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ABSTRACT Passive and active immunization against outer
surface protein A (OspA) has been successful in protecting
laboratory animals against subsequent infection with Borrelia
burgdorferi. Antibodies (Abs) to OspA convey full protection, but
only when they are present at the time of infection. Abs inactivate
spirochetes within the tick and block their transmission to
mammals, but do not affect established infection because of the
loss of OspA in the vertebrate host. Our initial finding that the
presence of high serum titers of anti-OspC Abs (5 to 10 pg/ml)
correlates with spontaneous resolution of disease and infection
in experimentally challenged immunocompetent mice suggested
that therapeutic vaccination with OspC may be feasible. We now
show that polyclonal and monospecific mouse immune sera to
recombinant OspC, but not to OspA, of B. burgdorferi resolve
chronic arthritis and carditis and clear disseminated spirochetes
in experimentally infected C.B.-17 severe combined immunode-
ficient mice in a dose-dependent manner. This was verified by
macroscopical and microscopical examination of affected tissues
and recultivation of spirochetes from ear biopsies. Complete
resolution of disease and infection was achieved, independent of
whether OspC-specific immune sera (10 pg OspC-specific Abs)
were repeatedly given (4X in 3- to 4-day intervals) before the
onset (day 10 postinfection) or at the time of fully established
arthritis and carditis (days 19 or 60 postinfection). The results
indicate that in mice spirochetes constitutively express OspC and
are readily susceptible to protective OspC-specific Abs through-
out the infection. Thus, an OspC-based vaccine appears to be a
candidate for therapy of Lyme disease.

Lyme borreliosis is a tick-borne infectious disease, caused by the
spirochete Borrelia burgdorferi. The associated clinical manifes-
tations are variable early during infection and involve skin, joint,
heart, and nervous system, and they may become chronic at later
stages (1). Symptoms such as acute arthritis and neuroborreliosis
may undergo spontaneous resolution, however, with episodic
recurrence (1). Spirochetes have been isolated repeatedly from
untreated patients (1-5), and ample evidence exists for persistent
infections, even after extensive antibiotic therapy (6-8). Al-
though most patients develop protective antibodies (Abs) in the
course of infection (9), the Abs are not always able to control
disease and/or eradicate spirochetes.

Outer surface protein A (OspA) of B. burgdorferi is the most
promising vaccine candidate for prophylaxis of Lyme disease,
as revealed by the recent phase 3 clinical trial with more than
11,000 individuals in the United States (ref. 10 and Y. Lobet,
personal communication). Studies in mice previously have
shown that full protection against disease and infection mainly
is conveyed by OspA-specific Abs (11, 12). These Abs are
effective only when present at the time of infection (11), most
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probably caused by the fact that OspA is preferentially ex-
pressed on spirochetes within ticks, but lost in the mammalian
host (13, 14). Thus, OspA-specific immunity may be used for
preventive, but not therapeutic, vaccination.

Lyme disease patients and naturally or experimentally (low
dose: =103 spirochetes) infected mice produce Abs to OspC,
but not to OspA (15-20). This suggests that OspC is expressed
and immunogenic in mammals. Up-regulation of OspC, but
not OspA, on spirochetes after infection of mice has been
documented (21). OspC also can serve in protective immunity.
Recent studies showed that gerbils and mice were completely
protected against experimental challenge and/or tick-borne
infection with homologous B. burgdorferi isolates after active
immunization with glutathione S-transferase-OspC fusion pro-
tein (rOspC) (22, 23). The fact that this immunization protocol
does not lead to the elimination of infectious spirochetes from
the vector, as was shown with OspA-specific Abs (24), indicates
that OspC-based protective immunity is preferentially linked
to inactivation of spirochetes in the mammalian host (23).

Passive transfer of immune sera from B. burgdorferi-infected
mice resolved, at least temporarily, clinical arthritis in naive
immunocompetent (25, 26) or C3H severe combined immu-
nodeficient (SCID) (H-2¥) mice (27), but did not cure carditis
and infection. However, in none of the studies were the
specificities or the amount of the protective Abs identified. By
using various mouse strains, we found that disease resolution
and/or elimination of spirochetes closely correlated with high
titers of OspC-specific serum Abs. Here we analyze the
potential of immune serum against rOspC to control persistent
infection in C.B.-17 SCID mice.

MATERIALS AND METHODS

Mice and Infection with B. burgdorferi. Female AKR/N
(H-2%), C57BL/6 (H-2°), BALB/c (H-2¢), and C.B.-17 SCID
(H-24) mice between 6 and 8 weeks of age were bred under
specific pathogen-free conditions at the Max-Planck-Institut
fir Immunbiologie, Freiburg, Germany, and inoculated s.c.
with 1 X 10° low-passage (2-4 in vitro passages) organisms
from B. burgdorferi, strain ZS7 (11) into the base of the tail.

Recombinant Antigens. A full-length recombinant lipidated
OspA (rLip-OspA) from B. burgdorferi, strain ZS7, was gen-
erated as described (28) and was kindly provided by Smith-
Kline Beecham. rOspC from B. burgdorferi, strain ZS7, was
generated by using established protocols (29).

Polyclonal Immune Sera. BALB/c mice were inoculated
with either 10 ug of rLip-OspA or rOspC in 100 ul of ABM2
adjuvant (Sebak, Aldenbach, Germany) into the base of the
tail and boosted twice with the same antigen preparation at

Abbreviations: Ab, antibody; OspA, outer surface protein A; rLip-
OspA, recombinant outer surface lipoprotein A; rOspC, glutathione
S-transferase-OspC fusion protein; NMS, normal mouse serum; IS,
immune serum; p.i., postinfection; SCID, severe combined immuno-
deficient.
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10-day intervals. Immune serum (IS) was pooled during 2
months after the last boost and contained the following
concentration of OspA- or OspC-specific Abs as determined
with ELISA by using rLip-OspA or recombinant OspC (with-
out GST fusion) as substrate: anti-OspA IS, 3.2 mg/ml;
anti-OspC IS, 300 pg/ml. Normal mouse serum (NMS) was
collected from naive BALB/c mice. The specificities of the IS
and NMS were verified by Western blot. As shown in Fig. 1
(lanes 3 and 4), polyclonal IS from either OspA- or OspC-
immunized mice reacted selectively with proteins of 31 kDa
(OspA) and 24 kDa (OspC), respectively, from a whole-cell
lysate of ZS7 spirochetes. No reactivity was found with NMS
(Fig. 1, lane 2).

Analysis of Serum Abs by ELISA and Western Blot. Serum
Abs to B. burgdorferi OspA, or OspC were quantified by a
solid-phase ELISA as described (30) by using 1 ug/ml of either
whole-cell lysate of B. burgdorferi strain ZS7, rLip-OspA
(ZS7), or rOspC (ZS7) as substrates, respectively. Western blot
analysis, by using whole-cell lysate of B. burgdorferi strain ZS7
as antigen preparation, was done as described (31).

Passive Transfer of Inmune Serum. For passive protection,
C.B.-17 SCID mice were injected i.p. with either OspA- or
OspC-reactive polyclonal IS 1 hr before infection. Control
mice received 100 wl of NMS. Alternatively, for passive
treatment of established infection, SCID mice first were
infected s.c. and subsequently given repeatedly (four times at
3- to 4-day intervals) various amounts of polyclonal IS specific
for either OspA or OspC (i.p.), starting at either day 10, 19, or
60 postinfection (p.i.). Animals were monitored for the devel-
opment of clinical arthritis in the tibiotarsal joints under
double-blind conditions. The severity of arthritis was scored in
the right and left tibiotarsal joints.

At indicated time points, mice were investigated for the
presence of spirochetes by cultivation of ear biopsies, as
described (32).

For histopathological examination, mice were sacrificed at
indicated time points p.i. Tibiotarsal joint, heart, liver, and muscle
adjacent to the tibiotarsal joint were fixed in 10% formaldehyde,
embedded in paraffin, and stained with hematoxylin and eosin.
Samples were examined under double-blind conditions.

RESULTS

AKR/N, BALB/c, and C57BL/6 mice with differential suscep-
tibility to B. burgdorferi-induced disease (33) were inoculated with
103 spirochetes. The kinetics of specific Ab responses, develop-
ment of arthritis, and persistence of spirochetes were monitored
up to 90 days p.i. All animals seroconverted (Fig. 24 and data not
shown) and produced similar amounts of B. burgdorferi-specific
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FiG. 1. Western blot analysis of NMS and IS used for passive
immunization of C.B.-17 SCID mice. Lane 1, standard consisting of
mouse mAbs to Hsp-70 (70 kDa), Hsp-60 (60 kDa), flagellin (41 kDa),
OspB (34 kDa), OspA (31 kDa), OspC (24 kDa), pLA7 (20 kDa), and
p7.5 (7.5 kDa). Lane 2, NMS, pooled from naive BALB/c mice. Lane
3, polyclonal IS generated in BALB/c mice immunized with rLip-
OspA in ABM2 adjuvant. Lane 4, polyclonal IS generated in BALB/c
mice immunized with rOspC in ABM2 adjuvant, as described in
Materials and Methods.
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IgG Abs, which first were detectable 14 days p.i. and increased
steadily during the entire observation period. Furthermore, all
mice developed significant, but variable, amounts of OspC-
specific IgM and IgG Abs (Fig. 24). OspC-specific IgM Abs first
were detected 4 days p.i., peaked 14 days p.i., and declined to
baseline levels 23 days p.i. OspC-specific IgG Abs first were seen
at 14 days p.i., peaked 23 days p.i. (peak values for AKR/N,
C57BL/6: ~8 pug/ml; BALB/c: ~3 pg/ml). Ab titers declined in
AKR/N and C57BL/6 mice over time, but remained at detect-
able levels (=3 pg/ml) up to 90 days p.i. In contrast, BALB/c
mice produced lower amounts of OspC-specific IgG Abs in the
early phase of infection, but serum titers increased with time p.i.
As expected from previous studies (18, 19), antibodies to OspA
were not detectable in any of the sera from infected mice during
the entire 90-day observation period by ELISA or Western-blot
analysis that used spirochetal lysate or rLip OspA (data not
shown).

Nine of 10 disease-susceptible AKR /N mice developed mild
clinical arthritis to B. burgdorferi, which was apparent on day
40 p.i. Swelling of tibiotarsal joints increased with time in six
AKR/N mice, but completely disappeared in the other three
mice 110 days p.i. One infected AKR/N mouse did not show
any signs of clinical arthritis during the entire 90-day obser-
vation time. In contrast, none of the disease-resistant C57BL/6
(10) or BALB/c (seven) mice developed clinical arthritis at any
time p.i. However, spirochetes could be reisolated from 12 of
20 ear biopsies taken from individual mice when tested 90 days
p.i. (two ear samples were contaminated). Most importantly,
a close correlation was found between serum titers of anti-
OspC Abs and spontaneous resolution of infection irrespective
of the mouse strains tested. As shown in Fig. 2B, the amounts
of OspC-specific IgG Abs produced were significantly higher
in those eight mice from which no spirochetes could be
cultivated, as compared with those from which positive cul-
tures were obtained (10 * 5.0 ug/ml vs. 4.8 = 2.8 ug/ml). On
the other hand, no correlation was found between total B.
burgdorferi-specific IgG Abs and elimination of spirochetes.
This indicated that OspC-specific Abs are able to inactivate
spirochetes in the vertebrate host and to control infection.

To confirm this hypothesis, we used passive transfer exper-
iments to examine the ability of polyclonal IS specific for
rOspC to cure an established B. burgdorferi infection in SCID
mice. Polyclonal immune serum specific for rLip-OspA served
as control. It was found initially that different doses of
OspC-specific Abs were required for prevention and treatment
of infection. Passive transfer of 3 ug of OspC-specific Abs into
SCID mice 1 hr before infection led to complete protection
against disease and infection in all five mice tested (Table 1),
whereas only one of three animals tested was protected with
0.3 ug Abs (data not shown). As shown before, full protection
also was observed with 3 ug OspA-specific Abs, but not with
normal mouse serum under similar conditions (Table 1 and
ref. 31). In contrast, repeated administration of 3 ug/mouse of
OspC-specific Abs (4X in 3- to 4-day intervals), starting at day
10 p.i., a time point when spirochetes have disseminated (34)
and inflammation of joints and heart starts to evolve, only
partially prevented development of clinical arthritis. However,
no effect was seen on clearance of spirochetes; 0.3 ug/mouse
of the same IS had no effect on either disease or infection (data
not shown). Moreover, when the same protocol (3 ug/mouse)
was applied to mice 20 days p.i., a time point at which arthritis
and carditis has fully developed, only a marginal intermittent
attenuation of the severity of clinical arthritis was observed,
with no effect at all on infection (data not shown).

Based on these findings, IS containing 10 ug of anti-OspC
Abs was used in all further passive transfer experiments. As
shown in Table 1, IS repeatedly applied (10 ug, 4X, 3- to 4-day
intervals) either 10 or 19 days p.i., completely prevented the
appearance of and cured established clinical arthritis in 5 of 5
infected SCID mice. With one exception, spirochetes could not
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F1G. 2. Kinetics of appearance of B. burgdorferi-specific (IgG) or OspC-specific (IgM/IgG) Abs (4) and correlation analysis of serum levels
of either total B. burgdorferi-specific or OspC-specific Abs (IgG) and elimination of spirochetes from infected mice (B). AKR/N, C57BL/6, and
BALB/c mice (6-8 weeks old) were infected by syringe injection with 10° spirochetes into the base of the tail (s.c.). The amounts of B.
burgdorferi-specific (IgG) and OspC-specific Abs (IgM and IgG) in sera from individual mice were tested with ELISA by using either whole-cell
lysates (B. burgdorferi strain ZS7) or rOspC (ZS7) as substrates. The data represent the mean of individual serum samples tested (AKR/N and
C57BL/c: 10 mice per group; BALB/c: seven mice per group). (4) Correlation between serum levels of total B. burgdorferi-specific IgG Abs,
OspC-specific IgG Abs (day 23 p.i.), and the ability to recultivate spirochetes from ear biopsies (day 90 p.i.) was analyzed by ranking correlation

assay (B).

be recultivated from ear biopsies. In contrast and as expected
from previous studies (11), repeated passive transfer of similar
amounts of anti-OspA-specific Abs on either day 10 or day 19
had no effect on clinical arthritis and infection. Most notably,
anti-OspC-specific Abs also were able to resolve chronic
disease and infection in SCID mice. This is indicated by the fact
that passive transfer of the respective IS, starting at 60 days p.i.
led to substantial reduction of clinical arthritis within 10 days
post-treatment and to nearly complete resolution in the fol-
lowing 30 days (Table 2). Whereas the pathogen could be
cultivated from ear biopsies of 3 of 3 infected SCID mice
before treatment (day 38 p.i.), none of the specimens taken
from the same animals at day 20 after antibody transfer (day
80 p.i.) contained any detectable spirochetes. No relapse of
clinical arthritis was observed up to 40 days post-treatment,
independent on whether IS (10 ug/mouse anti-OspC specific
Abs) was transferred at day 10, 19 or 60 p.i. No effect on
progressive clinical arthritis and infection was seen in SCID
mice repeatedly treated with only 0.3 ug of anti-OspC Abs at
day 60 p.i. (Table 2, and data not shown).

The therapeutic effect of polyclonal IS reactive to OspC on
established disease and infection of SCID mice was confirmed
further by histopathological examination of affected organs. As
shown in Table 3, significant histopathological changes were
detected in joints, heart, liver, and muscle of infected, but
otherwise untreated, SCID mice or those receiving only NMS. As
shown before (35), chronic, progressive inflammatory changes
were most pronounced in tibiotarsal joints, heart and liver, and
persisted throughout the entire period of observation (45 days
p.i.). Mice that had received IS specific for either OspC or OspA
(3 pg specific Abs per mouse) 1 hr before infection did not show
pathological alterations in any of the four organs when examined
at day 45 p.i. Furthermore, mice that had received IS reactive to
OspC (10 ug specific Abs per mouse) starting at either day 10 or
day 19 after inoculation showed, if at all, only marginal inflam-
matory lesions in joints, heart, liver, and muscle. In contrast, IS
reactive with OspA (10 ug specific Ab/mouse) had no effect on
the development or progression of inflammation in the affected
organs (day 19 p.i.).

DISCUSSION

This study shows that passive transfer of polyclonal OspC-
reactive immune serum into B. burgdorferi-infected SCID mice
leads to complete resolution of chronic arthritis and carditis as
well as the elimination of the pathogen. For an efficient control
of infection, a critical threshold level of OspC-specific Abs
appears to be of importance. This implies that spirochetes
express OspC in the mammalian host and are susceptible to
protective Abs within affected tissues throughout infection.
Therefore, targeting of OspC is relevant for a successful
therapeutic treatment of Lyme disease.

Earlier studies have shown that IS from B. burgdorferi-
infected mice conferred complete protection against disease
and infection when adoptively transferred into either naive or
immunodeficient recipients before, or at the time of, but not
after experimental or natural inoculation with the pathogen
(11, 25-27). It also was found that IS from infected mice
significantly reduced established arthritis, however, with no
effect on carditis and persistent infection (27). Although the IS
used in these studies consisted of a whole array of B. burgdor-
feri-specific Abs, including those to OspC, but not to OspA,
(27), the specificities and quantities of Abs relevant for the
obvious differential control of infection and disease have not
been identified. The present finding of a close correlation
between high serum titers of anti-OspC-specific (10 pg/ml),
but not total B. burgdorferi-specific Abs, and spontaneous
resolution of infection demonstrates that Abs to OspC are
critical in the inactivation of spirochetes in the vertebrate host.
Furthermore, we found that polyclonal OspC-specific IS was
able to resolve both arthritis and carditis as well as persistent
spirochete infection in C.B.-17 SCID mice, independent of
whether the Abs were administered before the onset (day
10 p.i.) or, alternatively, at the time of fully established (day
19 p.i.) or chronic disease (day 60 p.i). This therapeutic effect
was strictly dose-dependent. Complete resolution of disease
and elimination of the pathogen was achieved with = 10 ug of
anti-OspC Abs per mouse, whereas 3 or 0.3 ug of the same
serum preparation had only a transient effect on the course of
arthritis and failed to clear persistent spirochetes. This value
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Table 1. Differential therapeutic effect of immune sera against OspA and OspC on established B. burgdorferi infection of C.B.-17 SCID mice
Ear
Intervals of culture,
days
serum Serum Clinical arthritis. . .
transfer, days transferred, Mouse tnical arthritis, days p.1. Pl
p.i. dose no 10 19 30 40 50 70 80 40
minus 1 hr NMS, 100 1 —-/* +/+ +4+/++ +4+/++ +
ul/mouse 2 (x£)/— +/++ ++/++ ++/++ +4+/++ ++/++ ++/++ +
3 —/= */*x ++/++ ++/++ ++/++ ++/++ ++/++ +
4 —/= ++/+ ++/++ ++/++ A A A ++/++ +
5 -/= ++/+ ++/++ ++/++ /A A ++/++ +
anti-OspA 1 —/= */= (*£)/- (£)/— (*x)/— +/= +/- -
IS,3 2 —/= —/= —/= —/= -
pg/mouse 3 /- /= /= -/= /- /= /-
4 /= /= /= /= /= /= /= -
5 /- /- /- /- /- /- /- -
anti-OspC 1 -/= -/= -/= -/= -
LS. 3 2 -/- /= /= /= /= /= /= -
pg/mouse 3 /- /- /- /- /- /- /- -
4 /- /- /- /- /- /- ~/- -
5 /- /= /= /- /- /= /- -
10, 14, 19, 22 NMS, 100 1 —/= +/++  ++/++ ++/++ +
pl/mouse 2 —/= (*£)/— +/+ ++/++ A/ A A +
3 (x£)/— +/+ ++/++ ++/++ +4+/++ A+ +4+/++ +
4 (£)/(%) +/+ +/++ ++/++ A/ /A +
5 —/(£) +/+ +/++ ++/++ A/ A A +
anti-OspA 1 —/(*) +/x ++/++ /4 +
LS., 10 2 -/= +/x +4/+ ++/++ A/ ++/++ +
ug/mouse 3 —/(%) +/++  ++/++ +4+/++ A+ A+ ++/++ +
4 (£)/(%) +/+ ++/++ ++/++ A/ A ++/++ +
5 -/= +/++  ++/++ ++/++ /A A ++/++ +
anti-OspC 1 (£)/= -/= (*)/- (/- +/= +/= +4+/% +
LS., 10 2 —/(%) -/= —/= —/= -
pg/mouse 3 -/ /- ~/- ~/- /- /- ~/- -
4 /- /- /- /- /- /- /- -
5 /- -/~ /- /- /- /- /- -
19, 22, 26, 30 NMS, 100 1 —/= -/= +/* +/=* +/*x +/x +/* +
ul/mouse 2 —-/= +/* ++/++ ++/++ +
3 —-/= +/+ ++/++ ++/++ +4+/++ +4+/++ ++/++ +
4 -/= ++/+ ++/++ ++/++ A A A ++/++ +
5 —/(®) (2= /- ~/- /- /- /- -
anti-OspA 1 —/= */+ ++/++ ++/++ +
LS., 10 2 (x£)/— +/+ ++/++ ++/++ A A+ +4+/++ +
png/mouse 3 -/= */+ ++/++ ++/++ /A A/ +
4 /= /- /- /- /- /- /- -
5 —/(= ++/+ ++/++ +4+/++ A A A ++/++ +
anti-OspC 1 -/= +/*x +/(%) ()/— -
1.S., 10 2 —-/+ +4+/++ +/+ +/+ —/* —-/* —/=* -
pg/mouse 3 -/- +/+ /(x)  —/x) —/- -/- /- -
4 - /% +/x t/(x) /- -/~ -/~ /- -
5 =/(*) ++/++ +/+ +/+ —/(*) —/(*) —/(%) -

C.B.-17 SCID mice (6-8 weeks old) were inoculated with 103 B. burgdorferi strain ZS7 into the base of the tail (s.c.). Normal mouse serum (NMS,
pooled from naive BALB/c) as well as monospecific immune serum against either OspA or OspC (prepared by immunizing BALB/c mice with
recombinant OspA and OspC, respectively) were passively transferred into SCID mice (i.p.) at intervals and doses indicated.

Scoring of findings for the right and left tibiotarsal joints: + +, severe; +, moderately severe; =, mild swelling; (=), redding; —, no clinical signs.

One animal of each group was sacrificed on day 45 p.i. for histopathological examination.

of =10 pg of anti-OspC Abs per mouse also compares to titers
found in those 2 of 7 experimentally infected immunocompe-
tent BALB/c mice (average 10.2 pg/ml), which showed spon-
taneous resolution of disease and infection (Fig. 2B). At
present it is unclear why infection was not controlled in those
AKR/N or C57BL/6 mice in which naturally induced Abs to
OspC approached 8-10 pg/ml, at least transiently (Fig. 2A4).
One explanation may be the differential kinetics of production
of anti-OspC Abs in the three mouse strains, which rapidly
declined in AKR/N and C57BL/6 mice after peak response at

day 23 p.i., but increased with time p.i. in BALB/c mice. It is
also possible that the anti-OspC Ab population induced in
AKR/N, C57BL/6, and BALB/c mice expressed different
specificities to OspC epitopes with distinct protective poten-
tial. However, the present results suggest that the induction of
protective Abs alone is not sufficient to eliminate persisting
spirochetes. Rather, there seems to be a minimal requirement
for both the level of OspC-reactive serum Abs and the duration
of their production to reach and eliminate spirochetes in
affected organs.
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Table 2. Therapeutic effect of immune serum against OspC 60 days after infection of C.B.-17 SCID mice with 103 B. burgdorferi ZS7

Ear culture of

Anti-OspC Intervals of Clinical arthritis (days p.i.) spirochetes
serum, serum transfer,
ug/mouse days p.i. Mouse 10 19 60 70 80 100 1st (d38) 2nd (d80)
0.3 10, 14, 19, 22 1 —-/— +/++ ++/++ ++/++ ++/++ n.d. n.d. +
2 -/- +4+/++ +4+/++ +4+/++ +4+/++ n.d. n.d. +
3 -/= ++/++ ++/++ ++/++ ++/++ n.d. n.d. +
10 60, 63, 66, 70 1 -/= +/+ ++/++ +/+ -/* -/* + -
2 -/= ++/+ ++/++ +/x -/= * + -
3 (£)/— ++/++ ++/++ +/++ —/(%) —/(%) + -

The same protocol for infection of mice and the same scoring system for clinical arthritis as described in Table 1 was used. n.d., not determined.

*The mouse was sacrificed for histopathological examination.

The finding that chronic Lyme disease can be cured with
high concentrations of homologous OspC-specific Abs indi-
cates that spirochetes express the target structure and are
accessible to immune attack throughout infection. One obsta-
cle to the general applicability of this therapeutic treatment
appears to be the well documented heterogeneity of OspC
among members of the species B. burgdorferi sensu lato
(36-38). Evidence indicates that the majority of European and
North American B. burgdorferi isolates contain the OspC gene
and also express the protein (38, 39). In addition, it has been
shown that polyclonal anti-OspC IS generated in response to
one strain of B. burgdorferi crossreacted with the majority of
heterologous isolates analyzed (refs. 36 and 40 and unpub-
lished data). This suggests the existence of crossreactive B cell
epitopes among OspC molecules within the species of B.
burgdorferi. Although the protective character of these cross-
reactive epitopes has not been proven, it is possible that IS to
one OspC species also may resolve chronic disease and infec-
tion induced by heterologous spirochetes, provided that the
threshold level for strain-specific protective Abs is reached.

Inflammatory lesions of joints and heart of B. burgdorferi-
inoculated SCID mice were completely resolved by polyclonal
immune sera to OspC, even when applied at the stage of
chronic disease, i.e. 60 days p.i. This indicates that the patho-
logical processes seen in infected mice directly depend on the

presence of live spirochetes. Indeed, it has been shown that
only viable, but not killed, spirochetes are pathogenic in mice
(41) and that the severity of organ destruction is related to the
number of microorganisms in the affected tissues (42). It
currently is believed that in early stages of infection, pathology
is elicited mainly through spirochetal activation of cells of the
vasculature and recruited inflammatory cells, and through
concomitant induction of inflammatory cytokines (43-45),
rather than by specific lymphocytes. Although the therapeutic
protocol proposed herein is effective in immunodeficient mice,
it is not clear whether it is also operative in immunocompetent
hosts. In the latter case, chronic stages of disease also may
develop independent of spirochetes and may be governed by
activated T and/or B cells (46-48).

It is well established that B. burgdorferi can persist for years in
mammalian hosts in the presence of high titers of spirochete-
specific Abs (49, 50). Although a number of putative mechanisms
for their immune evasion have been described, such as antigenic
variation (51), binding of host-derived enzymes (52-54), or
intracellular survival (55, 56), it is presently unclear if any of these
strategies contribute to the persistence of spirochetes. Our finding
that chronic B. burgdorferi infection of SCID mice is resolved by
Abs to OspC, at least for >80 days p.i., strongly indicates that in
vivo the majority of spirochetes are localized extracellularly in
affected tissues of the mammalian host. However, the data do not

Table 3. Histopathological examination of affected organs from individual infected SCID mouse after therapeutic treatment with

immune sera

Histopathological examination

Intervals of serum Serum transferred, Day of Clinical
transfer, days p.i. dose necropsy p.i. arthritis* Joint Heart Liver Muscle
None None 10 —/(%) + + n.t. n.t.
27 ++/++ ++ ++ ++ +
minus 1 hr NMS, 100 45 ++/++ +4++ ++ — +
ul/mouse
anti-OspA LS., 45 -/- + — — -
3 pg/mouse
anti-OspC LS., 45 -/ - - - -
3 pg/mouse
10, 14, 19, 22 NMS, 100 45 ++/++ +++ ++ - +
ul/mouse
anti-OspA LS., 45 ++/++ +++ + — +
10 pg/mouse
anti-OspC LS., 45 -/ - - - -
10 pg/mouse
19, 22, 26, 30 NMS, 100 45 ++/++ +++ +++ + +
ul/mouse
anti-OspA LS., 45 ++/++ +++ +++ + n.t.
10 pg/mouse
anti-OspC LS., 45 +/(*) + - - -

10 pg/mouse

Tissues from tibiotarsal joint, heart, liver, and muscle adjacent to the joint of mice from experimental groups described in Table 1 were fixed,
stained with hematoxylin and eosin, and subjected to histopathological examination.

*The same scoring system for clinical arthritis as described in Table 1.

7"Scoring: +++, extensive; ++, strong; +, moderate; =, mild; —, none. n.t., not tested.
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exclude that a few spirochetes escape this immune surveillance
and survive intracellularly or in otherwise immunoprivileged
sites.

The present and previous studies suggest a further strategy
of B. burgdorferi to obtain persistent infection and to maintain
the balance between spirochetes and host immunity within the
zoonotic cycle. Accordingly, OspA is a prominent antigen on
spirochetes within the midgut of ticks, but is lost upon their
transmission to the mammalian host (13, 21). Consequently,
anti-OspA Abs are not produced, and because of the lack of
this specificity, vector-associated spirochetes are not vulnera-
ble to immune serum ingested by feeding ticks. Conversely,
OspC is not expressed on spirochetes within ticks, but pro-
duced in the mammalian host and may be critical for their
infectivity (57). However, because of their slow growth rate or
other unknown reasons, the amount of OspC antigen produced
is only sufficient to induce a humoral immune response
suitable to control continuous growth of spirochetes, and to
some extent also disease, but not to eradicate spirochetes (refs.
49 and 50 and shown here).

Effective prophylactic vaccination against B. burgdorferi
infection has been readily documented in laboratory animals
and in humans using preparations of recombinant OspA
and/or OspA Abs. The conclusion of the present study is that
OspC is a suitable target structure for therapeutic treatment of
established Lyme disease and persistent infection. Most im-
portantly, complete elimination of spirochetes is critically
dependent on the quantity of protective Abs. This is reminis-
cent of past successes with specific antisera for prevention and
treatment of a number of bacterial infections (58). It is
tempting to speculate that serum Ab titers to OspC may be of
prognostic value for the course of Lyme disease in humans.
The results do not exclude the possibility that Abs with
different specificities and proven protective potential, such as
OspB, P35, and P37 also are involved in the control of Lyme
disease (31,59-61). Together, the data suggest that, at present,
a combination of OspA and OspC is the most promising
vaccine formula for prevention and treatment of Lyme disease.
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