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Abstract

The Lyme disease spirochete Borrelia burgdorferi must repress expression of outer surface protein
C (OspC) to effectively evade specific humoral immunity and to establish persistent infection. This
ability largely relies upon a regulatory element, the only operator that has been reported in spirochetal
bacteria. Immediately upstream of the ospC promoter, two sets of inverted repeats (IRs) constitute
small and large palindromes, in which the right IR of the large palindrome contains the left IR of the
small one, and may collectively function as the ospC operator. In the study, the large palindrome
with or without the small IR was fused with a flaB promoter, which was used to drive expression of
apromoterless ospC copy as a reporter gene, and introduced into OspC-deficient B. burgdorferi. The
presence of the large palindrome alone significantly reduced ospC expression driven by the fused
flaB promoter in the joint tissue of severe combined immunodeficiency (SCID) mice, and rescued
spirochetes from elimination by passively transferred OspC antibody in infected SCID mice and
specific immune responses elicited in immunocompetent mice, confirming a function of the IRs as
an operator. Inclusion of the small IR further enhanced the ability of the large palindrome to reduce
the activity of the fused flaB promoter, indicating that the small IR is a part of the operator. Taken
together, the study led to successful verification and dissection of the ospC operator.
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1. Introduction

The Lyme disease spirochete, Borrelia burgdorferi, is one of the most invasive bacterial
pathogens, causing persistent infection despite the development of vigorous immune responses
[1,2]. Tight regulation of outer surface protein (Osp) expression is crucial for its pathogenic
strategy. The pathogen abundantly expresses OspA/B in the unfed tick [3-6], consistent with
an important role of these lipoproteins in spirochetal persistence in the vector [7,8]. A fresh
blood meal down-regulates OspA/B and up-regulates OspC and others, a process that prepares
B. burgdorferi for infection of mammals, regardless of whether OspC is required for salivary
gland invasion [9-12]. Repression of OspA/B expression in mammals is critical for the
maintenance of the enzootic cycle because their expression would ultimately induce a strong
humoral response and, as a result, may effectively block acquisition of B. burgdorferi by the
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vector [13-15], regardless of whether OspA/B can be targeted by borreliacidal antibodies in
mammalian tissues [16]. B. burgdorferi abundantly expresses OspC only during early infection
when the antigen has an important role and before specific humoral responses have developed
[17-19]. OspC is not only a strong immunogen but also an effective target of protective
immunity; its expression induces a robust humoral response that imposes tremendous pressure
on the pathogen [20,21]. To cause persistent infection, B. burgdorferi must down-regulate
OspC [17,18,22,23]. If B. burgdorferi fails to repress OspC expression or undergo escape
mutations on the ospC gene, infection would be cleared [20]. It is also crucial for B.
burgdorferi to keep the ospC gene off after it is acquired by the tick vector as OspC antibodies
in blood meal may kill spirochetes expressing the antigen in the vector [24], leading to
discontinuation of the enzootic cycle.

Only three o factors can be identified from the entire genome of B. burgdorferi, including the
major factor, RpoD (¢79), and two alternative factors, RpoN (¢®4) and RpoS (538) [25].
Moreover, the two alternative factors compose a regulatory network, in which RpoS expression
depends on RpoN [26,27], greatly limiting their role in contribution to diverse gene regulation.
In the unfed tick, the network is silent, so are the RpoS-dependent genes, such as ospC, decorin-
binding proteins A/B (dbpA/B), ospF and bbk32 [3,28-30]. During mammalian infection, B.
burgdorferi apparently mobilizes all the three o factors [31-33]; therefore, selective gene
down-regulation must depend on mechanisms other than controlling expression of these
factors.

The identification of the ospC operator helps interpret the ability of B. burgdorferi to selectively
down-regulate ospC, while actively transcribing other RpoS-dependent genes during
mammalian infection [34]. While the regulatory element remains to be verified in a different
system, two sets of inverted repeats (IRs) immediately upstream of the ospC promoter
constitute small and large palindromes, in which the right IR of the large palindrome contains
the left IR of the small one, and may collectively function as an operator but have to be
confirmed. Although ospC is probably the most investigated among genes in spirochetal
bacteria, the full ospC promoter region remains to be defined even after attempts from two
leading groups in the field [35,36]. In contrast, the flaB promoter is a well defined o70-
dependent promoter, driving constitutive gene expression [37]. In the study, the large
palindrome with or without the small right IR was fused with the flaB promoter, which was
used to drive expression of a promoterless ospC copy as a reporter gene, and introduced into
OspC-deficient B. burgdorferi. The study allowed us to successfully verify and dissect the
ospC operator.

2.1. Identification of a minimum flaB promoter

The efficiency for the ospC operator to repress the activity of a downstream promoter is likely
position-dependent, so unessential upstream sequences of the flaB promoter should be
removed. To identify a minimum flaB promoter, two constructs containing the identical
promoterless ospC copy as a reporter gene were used. The construct pBBE22-flaBpmin-0spC,
which was created as illustrated in Fig. 1A&B, harbored a flaB promoter sequence extending
just to the -35 region, consequently called a minimum promoter; while pBBE22-0spC’
constructed in our previous study [20], contained a flaB promoter extending to —192 from the
transcriptional start site and was expected to drive maximum transcriptional activity. The
feature of the constructs was summarized in Table 1.

The two constructs were electroporated into the ospC mutant, which was generated and
characterized in our previous study [34]; 16 and 18 transformants were obtained from the
transformation with each construct. Plasmid analyses identified two clones receiving each
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construct, namely Bp-C/1, Bp-C/2, 40spC/ospC'/1, and 4ospC/ospC'/2. The clones Bp-C/land
Bp-C/2 received pBBE22-flaBpmin-OspC, while the clones A0spC/ospC'/1 and AospC/ospC'/
2 obtained pBBE22-0spC’. These clones shared the same plasmid content as the ospC mutant,
which lost 1p25, 1p5, Ip21 and cp9 [34]. OspC expression resulting from introduction of the
constructs was confirmed by immunoblot analysis (Fig. 1C), demonstrating that both
constructs actively drove in vitro OspC expression.

To more precisely compare the activity of the constructs to drive reporter expression, the Bp-
C/1, Bp-C/2, 4ospClospC'/1, and 4ospClospC'/2 spirochetes were harvested at early log and
stationary phase. RNA was prepared and analyzed for ospC and flaB mRNA accumulation by
RT-gPCR. At early log phase, introduction of the constructs pBBE22-0spC’ and pBBE22-
flaBpmin-0spC led to the accumulation of 2049 and 1926 ospC transcripts, respectively, to
match every 1000 flaB mRNA copies (Fig. 2A), indicating that the two promoter versions
initiated reporter expression as equally well (P = 0.26). At stationary phase, the minimum
flaB promoter drove ospC transcription also as effectively as the long promoter version (P =
0.47); although the two constructs increased ospC mRNA copies to 5281 and 5137,
respectively, for every 1000 flaB transcripts produced, representing 2.6- and 2.7-fold increases
over early log phase (P values were 5.7 x 10" and 6.9 x 1077, respectively).

To explore how the constructs more effectively increased ospC mRNA accumulation at
stationary rather than early log phase, the copy numbers of the kan gene on the constructs and
the chromosomal flaB gene were determined by gPCR. As shown in Fig. 2B, B. burgdorferi
produced, on average, six copies of the constructs to match each copy of the linear chromosome
at early log phase and increased to over 40 copies at stationary phase, representing a nearly 7-
fold increase (P = 7.1 x 1075). Compared to a less than 3-fold increase in 0spC mRNA (Fig.
2A), the fused flaB promoter did not more efficiently initiate reporter expression at stationary
phase. Instead, increased ospC mRNA accumulation during stationary phase apparently
resulted from a dramatic rise in copy numbers of the ospC gene associated with the shuttle
vector per cell.

Next, the activity of the two constructs to initiate ospC expression was compared in the murine
host. Subgroups of five SCID mice were inoculated with the clones Bp-C/1, Bp-C/2, 40spC/
ospC'/1, or AospC/ospC'/2. In all 20 animals, joint swelling evolved around 10 days post-
inoculation and developed into severe arthritis within a week (data not shown), indicating that
all four clones were infectious. Mice were euthanized one month post-inoculation; RNA was
extracted and quantified for ospC and flaB transcripts. As shown in Fig. 2C, the two constructs
led to similar ospC mRNA accumulation in the heart (P = 0.89), joint (P = 0.77), and skin
tissue (P = 0.36), indicating that the minimum flaB promoter initiated reporter expression as
efficiently as the full-length promoter.

2.2. The presence of the large palindrome alone is able to effectively reduce the activity of a
fused flaB promoter in joints of SCID mice but inclusion of the small IR further enhances the

ability

Immediately upstream of the ospC promoter, two sets of IRs constitute small and large
palindromes, in which the right IR of the large palindrome essentially contains the left IR of
the small one (Fig. 3A), and may collectively function as the operator. To dissect the regulatory
sequence, pBBE22-Co1l-flaBp-0spC, containing the large palindrome and the small IR, and
pBBE22-Co2-flaBp-ospC, harboring only the large one, were generated as diagramed in Fig.
3A&B before being electroporated into the ospC mutant. Nine and 16 transformants were
obtained from the transformation with each construct. Plasmid analyses identified two clones
receiving each construct, namely Col-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1 and Co2-Bp-C/2.
These clones shared the same plasmid content as the ospC mutant [34]. Active OspC expression
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resulting from the introduction of the constructs was confirmed by immunoblot analysis (Fig.
3C).

To examine whether the presence of the operator versions influences the in vitro activity of
the fused promoter, the Col-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1 and Co2-Bp-C/2 spirochetes
were harvested at early log and stationary phases. RNA was prepared and analyzed for ospC
expression by RT-qPCR. The clones Bp-C/1 and Bp-C/2 were used as a control. No significant
differences were noted in ospC mRNA accumulation by the three genotypes either at early log
or stationary phase (data not shown), indicating that the presence of the ospC operator
sequences did not affect the activity of the fused flaB promoter when spirochetes were grown
in vitro.

The ability of the two operator versions to influence the activity of a fused promoter was
examined in mice. Subgroups of five SCID mice were inoculated with the clone Col-Bp-C/1,
Co1-Bp-C/2, Co2-Bp-C/1 or Co2-Bp-C/2. An additional 10 mice were inoculated with the
clone Bp-C/1 or Bp-C/2 as a control. In all 30 mice, joint swelling evolved around 10 days
post-inoculation and developed into severe arthritis within a week (data not shown), indicating
that all mice were infected. Animals were euthanized one month post-inoculation for the
assessment of ospC transcriptional activity. As shown in Fig. 4, incorporation of either ospC
operator version did not change reporter gene expression in heart (P > 0.05) or skin tissue (P
> 0.05). In the joint, however, the presence of the long operator version reduced ospC mRNA
accumulation by 44% (P = 1.9 x 107 "), compared with a 22% decline caused by the presence
of the short version (P = 0.05), indicating that the ospC operator is able to effectively reduce
the activity of the fused flaB promoter in joint tissues and, thus, confirming the function of the
ospC operator. Moreover, the longer operator reduced ospC expression 28% more effectively
than the shorter version (P = 0.02), indicating that the small IR also contributes to the function
of the operator to reduce the activity of the downstream promoter.

2.3. The presence of the large palindrome alone confers the responsiveness of a fused
flaB promoter to treatment with OspC MAb but inclusion of the small IR further enhances the
responsiveness

To further examine the influence of the ospC operator on the activity of a fused promoter,
subgroups of 10 SCID mice were challenged with the clone Bp-C/1, Bp-C/2, Col-Bp-C/1,
Col-Bp-C/2, Co2-Bp-C/1 or Co2-Bp-C/2. An additional group of 10 mice were inoculated
with the clone 40spC/FL/1 as a control. This clone was generated by introducing a full-length
ospC gene carried by pBBE22 into the ospC mutant in our previous study [34]. In all 70 mice,
joint swelling evolved around 10 days post-inoculation and developed into severe arthritis
within a week (data not shown). At 3 weeks, five mice from each group received 100 pg of
either OspC MADb or purified murine 1gG as a control. One week later, mice were euthanized,
heart, joint, and skin samples were used for bacterial culture. As expected, spirochetes were
recovered from each specimen harvested from all of the 35 IgG-treated mice (Table 2). As a
positive control, the 40spC/FL/1 spirochetes were recovered from all of the joints and most of
the heart and skin specimens of the five MAb-treated mice. Transferred MAb cleared infections
in each tissue from all 10 mice that had been inoculated with either the clone Bp-C/1 or Bp-
C/2. In contrast, the Co1-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1 or Co2-Bp-C/2 spirochetes were
grown from each of the joints, some of the skin specimens, but none of the heart samples, which
were taken from the 20 MAb-treated mice (Table 2). These data indicated that the presence of
either operator version provides B. burgdorferi with the ability to avoid elimination by the
OspC antibody, again, confirming the function of the ospC operator.

RNA was extracted from joint specimens harvested from all 35 IgG-treated mice and 25 of the
35 MADb-treated mice, then analyzed for ospC and flaB mRNA transcripts by RT-gPCR. The
clearance of infection excluded 10 mice initially infected with either the clone Bp-C/1 or Bp-
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C/2 and treated with MAD. As previously reported [34], in response to MAb treatment, the
AospC/FL/1 spirochetes reduced ospC expression by 87-fold (P = 3.2 x 10~7) (data not shown).
Consistent with the data presented in Fig. 4, addition of the long and short operator versions
led to 41% (P = 6.2 x 107%) and 21% (P = 0.03) reductions, respectively, in ospC mRNA
accumulation (Fig. 5). MADb treatment further reduced ospC expression by 4.5- and 2.5-fold
in spirochetes harboring the long (P = 1.7 x 1012) and the short operator versions (P = 3.3 x
107%), respectively, indicating that either version reduces the activity of a fused flaB promoter
in response to treatment with OspC MADb. Furthermore, the long operator version showed a
59% more effectiveness in reducing ospC expression than the short one in response to treatment
with OspC MAD (P = 7.1 x 107%), again, indicating that the small IR is also crucial for the
function of the operator.

2.4. Verification of the function of the ospC operator during chronic infection of
immunocompetent mice

Next, the function of the ospC operator was further verified in immunocompetent mice. Groups
of five BALB/c mice were challenged with the clone Bp-C/1, Bp-C/2, Col-Bp-C/1, Col-Bp-
C/2, Co2-Bp-C/1 or Co2-Bp-C/2. An additional group of 10 mice were challenged with the
clone 40spC/FL/1 as a positive control. Ear biopsies taken for bacterial culture at 3 weeks post-
inoculation showed that all of the 40 mice were infected (data not shown). Animals were
sacrificed 4 months post-inoculation; heart, joint and skin samples were harvested for bacterial
isolation. The AospC/FL/1 spirochetes were grown from each of the heart, joint and skin
specimens of 10 inoculated mice (Table 3). Although the Bp-C/1 and Bp-C/2 spirochetes were
recovered from most of the skin specimens, they were cleared from the heart and joint tissues
of 10 inoculated mice. In contrast, B. burgdorferi was grown from each of the skin specimens
and most of the heart and joint tissues of 20 mice that had been challenged with the clone
Co1-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1 or Co2-Bp-C/2, indicating that either ospC operator
version helps B. burgdorferi evade the immune system. Therefore, the study successfully
verified the function of the ospC operator in immunocompetent mice.

3. Discussion

As a 6'9-dependent promoter, the flaB promoter is one of the most active promoters, which
drives constitutive gene expression during the entire enzootic cycle of B. burgdorferi. To verify
and dissect the newly identified operator of the RpoS-dependent ospC gene, the flaB promoter
was used as a reporter promoter and fused with a promoterless ospC as a reporter gene. The
study not only verified the function of the ospC operator but also demonstrated that all the IRs
collectively act as a cis-element to influence the activity of a downstream promoter.

Identification of the ospC operator predicts the existence of a repressor [34]. However, nothing
is known about the regulatory protein or how it is induced during the enzootic cycle of B.
burgdorferi. In vitro ospC expression is always associated with the upregulation of RpoS
[26,35,36,38], suggesting that the repressor is not induced in vitro. Our previous study showed
that deletion of the operator does not influence in vitro ospC expression, thus, ruling out the
involvement of the operator-repressor system in ospC regulation [34]. In the current study, the
presence of either ospC operator version did not affect the activity of the fused flaB promoter
to initiate a reporter gene expression in cultivated B. burgdorferi, further confirming that the
potential repressor is not expressed under in vitro conditions.

The current study showed that the copy number of shuttle vectors dramatically increased as
spirochetes grew from early log to stationary phase. B. burgdorferi produced approximately
six copies of the introduced construct to match each copy of the linear chromosome at early
log phase and increased to more than 40 copies at stationary phase. This increase in ospC gene
copy number resulted in a dramatic increase in mMRNA accumulation, clearly indicating that
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manipulating the copy number of a plasmid can achieve selective regulation of specific genes,
a potential strategy for gene regulation that has been ignored in B. burgdorferi. However, it
should be noted that the constructs were modified from pBBE22 [39], which was derived from
cp9 [40]. It remains to be confirmed whether the constructs are replicated and maintained as
the endogenous plasmid. It is also interesting to know whether the copy numbers of plasmids
change during in vitro cultivation and the enzootic cycle of B. burgdorferi.

Previous studies showed B. burgdorferi exhibiting tissue-differential ospC expression, with
significantly higher expression in both heart and skin tissues than the joints of SCID mice
[17,41]. Recent identification of the ospC operator led to a successful interpretation of this
differential expression pattern [34]. Deletion of the operator results in a dramatic increase in
ospC expression in joints, but does not affect expression in either heart or skin tissues,
suggesting that the potential repressor is induced only in joints of SCID mice [34]. Inthe current
study, the fused ospC operator versions did not affect the activity of the reporter flaB promoter
either in heart or skin tissues, instead reducing ospC expression driven by the fused promoter
in the joints of SCID mice, indicating the repressor is expressed only in this specific type of
tissue in the absence of specific humoral pressure and allowing successful verification of the
function of the operator. Because the long version showed more effectiveness in reducing
ospC expression, the study also led to dissection of the operator. It remains to be determined
whether the copy number of the constructs is tissue-dependent or changes during the course
of infection. However, these factors should not affect our data interpretations because all our
constructs should behave in similar manners under each specific condition.

The biological significance for the existence of the ospC operator in B. burgdorferi is to confer
the ability to evade specific humoral immunity. Previous studies showed that OspC antibodies
administered to immunodeficient mice or the specific humoral response induced during
infection of immunocompetent mice constitute an overwhelming force to reduce ospC
expression to a baseline level in all tissues [17,18,22,23]. A recent study also showed that lack
of the operator allows the ospC promoter to drive constitutive gene expression in all tissues
and, as a result, completely diminishes the ability of B. burgdorferi to evade specific humoral
immunity [34]. In the current study, lack of the operator allowed the fused flaB promoter to
drive constitutive ospC expression in all tissues of SCID mice and, as a consequence,
diminished the ability to evade specific OspC antibody. Addition of the operator to the upstream
of the flaB promoter allowed B. burgdorferi to effectively evade clearance by OspC MADb in
the joint tissue, an ability that was gained apparently through the down-regulation of ospC
expression. Because the long operator version conferred B. burgdorferi a higher responsiveness
to treatment with OspC antibody, the study, again, not only verified the function of the operator
but also led to a successful dissection of the operator. The involvement of the fused ospC
operator was unable to rescue B. burgdorferi from elimination by the administration of OspC
MADb in the heart tissue, speculating that the sudden presence of specific antibody in a large
quantity overwhelmed spirochetes before the down-regulation of ospC expression driven by
the fused promoter could occur. This explanation is supported by our chronic infectivity study
conducted in immunocompetent mice, showing B. burgdorferi that was given the operator was
grown from most heart specimens collected 4 months after initial inoculation.

Although B. burgdorferi with constitutive ospC expression driven by a fused flaB promoter
was eradicated by OspC MADb from all tissues of infected SCID mice, this genotype was able
to persist in the skin of immunocompetent mice. Our previous study showed that spirochetes
with increased OspC expression via the introduction of an extra ospC copy fused with a flaB
promoter are cleared from all tissues of infected immunocompetent mice, unless escape
mutations occur on the constitutively expressed copy [20]. Different ospC expression levels
might cause this discrepancy. In the previous study, two ospC copies, the native gene and the
introduced copy, might lead to higher OspC expression, making the pathogen more vulnerable
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to specific humoral immunity. This interpretation is supported by our other study [34], in which
robust ospC expression driven by the ospC promoter without control of its operator completely
abrogates the ability of B. burgdorferi to persist in immunocompetent mice.

During a transcriptional initiation, the ¢ factor of a RNA polymerase holoenzyme mediates the
initial interaction of the polymerase with a specific promoter. Binding of a repressor to its
operator may block the interaction, thus preventing a transcriptional initiation. In a bacterium,
the same RNA polymerase can use all  factors the cell expresses, albeit it may exhibit various
utilization efficiencies for different ¢ factors. In addition, the concentration of a specific ¢
factor in the cell and its ability to mediate the interaction with a target promoter may affect the
efficiency of an operator to influence transcriptional initiation. All of these might collectively
contribute to the reduced effectiveness of the ospC operator to influence the activity of the
fused o’0-dependent flaB promoter observed in the current study.

A palindromic sequence may form a cruciform structure that interacts with a regulatory protein
with high affinity. There are two sets of IRs, potentially forming small and large cruciform
structures immediately upstream of the ospC promoter (Fig. 3A). However, because the right
IR of the large palindrome contains the left IR of the small palindrome, it is unclear how these
four IRs are arranged to form secondary and tertiary structures. Our previous study clearly
showed that the large palindrome is required for the operator’s activity; in the native promoter-
operator system, however, we have not been able to address whether the small one contributes
to the repressing activity [34]. In the current study, the ospC promoter was replaced, allowing
us to dissect the operator without the influence of the native promoter. The study showed that
although the large palindrome alone was able to effectively reduce the activity of the fused
flaB promoter, the involvement of all the four IRs significantly improved the repressing
activity. In our previous study, deletion of the sequence immediately upstream of the large
palindrome has little effect on the activity of the operator, but removal of the left IR of the
palindrome completely diminishes the operator’s function [34]. Taken together, these studies
demonstrate that the operator includes all the four IRs.

4. Materials and methods
4.1. Construction of pBBE22-flaBpmin-0spC

As illustrated in Fig. 1, an 883-bp fragment was PCR (polymerase chain reaction) amplified
with the use of primers P1F and P1R (Table 4), and of pPBBE22-0spC’ as a template; digested
with BamHI and Xbal; purified; and cloned into pBBE22 (a gift from S. Norris) [39] after the
vector was digested with the same restriction enzymes. The recombinant plasmid pBBE22-
ospC’ was constructed from pBBE22 in our previous study [20]. The insert within pBBE22-
flaBpmin-0spC was sequenced to ensure that the insert and its flanking sequences were arranged
as designed.

4.2. Construction of pPBBE22-Col-flaBp-ospC and pBBE22-Co2-flaBp-ospC

As illustrated in Fig. 3, 238-bp and 219-bp fragments, namely Col and Co2, were PCR
amplified with the use of two reverse primers, P2R and P3R (Table 4), respectively, and a
common forward primer, P2F, and of borrelial DNA as atemplate. A third fragment, designated
flaBp-ospC, was generated by PCR using the primers P3F and P4R, and the construct pPBBE22-
flaBpmin-OspC as a template. After digestion with EcoRI and subsequent purification, the
fragments Col and Co2, respectively, were fused with flaBp-ospC. Resulting fragments were
used as templates and PCR amplified with the use of primers P4F and P1R, generating Col-
flaBp-ospC and Co2-flaBp-ospC, respectively. After digestion with BamHI and Xbal plus
subsequent purification, the two fragments were cloned into pBBE22 after the vector was
digested with the same enzymes, completing the construction of pBBE22-Co1-flaBp-ospC and
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pBBE22-Co2-flaBp-ospC, which were then sequenced to ensure that the inserts and their
flanking sequences were arranged as designed.

4.3. Transformation of B. burgdorferi and selection of transformants

Constructs were electroporated into the ospC mutant, which was generated and characterized
in our previous study [34]; resulting transformants were screened as described previously
[42]. Selected transformants were first surveyed for the presence of Ip28-1 as this plasmid is
essential for infection of an immunocompetent host [42,43]. Only clones that contained Ip28-1
were further analyzed for plasmid content as described previously [42]. Selected clones were
grown to late-log phase in Barbour-Stoenner-Kelly H (BSK-H) complete medium at 33°C
(Sigma Chemical Co., St. Louis, MO), and subjected to immunoblot analysis probed with a
mixture of FlaB and OspC monoclonal antibodies (MADbs), as described previously [20].

4.4. In vitro characterization of transformants

Transformants were grown in BSK-H complete medium to middle log and stationary phase at
33°C, and harvested by centrifugation. RNA samples were prepared and quantified for the
cDNA copy numbers of flaB and ospC by reverse transcription-quantitative PCR (RT-gPCR)
as previously described [17].

4.5. SYBR green qPCR analysis of kan and flaB gene copy numbers

Spirochetes were grown and harvested as described above; DNA was extracted using tissue
DNA columns per the manufacturer’s instruction (Sigma). The copy numbers of the borrelial
linear chromosome and the constructs were quantified by using the primers P5F and P5R or
P6F and P6R (Table 4) specific for the genes flaB and kan, respectively. The recombinant
plasmids pNCO1T-actin-flaB, which was constructed previously [42], and pBBE22 were used
as DNA concentration standards for flaB and kan, respectively. Purified plasmids were
determined for DNA concentrations by measuring the optical density at 260 nm wavelength,
converted to copy numbers and 10-fold serially diluted within a range of 102 — 10’ DNA copies/
pl. The iTag SYBR Green Supermix with ROX (Bio-Rad Laboratories, Hercules, CA) and the
ABI PRISM™ 7900 sequence detection system (Applied Biosystems, Foster City, CA) were
used for gPCR assays. Amplification was performed in a final volume of 10-ul on the ABI
PRISM™ 384-well clear optical reaction plate (Applied Biosystems). Two sets of 12 wells on
each plate were run for either flaB or kan DNA concentration standards. Both standards and
samples were amplified in duplicate wells. A PCR program with the following parameters was
used: 50°C for 2 min; 95°C for 5 min; 40 cycles of 95°C for 20 sec, 60°C for 1 min. The mean
DNA copy numbers of flaB and kan in each sample were calculated from duplicate wells. Data
were expressed as the copy number of kan per 1000 flaB copies.

4.6. Mouse infection study

SCID mice (BALB/c background; ages, 4 -- 8 weeks; provided by the Division of LSU
Laboratory Animal Medicine) were given one single intradermal/subcutaneous injection of
10* spirochetes. Animals were examined for the development of arthritis at 2-day intervals,
starting at day 7, and sacrificed one month post-inoculation. Joint, heart, and skin specimens
were collected for RNA preparation. RNA was converted to cDNA and quantified for the
MRNA copy numbers of flaB and ospC by qPCR as described previously [20].

4.7. Passive immunization of infected SCID mice

BALB/c SCID mice were inoculated and monitored for the development of arthritis as
described above. Infected mice received a single subcutaneous injection of 100 ug of OspC
MADb or purified mouse IgG as a control 3 weeks post-inoculation, as described previously
[34]. Mice were sacrificed 1 week after passive immunization; heart, tibiotarsal joint, and skin
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specimens were aseptically collected for spirochete culture as previously described [42]. RNA
was extracted from joint samples, and used for ospC expression analyses as described above.

4.8. Chronic infectivity study

Groups of five to 10 BALB/c mice (ages, 4 -- 8 weeks; provided by the Division of LSU
Laboratory Animal Medicine) were given one single intradermal/subcutaneous injection of
104 spirochetes. Ear biopsies were conducted for bacterial isolation 3 weeks after inoculation.
Mice were euthanized 4 months post-inoculation; heart, tibiotarsal joint and skin specimens
were aseptically collected for spirochete culture as previously described [42].

4.9. Statistical analysis

gPCR Data were analyzed by using a one-way analysis of variance (ANOVA), followed by a
two-tailed Student t test to compare two treatments and calculate P values. Data obtained from
infection studies were analyzed by using Fisher’s exact test. Calculated P values of <0.05 were
considered significant.
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Identification of a minimum flaB promoter. (A) Extended flaB promoter sequence and fused
promoterless ospC gene. This sequence is already in pBBE22-0spC’, which was constructed
from pBBE22 in our previous study [20]. The sequence includes the flaB promoter and
upstream sequence, extending to —192 from its transcriptional start site, and a promoterless
ospC gene (italic), extending from the start codon ATG (boldface) to +801 from the
transcriptional start site of the ospC gene. The stop codon TAA (boldface) of ospC is also
present. The —35 and —10 regions, and the putative ribosome-binding site (RBS) (all in boldface
type) of the flaB gene are indicated. The asterisk marks the previously identified transcriptional
initiation site [44]. The amplification start sites of primers, P1F, P3F and P1R, are pointed with
open triangles. P1F and P3F had an identical sequence, but were incorporated with different
restriction enzyme sites, and were used for plasmid construction described in this figure and
Fig. 3, respectively. (B) Construction of pBBE22-flaBpyi,-0spC from pBBE22 and pBBE22-
ospC’. An 883-bp fragment was PCR amplified with the use of primers P1F and P1R, and of
pBBE22-0spC’ as a template, then cloned into pBBE22. (C) Immunoblot analysis of OspC
expression. The parental clone 13A, the ospC mutant (40spC), and the clones AospC/ospC'/1,
AospClospC'/2, Bp-C/1 and Bp-C/2 were verified for OspC expression by immunoblotting
probed with a mixture of FlaB and OspC MADs.
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Fig. 2.

The minimum flaB promoter drives maximum in vitro and in vivo ospC expression. (A) The
two constructs drive active in vitro ospC expression. The 4ospC/ospC'/1, AospClospC'/2, Bp-
C/1, and Bp-C/2 spirochetes were grown, in duplicate, to early log and stationary phase at 33°
C. RNA was extracted and analyzed by RT-gPCR for flaB and ospC mRNA copy numbers.
The expression activity is presented as ospC mRNA copy numbers per 1000 flaB transcripts.
Data generated from AospC/ospC'/1and 4ospC/ospC'/2 were combined and compared with
those obtained from Bp-C/1 and Bp-C/2. (B) B. burgdorferi increases accumulation of
constructs from early log to stationary phase. DNA was also extracted from spirochetes grown
as described above and quantified for flaB and kan copies. The data are expressed as kan DNA
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copy numbers per 1000 flaB copies. (C) The two constructs drive similar ospC expression in
mice. Subgroups of five SCID mice were inoculated with the clone AospC/ospC'/1, AospC/
ospC'/2, Bp-C/1, or Bp-C/2. All mice were sacrificed one month later; RNA samples were
prepared from the heart, joint and skin specimens and quantified for flaB and ospC expression
by RT-qPCR. The data are presented as ospC transcripts per 1000 flaB mRNA copies and in
two groups by combining the subgroups 4ospC/ospC'/1 and 4ospC/ospC'/2, and Bp-C/1 and
Bp-C/2.
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Fig. 3.

Generation of B. burgdorferi expressing ospC driven by a fused flaB promoter under control
of the ospC operator. (A) The regulatory elements including extended ospC promoter and
operator. Upstream regions of the ospC gene including two large inverted repeats (indicated
by a pair of divergent arrows) and two small inverted repeats (indicated by a pair of dashed
divergent arrows), the extended —35 and —10 regions, the putative ribosome-binding site
(RBS), and the start codon ATG (all in boldface type) are indicated. The asterisks mark two
previously identified transcriptional initiation sites [45,46]; the downstream one is designated
as +1 because of a larger distance to the —10 region. The amplification starting sites of the four
primers, P2F, PAF, P2R and P3R used for vector construction are pointed with open triangles.
(B) Construction of pBBE22-Col-flaBp-ospC and pBBE22-Co2-flaBp-ospC. Two fragments,
Col and Co2, were PCR amplified with the use of reverse primers P2R and P3R, respectively,
and a common forward primer P2F, and of borrelial DNA as a template. The fragment flaBp-
OspC was generated by PCR using the primers P3F (see Fig. 1 for the binding site of P3F) and
P4R (the binding site of P4R within the construct pBBE222-flaBpmin-0spC is not shown) and
pBBE22-flaBpmin-0spC as a template. The fragments Col and Co2 were fused with flaBp-
ospC, forming Col-flaBp-ospC and Co2-flaBp-ospC, respectively, amplified by nested PCR
with use of the primers P4F and P1R (see Fig. 1 for the binding site of P1R), and cloned into
pBBE22. (C) Immunoblot analysis of OspC expression. The parental clone 13A, the ospC
mutant, and the clones Col1-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1, and Co2-Bp-C/2 were verified
for OspC expression by immunablot probed with a mixture of FlaB and OspC MADbs.
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The long ospC operator version more effectively reduces the activity of a fused flaB promoter
in joints of SCID mice. Subgroups of five SCID mice were inoculated with the clone Bp-C/1,
Bp-C/2, Col-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1 or Co2-Bp-C/2. One month later, mice were
euthanized; heart, joint and skin specimens were used for RNA extraction. RNA samples were
quantified for flaB and ospC expression by RT-gPCR. Data are presented as ospC transcripts
per 1000 flaB mRNA copy numbers in three groups by combining the subgroups Bp-C/1 and
Bp-C/2, Col-Bp-C/1 and Col-Bp-C/2, and Co2-Bp-C/1 and Co2-Bp-C/2.
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The long ospC operator version more effectively reduces the activity of a fused flaB promoter
in response to treatment with OspC MADb. Subgroups of 10 SCID mice were inoculated with
the clone Bp-C/1, Bp-C/2, Col-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1 or Co2-Bp-C/2. Three weeks
later, five mice from each subgroup received a single dose of 100 ug of either OspC MAb or
purified murine IgG as a control. One week later, mice were euthanized; RNA was extracted
from joint specimens harvested from the 30 1gG-treated mice and from the 20 mice infected
with the Col-Bp-/1, Col-Bp-C/2, Co2-Bp-C/1, or Co2-Bp-C/2 bacteria and treated with OspC
MAb. RNA samples were quantified for flaB and ospC expression by RT-qPCR. Data are
presented as ospC transcripts per 1000 flaB mRNA copies in three groups by combining the
subgroups Bp-C/1 and Bp-C/2, Col-Bp-C/1 and Col-Bp-C/2, and Co2-Bp-C/1 and Co2-Bp-
C/2. The Bp-C/1 and Bp-C/2 bacteria were cleared by OspC MADb; therefore no expression
data were obtained from this treatment.
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Table 3
The ospC operator facilitates immune evasion of B. burgdorferi@

No. of cultures positive/Total no. of specimens examined

Clone Heart Joint Skin All sites
AospC/FL/1 10/10 10/10 10/10 30/30
Bp-C/1 0/5 0/5 3/5 3/15
Bp-C/2 0/5 0/5 4/5 4/15
Col-Bp-C/1 3/5 5/5 5/5 13/15
Col-Bp-C/2 3/5 4/5 5/5 12/15
Co2-Bp-C/1 4/5 2/5 5/5 11/15
Co2-Bp-C/2 4/5 3/5 5/5 12/15

aGroups of five or 10 BALB/c mice were inoculated with the clone 40spC/FL/1, Bp-C/1, Bp-C/2, Col-Bp-C/1, Col-Bp-C/2, Co2-Bp-C/1 or Co2-Bp-C/
2. Mice were sacrificed 4 months post-inoculation. Heart, tibiotarsal joint and skin specimens were harvested and cultured for spirochetes in BSK-H

complete medium. Fisher’s exact test P values were 0.01 and 1.2 x 104 between the genotypes Bp-C and Col-Bp-C in heart and joint tissues, 7.1 x

104 and 0.03 between Bp-C and Co2-Bp-C in heart and joint tissues, and 0.63 and 0.14 between Col-Bp-C and Co2-Bp-C in heart and joint tissues,
respectively.
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Table 4
Primers used in this study
Primer name Primer sequence (5’ to 3')a
P1F TAGGATCCTTCTTTTTTTTTAATTTTTGTGCTA
P1R TTCCTCTAGAGAAGAGCTTAAAGTTAA
P2F TAGTTGGCTATATTGGGATCCAA
P2R CAGAGAATTCTTTATTTGAAAAAATAATTTTTTC
P3F ACAGGAATTCTTTTTTTTTAATTTTTGTGCTATTCT
P3R TTGAATTCTTTTTCAAATTCTTCAATATCTTGA
P4F TTGGGATCCAAAATCTAATACAAGT
P4R GGAAATCTTCCTTGAAGCT
P5F GCAGCTAATGTTGCAAATCTTTTC
P5R GCAGGTGCTGGCTGTTGA
P6F ATGCCTCTTCCGACCATCAAGCA
P6R GATCGCAGTGGTGAGTAACCATGCA

aThe underlined sequences are restriction enzyme sites: BamHI sites (P1F and P4F), a Xbal site (P1R), and EcoRlI sites (P2R, P3F and P3R).
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