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Lymph node (LN) cells from C3H/HeJ mice (Lyme disease susceptible) infected for 1 week with Borrelia
burgdorferi strain JD1 produced higher levels of gamma interferon (IFN-y) when stimulated in vitro with B.
burgdorferi spirochetes than equivalent cells from B. burgdorferi-infected C57BL/6J mice (disease resistant).
The interleukin-10 (IL-10) levels were comparable in the two strains, whereas the IL-4 levels were below
detection limits. B. burgdorferi-stimulated LN cells from C57BL/6J mice produced significantly higher levels of
IFN-v in the presence of neutralizing anti-IL-10 antibody than cells cultured with B. burgdorferi alone. No effect
of IL-10 neutralization on IFN-y production by LN cells from C3H/HeJ mice was observed. Neutralizing
antibody to IFN-y had no effect on the production of IL-10 by LN cells from C57BL/6J mice. A slight decrease
in IL-10 production was detected in culture supernatants of equivalent cells from C3H/HeJ mice. The differ-
ential effect of IL-10 on IFN-y production in C57BL/6J and C3H/HeJ mice suggests that IL-10 is probably
involved in the regulation of IFN-y production by LN cells during infection and may be at the root of the
differential susceptibility to Lyme arthritis in these two strains of mice.

Lyme disease, caused by the spirochete Borrelia burgdorferi,
is the most frequently reported tick-borne infection in the
United States (19). Spirochetal persistence in tissues has been
associated with severe pathology (4) in both acute and chronic
inflammatory conditions (20). Studies conducted to date have
revealed that B. burgdorferi antigens can induce in a variety of
cell types the release of proinflammatory cytokines that may
contribute to tissue inflammation (8, 15, 17). Additionally, B.
burgdorferi antigens also are known to induce the anti-inflam-
matory cytokine interleukin-10 (IL-10) in mice as well as in
both humans and nonhuman primates (3, 8, 9, 16).

The mouse model of Lyme disease is very useful to study
Lyme arthritis, in particular the role of cytokines in the patho-
genesis of this form of the disease. Severe arthritis, manifested
as joint swelling, has been correlated with a Th1l (gamma in-
terferon [IFN-y]) polarization of the immune response in
C3H/HeN mice, whereas mild arthritis, seen in BALB/c and
C57BL/6 mice, was thought to be due to a Th2 (IL-4) polar-
ization and cytokine pattern (12, 13). Another study, however,
demonstrated that both C3H/HeN and BALB/c mice exhibited
severe arthritis early after infection with B. burgdorferi. A rapid
resolution of Lyme arthritis in B. burgdorferi-infected BALB/c
mice was correlated with the production of IL-4 in draining
lymph nodes (LN) (11). More recently, it was shown that IL-10
is a key mediator in innate immune responses induced by B.
burgdorferi in mice (3). This study elegantly showed that IL-10
modulates B. burgdorferi-induced inflammation in vivo, since
C57BL/6J mice deficient in IL-10 developed more severe ar-
thritis than wild-type C57BL/6J mice (3).

The present study was designed to further understand the
role of the Th1 cytokine IFN-vy, the Th2 cytokine IL-4, and the
Th2-associated cytokine IL-10 as induced by B. burgdorferi
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early during the course of infection. Two strains of mouse,
C57BL/6J (disease resistant) and C3H/HeJ (disease suscepti-
ble), were utilized. We set out to determine the relationship
between the levels of IFN-y, IL-10, and IL-4 at week 1 posti-
noculation (p.i.) and the extent of cross-regulation between
these cytokines. We hypothesized that IFN-y and IL-10 are key
cytokines in Lyme disease pathogenesis and that their balance
may explain Lyme disease outcome in C57BL/6J and C3H/HeJ
mice.

Four- to six-week-old C3H/HelJ and C57BL/6J female mice
were purchased from Jackson Laboratory (Bar Harbor,
Maine). Mice (four or five per group) were subcutaneously
inoculated in the cervical region with live low-passage B. burg-
dorferi (4 X 10° spirochetes) of the JD1 strain. Spirochetes
were cultivated as described previously (8).

Regional axillary and brachial LN were removed from mice
at 1 week p.i. Cells (2 X 10%ml) obtained from these organs
were stimulated in vitro with B. burgdorferi JD1 freeze-thawed
organisms (1 X 107/ml). The control supernatant was gener-
ated by culturing cells in medium alone consisting of 45%
RPMI 1640, 45% Iscove’s modified Dulbecco’s medium
(Gibco-BRL, Life Technologies, Grand Island, N.Y.), 10%
heat-inactivated fetal bovine serum (HyClone, Logan, Utah), 1
mM HEPES (Gibco), 0.5 mM sodium pyruvate (Sigma Chem-
ical Co., St. Louis, Mo.), 2 mM L-glutamine, 0.05 mM mercap-
toethanol (Sigma), and 1 pg of gentamicin sulfate (Gibco) per
ml. Cultures were incubated at 37°C in a humidified atmo-
sphere (5% CO,). Supernatants were harvested at 24 h (con-
canavalin A [ConAl]) or 48 h (B. burgdorferi) and stored at
—70°C until they were used.

Freshly isolated LN cells (2 X 10°ml) were obtained from
mice at 1 week p.i. and were stimulated in vitro with B. burg-
dorferi (1 X 107, organisms/ml) in the presence (25 pg/ml) or
absence of neutralizing monoclonal antibodies (MAD) to IL-10
(clone JES5-2A5) or IFN-y (clone R4-6A2) (Pharmingen, San
Diego, Calif.). Supernatants were harvested after 48 h and
stored at —70°C until they were used.
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FIG. 1. Invitro production of IFN-y and IL-10 by LN cells from C3H/HeJ and C57BL/6J mice after 1 week of infection with the JD1 strain of B. burgdorferi (Bb).
LN cells from naive mice were used as a control. Cells (2 X 10%ml) were stimulated in vitro with freeze-thawed JD1 spirochetes (1 X 107/ml) or ConA (10 pg/ml).
The control supernatant was generated by culturing cells in medium alone. Supernatants were harvested at 24 h (ConA) or 48 h (B. burgdorferi). A sandwich ELISA
was performed for cytokine detection. Student’s ¢ test was used for statistical analysis. * and **, P < 0.006 and P < 0.04, respectively. These experiments were conducted

in triplicate and repeated four times, with similar results.

A sandwich enzyme-linked immunosorbent assay (ELISA)
was employed to detect IFN-y, IL-10, and IL-4 in culture
supernatants of LN cells, using cytokine-specific antibody pairs
from Pharmingen (6, 7). Secreted IFN-y was quantified with
purified rat anti-mouse IFN-y MAD (clone R4-6A2) as capture
antibody and biotin-conjugated rat anti-mouse IFN-y MAb
(clone XMG1.2) as detection antibody. The production of
IL-10 was quantified with purified rat anti-mouse IL-10 MAb
(clone JES5-2A5) as capture antibody and biotin-conjugated
rat anti-mouse IL-10 MADb (clone SXC-1) as detection anti-
body. The release of IL-4 was quantified with purified rat
anti-mouse IL-4 MAD (clone 11B11) as capture antibody and
biotin-conjugated rat anti-mouse IL-4 MAb (clone BVDG6-
24G2) as detection antibody. The detection levels were 15
pg/ml for IL-10, 20 pg/ml for IFN-y, and 25 pg/ml for IL-4.
Student’s ¢ test was used for statistical analysis of the data.
Data were considered significantly different at P values of
<0.05.

To assess early IFN-vy, IL-10, and IL-4 production, LN cells
were obtained from C3H/HeJ and C57BL/6J mice at week
1 p.i. and stimulated with B. burgdorferi. LN cells from C3H/
HelJ and C57BL/6J mice produced both IFN-y and IL-10 when
restimulated in vitro with B. burgdorferi. The IFN-y level was at
all times significantly higher (P < 0.006) in C3H/HeJ than in
C57BL/6J mice (Fig. 1 and 2a). In contrast, in some experi-
ments the level of IL-10 production by LN cells from C3H/HeJ
mice was lower (P < 0.04) (Fig. 1) and in others higher (Fig.
2b) than that produced by equivalent cells from C57BL/6J
mice. No IL-4 production was detected in supernatants of LN

cells, from either C3H/HelJ or C57BL/6J mice, that were stim-
ulated with either ConA or B. burgdorferi.

To study the effect of in vitro neutralization of IL-10 and
IFN-vy on the production of these cytokines, draining LN cells
obtained 1 week after the inoculation of C3H/HeJ and
C57BL/6J mice with B. burgdorferi were stimulated in vitro with
B. burgdorferi in the presence of neutralizing anti-murine IL-10
or IFN-y antibody. Culture supernatants of B. burgdorferi-stim-
ulated LN cells from C57BL/6J mice contained, in the pres-
ence of anti-IL-10 antibody, higher levels of IFN-y than super-
natants from cells stimulated with B. burgdorferi alone (P <
0.00003) (Fig. 2a). In contrast, no effect on IFN-y production
was observed in C3H/HeJ mouse LN cells that were cultivated
in the presence of neutralizing anti-IL-10 antibodies (Fig. 2a).
In some experiments, the level of IFN-y increased up to 10-
fold in LN cells from C57BL/6J mice and 1.2-fold in cells from
C3H/HeJ mice (data not shown). Neutralizing antibody to
IFN-y had no effect on the production of IL-10 by B. burgdor-
feri-induced LN cells from C57BL/6J mice, since IL-10 produc-
tion was similar in LN cells stimulated with B. burgdorferi
antigens alone (Fig. 2b). A slight but significant decrease (P <
0.0015) in IL-10 production was detected in culture superna-
tants of LN cells from B. burgdorferi-infected C3H/HeJ mice
when the cells were stimulated in the presence of neutralizing
antibody to IFN-y (Fig. 2b).

The present study shows that production of IFN-y and IL-10
but not of IL-4 is specifically induced in the regional LN of
mice early during the infection process. Stimulation with B.
burgdorferi induced a significantly higher level of IFN-y in the
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FIG. 2. Differential effect of in vitro neutralization of IFN-y and IL-10 on
their production by draining LN cells from C3H/HeJ and C57BL/6J mice 1 week
p.i. Freshly isolated LN cells (2 X 10%ml) were stimulated in vitro with freeze-
thawed B. burgdorferi (Bb) JD1 spirochetes (1 X 107/ml). Neutralizing MAb
anti-IL-10 or anti-IFN-y (25 pg/ml) was added in some of the wells. The control
supernatant was generated by culturing cells in medium alone. Supernatants
were collected 48 h later and a sandwich ELISA was performed for cytokine
detection. Student’s ¢ test was used for statistical analysis. * and =, P < 0.00003
and P < 0.0015, respectively. All samples were run in quadruplicate. Data are
representative of four separate experiments.

supernatants of LN cells from C3H/HelJ mice than that ob-
served in cells of C57BL/6J mice. IL-10 production by B. burg-
dorferi-induced LN cells was variable in both mouse strains. In
vitro cytokine neutralization results show that regulation of B.
burgdorferi-induced IFN-y production in LN cells from
C57BL/6J (disease-resistant) mice is dependent on the IL-10
level in the cell culture supernatants. Surprisingly, neutraliza-
tion of endogenous IL-10 appeared to have no effect on IFN-y
production in B. burgdorferi-stimulated LN cells of C3H/HelJ
(disease-susceptible) mice.

Although there have been a number of reports describing
the effect of IL-4 on the control of Lyme arthritis in mice
(11-13, 21), the role of IL-4 in Lyme disease pathogenesis
remains unclear. Our findings show that IL-4 is not specifically
induced in the regional LN of either C57BL/6J or C3H/HeJ
mice early during infection with B. burgdorferi. This suggests a
lack of correlation between IL-4 production and Lyme arthritis
development. In this regard our data agree with the conclu-
sions drawn by Brown and Reiner (1) from their work with
IL-4-deficient mice. These authors noted that IL-4 may play a
role in arthritis resolution but not in its development. How-
ever, our assessment of IL-4 at 4 weeks p.i. also showed that
the production of this cytokine by B. burgdorferi-induced LN
cells was below detection levels but that the production of both
IFN-y and IL-10 was still detectable; this further indicates that
the latter two cytokines, not IL-4, may play a role in later stages
of Lyme disease in mice (data not shown). Recently, Harjacek
and coworkers (10) reported that 4% of patients with either
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Lyme arthritis or juvenile rheumatoid arthritis expressed IL-10
transcript in the synovium, whereas none expressed IL-4
mRNA. However, recent studies have shown that IL-4 modu-
lates B. burgdorferi-induced carditis in vivo, since BALB/c mice
deficient in IL-4 developed more severe carditis than wild-type
BALB/c mice (18). Further studies are needed to better un-
derstand the role played by IL-4 in Lyme disease pathogenesis.

The difference in the ability of IL-10 to regulate IFN-y
production in C3H/HeJ and C57BL/6J mice could be due to
differences in the kinetics of production of both cytokines in
these mouse strains. It is possible that in C3H/HeJ mice IFN-y
is produced prior to IL-10. Hence, functional inhibition of
endogenously produced IL-10 would have no effect on IFN-y
production. If, in contrast, C57BL/6J mouse lymphocytes pro-
duce IFN-y after IL-10 is produced, the inhibition of IL-10
function could affect production of IFN-y. Alternatively, it is
possible that the IL-10 receptors expressed on lymphocytes
from C3H/HeJ mice have a higher activation threshold than
IL-10 receptors of C57BL/6J mouse cells. Differences in num-
bers of receptors in the two mouse strains also may account for
the observed phenomenon. The decrease in IL-10 production
that we observed when LN cells from B. burgdorferi-infected
C3H/HeJ mice were cultivated in the presence of neutralizing
antibody to IFN-v is intriguing and suggests that more complex
cross-regulatory effects may be at play. This is also suggested
by the finding that IFN-v is not absolutely required for arthritis
susceptibility in mice (1).

The contribution of IFN-vy to the initiation and maintenance
of inflammatory reactions is well documented. In fact, IFN-y
cooperates with tumor necrosis factor alpha (TNF-a) to en-
hance expression of cell surface adhesion molecules which
have been shown to expand and amplify the overall inflamma-
tory response. Collaboration between IFN-y and TNF-a leads
to an increase in the number of monocytes in the inflammatory
site (5). IL-10, in contrast, downregulates the production of
TNF-a (2, 14). The balance between IFN-y and IL-10 produc-
tion by lymphocytes from each of these mouse strains may help
to explain the severity of arthritis in the C3H/HeJ mouse strain
compared with that in the C57BL/6J strain. Moreover, as was
recently reported, the fact that bone marrow macrophages
from C57BL/6] mice produce more IL-10 when stimulated
with B. burgdorferi lipoproteins than do macrophages from
C3H/HeJ mice indicates that early in the infection process the
innate immune response, as mediated by skin macrophages,
may further contribute, via IL-10, to the diminished disease
severity in C57BL/6J mice (3). Studies are currently being
conducted to better understand the effects of these cytokines
on B- and T-cell phenotypes and on the pathogenesis of Lyme
arthritis.
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