocontainment level 3) in
our Division of Laboratory Animal Medicine. Mice were inoc-
ulated in the right hind foot pad with 5 3 105 motile spiro-
chetes in 50 ml of BSK II or mock infected with BSK II alone
as previously described (10, 11, 14, 16). Infection was con-

firmed at the time of sacrifice by culture of ear punch biopsy
tissue and/or peripheral blood (data not shown). Infectivity is
controlled by the spirochete genotype (6, 19, 34), as well as the
dose and route of inoculation (1, 19). However, susceptibility
to arthritis following successful infection of mice is strongly
determined by host factors, as infectious B. burgdorferi induces
severe destructive arthritis in C3H/HeJ mice, whether trans-
mitted by needle inoculation or by feeding ticks (10, 11, 16, 30,
31).

Preparation of antigen and antigen-presenting cells. B. burg-
dorferi soluble antigen was prepared from a 500-ml culture of
spirochetes (108/ml). After centrifugation for 20 min at 15°C at
12,000 3 g (10,000 rpm in an SS-34 rotor), the spirochete pellet
was resuspended in 5 ml of phosphate-buffered saline (PBS)
with Mg2 (Sigma Chemical Co.) and the suspension was son-
icated three times for 2 min each time (15-s intervals) on ice at
a 50% duty cycle on a Sonifier 450 (Branson Sonic Power
Company, Danbury, Conn.). The sonicate was centrifuged
again as described above, and the supernatant of soluble anti-
gens was removed and stored in aliquots at 270°C after filter-
ing through a 0.45-mm-pore-size filter (Millipore, Bedford,
Mass.). Irradiated spleen cells (1,700 rads; 107 cells/ml) from
mock-infected syngeneic mice were pulsed with B. burgdorferi
soluble antigen (35 ml/ml [final concentration]) for 60 min and
washed twice with complete RPMI medium (RPMI 1640 me-
dium with 10% heat-inactivated fetal calf serum, 20 mM
HEPES, 1 mM Na pyruvate, 13 nonessential amino acids, 2
mM L-glutamine, and gentamicin [all obtained from BioWhit-
taker]) before use as antigen-presenting cells.

Antigen-specific recall response in vitro. Draining lymph
nodes were harvested from mice 10 to 14 days postinfection, at
the onset of measurable arthritis (data not shown). Single-cell
suspensions from pooled lymph nodes were washed twice with
complete RPMI medium and plated at 5 3 105 cells/well in
96-well plates in the presence or absence of 106 antigen-pulsed,
irradiated antigen-presenting cells. After 4 to 10 days of in
vitro restimulation, cells were activated for the final 5 h of cul-
ture with soluble anti-CD3 (1 mg/ml; 145.2C11; PharMingen,
San Diego, Calif.) and anti-CD28 (1 mg/ml; 37.51; PharMin-
gen) antibodies in the presence of 3 mM monensin (Sigma
Chemical Co.) to retard cytokine export from the Golgi.

Intracellular cytokine analysis by FACS. Intracellular cyto-
kine analysis by fluorescence-activated cell sorter (FACS) was
done as previously described (20). Cells were washed in FACS
staining buffer I (PBS [BioWhittaker, Walkersville, Md.] with
1% heat-inactivated fetal calf serum [Sigma Chemical Co.] and
0.1% NaN3 [Sigma Chemical Co.]), and incubated for 5 min
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with Fc-block (anti-CD16/32; 2.4G2; PharMingen) at 4°C. These
cells were then stained conventionally for cell surface markers
(Cychrome–anti-CD4 [RM4-5; PharMingen], Cychrome–anti-
CD8 [53-6.7; PharMingen], fluorescein isothiocyanate [FITC]–
anti-MAC1, biotin-anti-CD45/B220, and streptavidin-phyco-
erythrin [PharMingen]) and fixed in 4% paraformaldehyde
(Sigma Chemical Co.) in PBS for 20 min. FITC–anti-CD11b
(MAC1) and biotin–anti-CD45RB/B220 (6B2) antibodies were
kindly provided by Henry Wortis of the Tufts University School
of Medicine. Fixed cells were washed and permeabilized with
FACS staining buffer II (PBS with 1% heat-inactivated fetal
calf serum and 0.1% saponin [Sigma Chemical Co.]) and then
stained with anticytokine antibodies (phycoerythrin–anti-inter-
leukin 4 [IL-4] [11B11] and FITC–anti-gamma interferon
[IFN-g] [R4 6A2; PharMingen]) in accordance with the pro-
tocol obtained from PharMingen. Cells stained in this manner
were analyzed on a FACScan using LYSIS II software (Becton
Dickinson, San Jose, Calif.). An analysis gate was limited to
large, activated blasts.

B. burgdorferi antigen-pulsed antigen-presenting cells elic-
ited accumulation of both CD41 (32.2 to 79.7%)- and CD81

(19.3 to 47.4%)-activated T cells (51.5 to 99.6%). No IL-4 or
IFN-g production was observed in the absence of antigen-
presenting cells, one indication of specificity of the assay (Fig.
1). Few macrophages (MAC11) were observed, and B cells,
while present in significant numbers, did not produce the cy-
tokines tested (Fig. 2 and data not shown).

Skewing toward a Th1 or Th2 immune response. We ques-
tioned whether skewing is present in the early phase of B. burg-
dorferi infection (10 to 14 days postinfection) rather than 5
weeks later, when arthritis is well established (10, 11, 16).
CD41 T cells with a Th1 (IFN-g-producing) or Th2 (IL-4-

FIG. 1. B. burgdorferi antigen-pulsed antigen-presenting cells were required
for cytokine production in vitro. (Left) FACS dot plots of CD4 and IL-4 expres-
sion in 10-day restimulated cultures of cells from infected BALB/c mice in the
presence (Ag-APC) or absence (media) of B. burgdorferi antigen-pulsed antigen-
presenting cells. (Right) FACS dot plots of CD4 and IFN-g expression in 10-day
cultures of cells from infected C3H mice under the same conditions. The pop-
ulation was gated on forward and side scatter to include only large blast cells.

FIG. 2. Representative profiles of large blast cells after tricolor staining. The data shown are from a representative experiment of three after restimulation of lymph
node cells from infected BALB/c and C3H mice with B. burgdorferi antigen-pulsed antigen-presenting cells in vitro for 10 days. Percentages of double-positive cells after
staining with anti-CD4/IL-4/IFN-g, anti-CD8/IL-4/IFN-g, or anti-B220/MAC1/IFN-g antibodies are indicated. The analysis software indicates the center of the
quadrant with a small square (labelled R2 or R6).
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producing) phenotype were apparent in both BALB/cJ and
C3H/HeJ cultures (Table 1 and Fig. 2). The ratio of percent
IL-41 CD41 to percent IFN-g1 CD41 T-cell blasts increased
with time and was highest in BALB cultures and lowest in C3H
cultures after 10 days of in vitro restimulation (Fig. 2 and Table
1). C3H cultures contained the same percentage of IL-41

CD41 T cells as did BALB cultures 4 days after restimulation,
suggesting that lack of initial IL-4 production was not the
primary reason for the Th1 predominance with time (Table 1).
These results are consistent with the finding that CD4 deple-
tion reduced splenic cell in vitro IFN-g production in C3H
mice but not in BALB/c mice (10).

Production of the majority of IFN-g by CD81 T cells fol-
lowing B. burgdorferi infection. IFN-g production was observed
in cultures from infected BALB/cJ mice, but almost exclusively
in the CD81 T-cell subset (Table 1 and Fig. 2). Cytokine
production by CD41 T cells was augmented significantly by
CD81 T cells in C3H mice as well (Table 1 and Fig. 2). IFN-g
production and arthritis decreases dramatically in both strains
following anti-CD8 antibody depletion (10). B. burgdorferi-
specific CD81 T-cell lines have been generated from periph-
eral blood and synovial fluid of patients with Lyme arthritis (5).
Although T-cell activation is not required for Lyme disease in
mice, these results, taken together, suggest a role for CD81 T
cells in disease pathogenesis (11, 24).

It is known that in the absence of antibiotic treatment, peo-
ple can remain infected with B. burgdorferi spirochetes for
years, with bouts of arthritis alternating with asymptomatic
periods (29). It is not known how or if the spirochetes evade
immune system detection during this long course of disease.
The CD81 T-cell recall response to B. burgdorferi antigen that
we have identified suggests that one or more B. burgdorferi
proteins enter into host cytosol and the class I presentation
pathway. Secretion mechanisms allow proteins from cytoplas-
mic and noncytoplasmic bacteria access to host cytosol (7, 18).
These mechanisms include specific transport of proteins by
bacteria adherent to mammalian cells or transport of proteins
via a bacterium-derived channel, as in the case of the bacterial
toxins (7). Such antigen transfer has not been previously de-
scribed for B. burgdorferi and may be of interest in understand-
ing both the arthritogenic immune response and the natural
life cycle of the bacteria in the infected human host.

In Lyme disease of immunocompetent mice, T cells are an

important component of the immune defense against infection
(11). However, unlike the protective role of CD81 T cells and
IFN-g in Chlamydia trachomatis (28), CD81 T cells have a
negative influence on the immune response to B. burgdorferi, as
their presence increases both arthritis and spirochete burdens
(11). This resembles the role of CD81 T cells and IFN-g in
autoimmune syndromes (12). For example, IFN-g exacerbated
multiple sclerosis in human patients (21). Myelin-specific
CD81 T cells were cloned from such patients and may play a
role in the disease process (32). CD81 T cells can play both
regulatory and pathogenic roles in some autoimmune diseases
(17). In the murine diabetes model, oral tolerance induced
CD81 suppressor T cells but also a population of CD81 effec-
tors which exacerbated the disease (4, 13). Lyme arthritis in
response to heat-inactivated or frozen-thawed spirochetes was
not described, although these stimuli induce protective immu-
nity in the recipient animals (3, 25). CD81 T cells and the Th1
immune response are likely to be arthritogenic through mul-
tiple synergistic mechanisms. First, the Th1 immune response
does not control spirochete burdens as well as a Th2 response,
and these spirochetes in the joints would lead to increased
recruitment of neutrophils and more severe arthritis. In addi-
tion, IFN-g from CD41 or CD81 T cells could increase in-
flammation and arthritis by inducing macrophages and other
phagocytic cells to produce inflammatory mediators. Finally,
CD81 T cells could be arthritogenic as cytotoxic effector cells
directed against antigen-presenting cells, altering the immune
response, or against synovial cell targets, directly damaging the
joint.
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