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significant. The decreases in the proportion of
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shown here, are minimal estimates.
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Protection of Mice Against the Lyme Disease
Agent by Immunizing with Recombinant OspA

Erovr FikriG, STEPHEN W. BARTHOLD, FRED S. KANTOR,

RicHARD A. FLAVELL

Lyme borreliosis is a tick-borne illness caused by Borrelia burgdorferi. The gene for
outer surface protein A (OspA) from B. burgdorferi strain N40 was cloned into an
expression vector and expressed in Escherichia coli. C3H/He]J mice actively immunized
with live transformed E. coli or purified recombinant OspA protein produced
antibodies to OspA and were protected from challenge with several strains of B.
burgdorferi. Recombinant OspA is a candidate for a vaccine for Lyme borreliosis.

YME DISEASE IS A MULTISYSTEM SPI-
rochetal illness characterized by
rheumatologic, neurologic, cardiac,
and dermatologic manifestations. The caus-
ative agent, Borrelia burgdorferi, is transmitted
to humans mostly by Ixodes ticks (7). The
host immune response to B. burgdorferi is
incompletely understood; however, humor-
al immunity is important in protecting ani-
mals from infection. Passive immunization
of hamsters with antiserum to B. burgdorferi
prevents infection from intraperitoneal chal-
lenge with B. burgdorferi (2). The protection
is partially strain-specific, however, because
antiserum to B. burgdorferi strains from dif-
ferent geographic locations does not show
full cross protection (3). Active immuniza-
tion of hamsters with whole inactivated B.
burgdorferi strain 297 prevents subsequent
infection with B. burgdorferi strain 297 (4).
The hamster model, however, is limited for
the study of Lyme borreliosis because the
animals do not develop clinical manifesta-
tions of Lyme disease.
A model of Lyme borreliosis has been
developed in immunocompetent mice that
resembles some of the clinical manifestations
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of Lyme disease in humans (5). A strain of
B. burgdorferi, designated N40, was isolated
from Westchester County, New York;
C3H/He mice infected with B. burgdorferi
N40 develop spirochetemia 5 days after
challenge and peak arthritis and carditis 14
days after infection. This model is useful for
active immunization experiments with B.
burgdorferi in contrast to the model of Lyme
borreliosis in severe combined immunodefi-
ciency mice (6).

We first verified that passive immuniza-
tion is protective in the C3H/He mouse
model. Mice were passively immunized with
antiserum to B. burgdorferi N40 from mouse
or rabbit and then challenged with B. burg-
dorferi N40 (7). Control groups were immu-
nized with normal mouse or rabbit serum.
After 5 or 14 days cultures of the blood and
spleen were incubated for 2 weeks in Bar-
bour-Stoenner-Kelly (BSK) medium (8). As
expected from results in the hamster model,
passive immunity was protective. Further-
more, the protective effect of rabbit serum
was maintained at a dilution of 1:500.
Protection extended to B. burgdorferi strain
B31 and the clinical manifestations of dis-
ease at 14 days was prevented (Table 1).

The antigens responsible for cliciting the
production of protective antibodies are not
known; however, several outer surface pro-
teins on B. burgdorferi are candidates. The
outer membrane of B. burgdorferi is coated
with a 31-kD protein known as outer sur-
face protein A (OspA) (9), and a 34-kD
protein named outer protein B (OspB) (10).
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bodies are produced to the 41-kD flagellar
antigen early in disease and to OspA and
OspB, among other proteins, later in the
illness (15). In the mouse model antibodies
to these three antigens occur within the first
month of illness (5). We now show that
active immunization with recombinant
OspA from B. burgdorferi N4O protects mice

These proteins are heterogenous, particular-
ly OspB, among B. burgdorferi isolates, but
the degree of variability has not been clari-
fied (11). In addition, a 41-kD protein is
associated with the B. burgdorferi flagellum
(12). The genes for these proteins have been
cloned and sequenced from B. burgdorferi
B31 (13, 15). During human infection, anti-

Table 1. Protection of CeH/He] mice from infection with B. burgdorferi N40 or B3l by passive
immunization using polyclonal antiserum to B. burgdorfer: N40. Groups of five mice were passively
immunized with antiserum (0.1 ml). Control groups were immunized with normal serum. One day
after immunization, mice were intradermally injected with 10* B. burgdorferi N40 or B31 spirochetes. At
5 or 14 days organs were harvested, and one or two cultures of each organ were incubated for 2 weeks
and cxamined by dark-ficld microscopy. Twenty high-power fields were scanned per culture. Positive
cultures had between 1 and 100 spirochetes while negative cultures had no organisms. The table reports
results of blood and splenic cultures (number of positive cultures/total number of cultures) begun 5 or
14 days after challenge and incubated for 2 weeks and the histopathologic evaluation of the heart and
joints 14 days after infection.

Cultures Histopathology
Antiscrum (dilution) Blood Spleen Arthritis  Carditis
S5day l4day 5day Il4day 14 day 14 day
Mice challenged with N40
Mouse anti—B. burgdorferi N40 (1:5) 0/8 0/8
Normal mouse serum (1:5) 8/8 8/8
Rabbit anti—B. bhurgdorferi N40 (1:5) 0/10 0/10 0/5 0/10 0/10 0/10
Rabbit anti—B. burgdorferi N40 (1:50) 0/10 0/5
Rabbit anti-B. burgdorferi N40 (1:500)  0/10 0/5
Normal rabbit serum (1:5) 9/10 8/10 8/10 6/9 10/10 10/10
Mice challenged with B31
Rabbit anti—B. burgdorfern N40 (1:5) 0/5 0/5 0/5 0/5
Normal rabbit serum (1:5) 5/5 4/5 5/5 5/5

Table 2. Protection of mice from infection with B. burgdorferi by active immunization with E. coli
(5 x 10%) expressing OspA from B. burgdorferi N40 or purified recombinant OspA fusion protein, and
passive immunization with serum from mice actively immunized with the OspA expressing E. coli or
monoclonal antibodies to OspA. Groups of five C3H/He] mice were actively immunized intraperitone-
ally with live E. coli expressing recombinant OspA from B. burgdorferi N40, or with E. coli lacking the
OspA product. Mice were actively immunized subcutaneously with purified recombinant OspA-
glutathione S-transferase fusion protein (20 wg) or purified glutathione S-transferase in complete
Freund’s adjuvant and boosted weekly for 2 weeks with the equivalent amount of protein in incomplete
Freund’s adjuvant. All mice were then injected with B. burgdorferi strain N40, B31, or CD 16 spirochetes
(10*) intradermally and examined at 5 or 14 days. The antiserum for passive immunization was drawn
from mice actively immunized with E. coli expressing recombinant OspA. Serum (0.1 ml), either
undiluted or diluted 1:5, was used to passively immunize mice. The supernatant (0.1 ml) from cells
expressing monoclonal antibodies (MAbs) to OspA was administered undiluted. The mice were
injected the next day with B. burgdorferi N40 and examined at 5 days. Cultures were incubated and
examined as described in Table 1.

Cultures Histopathology
Bor-
Immunization relia Blood Spleen Arthritis  Carditis
strain
5day 1l4day 5day 14days 14day 15 day
Active
E. coli expressing OspA N40 0/10 0/5 0/10 2/5 2/5
B31 0/5 0/5
CDIl6  0/5
E. coli lacking OspA N40 9/9 5/5 719 5/5 5/5
B31 5/5 5/5
CDl6  3/5
OspA fusion protein N40 0/5 0/5 0/9 0/10
Glutathione S-transferase N40 5/5 3/5 10/10 10/10
Passive
E. coli expressing OspA (undil.) N40 0/4
E. coli expressing OspA (1:5) N40 0/4
IgG3 OspA MAb N40 0/5
IgGl OspA MAb N40 5/5
Normal rabbit scrum (1:5) N40 8/10
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from subsequent infection with B. burgdorferi
strains N40, B31, and CDI6.

The gene for OspA from B. burgdotferi
N40 was amplified with genomic DNA
from B. burgdorferi N40 (16) and the poly-
merase chain rcaction (PCR), and cloned in
E. coli (17). The gene for OspA-N40 was
sequenced and found to be 819 nucleotides
(18). The sequence was compared to the
published sequences for B. burgdorferi OspA,
including strain B31 (13) and strain ZS7, an
isolate from Freiburg, Germany (19). The
OspA-N40 gene difters from OspA-B31 at
two nucleotide positions, 117 and 446. This
changes Lys* to Asn* and Gly'* to Glu'*
OspA-N40 differs from OspA-ZS7 by one
nucleotide at position 490, which changes
Ser'® to Gly'®*. These comparisons suggest
that OspA is conserved among different
isolates.

Escherichia coli transformed with  197-
OspA-N40, a recombinant plasmid that di-
rects the synthesis of OspA-N40 by the
phage lambda PL promoter, were induced
to express recombinant OspA-N40 by
growth at 42°C for 2 hours. Upon induc-
tion a new band appeared on SDS—poly-
acrylamide gel clectrophoresis accounting
for approximately 5% of the total cell pro-
tein. Sequencing of the NHs-terminus of
the new protein revealed that the first 15
amino acids corresponded to the amino acid
sequence predicted from the OspA-N40
gene sequence, identifying the protein as
OspA-N40. The NH,-terminal amino acid
sequence was Met-X-Lys-Tyr-Leu-Leu-Gly-
Ile-Gly-Leu-Ile-Leu-Ala-Leu-Ile. - An - im-
munoblot of a cell and an osmotic shock
(20) extract of E. coli expressing OspA-N40
stained with anti B. burgdorfern N40 mousc
serum or with a monoclonal antibody to
OspA-N40 showed that OspA-N40 was ex-
pressed and localized at lcast in part to the
periplasmic space (21).

C3H/He mice were then immunized to
determine if an immune response to recoms-
binant OspA could be clicited. Groups of
five mice were injected intraperitoncally
once weckly with 5 x 10° live E. coli ex-
pressing OspA-N40 for 3 weceks. Control
mice were immunized with E. coli trans-
formed with pDC197-12. An antibody re-
sponse to OspA-N40 was clicited by the
fourth week, and could be detected by im-
munoblot (Fig. 1), to a dilution of 1:1000.

During the fifth week the mice were
challenged with B. burgdorferi to determine if
active immunization would clicit a protec-
tive immune response. Mice actively immu-
nized with E. coli expressing OspA-N40
were infected intradermally with 10* B.
burgdorferi N40 and cxamined at 5 or 14
days. The control group consisted of mice
actively immunized with £. coli transformed
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Fig. 1. Immunoblot of a protcin extract of B.
burgdorferi N40 stained with serum (diluted
1/100) from mice immunized with E. coli express-
ing OspA-N40, and E. coli lacking the OspA
product. Column 1 is stained with normal mouse
serum. Columns 2 to 6 (controls) are stained with
serum from mice immunized with E. coli lacking
the OspA product. Columns 7 to 10 are stained
with serum from mice immunized with E. coli
expressing OspA-N40. Column 11 is stained with
anti B. burgdorferi strain N40 serum. The band at
31 kD represents OspA.

|234567

with pDC197-12. Mice actively immunized
with E. coli expressing OspA were protected
from infection, whereas the control animals
immunized with E. coli that did not contain
the OspA product readily developed infec-
tion. In addition the majority of the immu-
nized animals were grotectcd from clinical
disease at 14 days (x* P < 0.05) (Table 2).
To determine if the immune response to
OspA could be enhanced to fully prevent the
clinical manifestations of disease, mice were
immunized with purified recombinant
OspA-N40 expressed as a glutathione S-
transferase fusion protein (22). Control mice
were immunized with glutathione S-trans-
ferase. An extremely strong immune re-
sponse to OspA was obtained since an anti-
body response could be detected to a dilu-
tion of 1:64,000 by immunoblot. Groups
of five mice were challenged with B. burgdor-
Jeri N40.and sacrificed at 14 days. Histo-
pathologic examination of the joints and
heart in the animals immunized with puri-
fied OspA showed no evidence of discase,
whereas the control animals readily devel-
oped arthritis and carditis (Table 2). More-
over, as expected, cultures of blood and
spleen from OspA-immunized animals
showed no evidence of infection, whereas all
control mice were infected. Hence, the im-
mune response that mice generate in re-
sponse to recombinant OspA from B. burg-
dorferi N40 is sufficient to protect them from
subsequent infection with B. burgdorferi
N40. Studies at additional timepoints will
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determine the longevity of protection.

To test whether the protection is mediat-
ed by antibody, we recovered serum from
mice immunized with OspA expressing E.
coli and passively immunized mice with this
serum. The mice were fully protected from
infection at 5 days, suggesting that antibody
to OspA generated in our actively immu-
nized mice is sufficient for protection (Table
2). In addition an IgG3 (complement fix-
ing) monoclonal antibody to OspA from B.
burgdorferi N40 was protective in our assay,
whereas an IgGl (noncomplement fixing)
was not. Indeed, chronic administration of a
monoclonal antibody to OspA of B. burgdor-
Jeri strain ZS7 prevented scid mice from
developing disease when challenged with B.
burgdorferi ZS7 over a period of 21 days (23).
The contribution of the cellular immune
response in protection is not yet known.

It is important to determine whether the
immune response to OspA is sufficient to
protect animals from infection with different
strains of B. burgdorferi. At the present, no
taxonomic classification exists for the differ-
entiation of various strains of B. burgdorferi.
In general, isolates are classified as different
on the basis of geographic location. It is
surprising and encouraging that vaccination
with OspA protects, because the previous
passive immunization experiments with B.
burgdorferi antiserum in the hamster model
showed some degree of strain specificity,
and OspA appears to be highly conserved
among B. burgdorferi isolates. Since a com-
parison of the nucleotide sequence of
OspA-N40, OspA-B31l, and OspA-ZS7
showed a high degree of similarity, it is
possible that protection should extend to
different strains of B. burgdorferi. We there-
fore tested additional strains of B. burgdorferi,
CD16 (24) and B31, and found that mice
were protected from infection (Table 2).
Further studies to determine if the protec-
tive effect of OspA is maintained with a
wider variety of B. burgdorferi isolates will
provide additional information on the
breadth of protection.

Although B. burgdorferi infection in the
mouse has similarities with human disease it
is uncertain that vaccination with OspA will
be effective in man. As antibodies to OspA
appear late in human illness, suggesting that
it is a poor immunogen, it must be shown
that a strong immune response to recombi-
nant OspA can be elicited in man. It is
possible, however, that immunization of
humans with recombinant OspA in an ap-
propriate regimen and the use of adjuvant
could give risc to a potent neutralizing
antibody response. Studies in other animal
models and man will extend the knowledge
of the usefulness of OspA as a vaccine for
Lyme borreliosis.
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Probing Immunosuppressant Action with a
Nonnatural Immunophilin Ligand

BAarRBARA E. BIERER, PATRICIA K. SOMERS, THOMAS ]. WANDLESS,
STEVEN J. BURAKOFF, STUART L. SCHREIBER*

The immunosuppressants FK506 and rapamycin bind to the same immunophilin,
FK506 binding protein (FKBP), and inhibit distinct signal transduction pathways in T
lymphocytes. A nonnatural immunophilin ligand, 506BD, which contains only the
common structural elements of FK506 and rapamycin, was synthesized and found to
be a high-affinity ligand of FKBP and a potent inhibitor of FKBP rotamase activity.
Whereas 506BD does not interfere with T cell activation, it does block the immuno-
suppressive effects of both FK506 and rapamycin. Thus, the common immunophilin
binding element of these immunosuppressants, which is responsible for rotamase
inhibition, is fused to different effector elements, resulting in the inhibition of different
signaling pathways. Inhibition of rotamase activity is an insufficient requirement for

mediating these effects.

N ADDITION TO THEIR THERAPEUTIC
potential, the immunosuppressive
agents cyclosporine A (CsA), FK506,
and rapamycin are useful probes of the T cell
activation process (Fig. 1) (1-4). CsA and
FK506 inhibit a T cell receptor (TCR)—
mediated signal transduction pathway that
results in the transcription of early T cell
activation genes, including interleukin-2
(IL-2). Despite the structural similarity to
FK506, rapamycin has no effect on the
production of IL-2, yet potently inhibits the
response of the T cell to activation through
the IL-2 receptor (2). Although they specifi-
cally inhibit different T cell activation
events, rapamycin and FK506 have also
been shown to inhibit each other’s actions
(3, 4).
These three immunosuppressants bind to
proteins termed immunophilins with high
affinity. CsA (Kyg = 30 nM) is bound by
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human cyclophilin (5), and both FK506
(Kg = 0.4 nM) and rapamycin (Kgq = 0.2
nM) are bound by human FK506 binding
protein (FKBP) (4, 6, 7). Although unrelat-
ed in amino acid sequence (&), cyclophilins
and FKBPs catalyze the interconversion of
the cis- and trans-rotamers of the peptidyl-
prolyl amide bond of peptide and protein
substrates. These rotamase enzymes are in-
hibited by their respective immunosuppres-
sant ligands; FK506 and rapamycin do not
inhibit cyclophilin and CsA does not inhibit
FKBP (6-8).

The ability of FK506 and rapamycin to
inhibit each other’s actions suggests a role
for either a single immunophilin or separate
immunophilins that share a common recep-
tor site (hereafter referred to as the “com-
mon receptor site”) in mediating the actions
of these drugs (4). Rapamycin and FK506
appear to be mimics of a leucyl-prolyl twist-
ed amide bond (9, 10), and may therefore
mimic the action of an endogenous ligand
that contains a peptidyl (perhaps leucyl)-
prolyl dipeptide fragment as a structural
motif for the recognition of an immunophi-
lin regulatory site (the “common receptor
site”). We explored the hypothesis that
FK506 and rapamycin are comprised of a

common immunophilin binding element
that is fused to distinct effector elements that
determine the T cell activation signaling
pathway with which the drug will interferc.

We designed a molecule, termed 506BD,
to adopt a geometry similar to that of the
putative immunophilin binding domain
found in FK506 (Fig. 1). To emulate the
conformation of the cis-rotamer of FK506
[observed in the solid state by x-ray diffrac-
tometry (11)], a scaffolding element was
installed to limit the conformational free-
dom of 506BD. 506BD lacks the putative
effector elements of both rapamycin and
FK506. Therefore, 506BD should not ex-
hibit the T cell inhibitory properties that are
characteristic of either FK506 or rapamycin,
yet, by virtue of its anticipated immunophi-
lin binding properties, 506BD should inhib-
it the actions of both FK506 and rapamycin.

The isopropyl substituent of 506BD was
included to introduce a conformational con-
straint, involving the avoidance of a
—gauche/+gauche (syn-pentane) local con-
formation, that is present in FK506. The
trans-enoate spacer was chosen to fix the
distance of the attachment sites in the same
geometry observed in the solid-state confor-
mation of FK506. We also synthesized a
truncated 506BD that lacked the cyclohexyl
moiety (des CyH-506BD) to assess its role.

An efficient synthetic pathway was devel-
oped that provided 506BD in useful quanti-
ties and in a stereochemically homogeneous
form (Fig. 2). The asymmetric synthesis
began with the six-carbon chain 1, which
had previously been prepared from mannitol
in four steps (12). The pyranose 2 was
obtained as a mixture of anomers from 1 in
four steps; only the major B-anomer is
shown. Stereoselective introduction of the
allylic methoxyl group in 3 followed subjec-
tion of 2 to a one-pot reduction-Grignard
addition sequence (13), whereas the benzy-
loxy bearing stercocenter in 4 was intro-
duced by a stereoselective ketone reduction
(14). After ring opening and homologation
of 4 into 5, the three dioxolane stereocenters
of 6 were produced in a stercospecific fash-
lon by an asymmetric osmylation reactior
(15) and then acetal protection. The cou-
pling partner 8 was prepared by metalation
and hydroxyalkylation of the vinyl bromide
7, which we have reported carlier in the
course of a total synthesis of FK506 (16).
The coupling of 6 and 8 was achieved by
amide bond formation, while macrocycliza-
tion of the resultant 9 was accomplished by
an intramolecular Horner-Emmons reaction
(17) that produced 10 as a single E-olefin
diastereomer. Following selective deprotec-
tion of the cyclic acetal and oxidation of the
resultant diol to a diketone, a final deprotec-
tion reaction resulted in a transannular hem-
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