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Borrelia burgdorferi OspC is required for the spirochete to establish infection in a mammal by tick trans-
mission or needle inoculation. After a brief essential period, the protein no longer is required and the gene can
be shut off. Using a system in which spirochetes contain only an unstable wild-type copy of the ospC gene, we
can obtain mice persistently infected with bacteria lacking OspC. We implanted pieces of infected mouse skin
subcutaneously in naive mice, using donors carrying wild-type or ospC mutant spirochetes, and found that both
could infect mice by this method, with similar numbers of wild-type or ospC mutant spirochetes disseminated
throughout the tissues of recipient mice. Recipient mouse immune responses to tissue transfer-mediated
infection with wild-type or ospC mutant spirochetes were similar. These experiments demonstrate that mam-
malian host-adapted spirochetes can infect and disseminate in mice in the absence of OspC, thereby circum-
venting this hallmark of tick-derived or in vitro-grown spirochetes. We propose a model in which OspC is one
of a succession of functionally equivalent, essential proteins that are synthesized at different stages of
mammalian infection. In this model, another protein uniquely present on host-adapted spirochetes performs
the same essential function initially fulfilled by OspC. The strict temporal control of B. burgdorferi outer

surface protein gene expression may reflect immunological constraints rather than distinct functions.

Vector-borne pathogens, like Borrelia burgdorferi, must
adapt to two very different environments to be maintained in
their natural infectious cycles. B. burgdorferi, which cycles be-
tween ticks and small mammals, dramatically alters its protein
synthesis patterns as it moves from vector to host and back
again (11, 32, 37, 45). One of the B. burgdorferi proteins whose
synthesis is differentially regulated throughout the infectious
cycle is outer surface protein C (OspC), whose production
increases when infected ticks feed (44, 45) and shuts off within
the first few weeks of mammalian infection (11, 31). OspC was
first identified as a B. burgdorferi surface protein that was
recognized by antibodies produced early during mammalian
infection (7, 53, 54). The analysis of B. burgdorferi mutants has
demonstrated that the OspC protein is required for the spiro-
chete to establish infection in a mammal (22, 50-52), following
either tick bite or needle inoculation. During persistent infec-
tion, however, the OspC protein is dispensable (52), consis-
tently with the abovementioned cessation of protein and tran-
script production during the course of a normal mammalian
infection. In fact, the continued expression of the gene is del-
eterious for B. burgdorferi when the spirochete infects an im-
munocompetent animal (57).

When inoculated intradermally into a mouse, ospC mutant
spirochetes can be reisolated within the first 24 h of infection
but not subsequently (51). In addition to the early requirement
implicated by the inability of ospC mutant spirochetes to sur-
vive within a mammal, OspC also has been hypothesized to
play roles in transmission by ticks (21, 38), dissemination (14,
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30, 42, 48, 55), and the colonization of heart tissue (3). These
potential roles remain controversial, since either confounding
evidence has been presented or the studies rely on correlations
that have yet to be conclusively confirmed by experimental
data (2, 15, 22, 52).

Since OspC production is not required for persistent infec-
tion by B. burgdorferi, it is possible to derive mice infected with
ospC mutant spirochetes by inoculating them with the comple-
mented mutant ospCK1/pBSV2G-ospC. The complementing
plasmid (pBSV2G-ospC) is unstable during mammalian infec-
tion (52), perhaps because it confers the continued production
of the OspC protein, so the host immune response selects for
a population that has lost pPBSV2G-ospC. One explanation for
how these host-adapted spirochetes are able to survive in the
absence of OspC is that the protein performs a discrete func-
tion required only in the early stages of infection. Alterna-
tively, OspC may perform a function that is required through-
out infection but that is performed by another protein after
infection has been established. These two models are difficult
to distinguish experimentally, although characterizing infec-
tion by host-adapted spirochetes should yield insight.

To study the early steps of the B. burgdorferi infection of
mammals, ideally one wants a uniform population of bacteria
primed for infection. Natural infection by tick feeding leads, by
definition, to a primed population, although even this popula-
tion is somewhat heterogeneous (37). Unfortunately, tick feed-
ing yields a small and variable inoculum, and the timing of
transmission is difficult to synchronize. Infection with bacteria
that have undergone various degrees of host adaptation is an
alternative, although the production of OspC and other prod-
ucts differs between tick-transmitted and host-adapted bacteria
(1, 24, 37). One source of host-adapted bacteria is spirochetes
that have been grown in dialysis membrane chambers (DMCs)
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TABLE 1. Oligonucleotides and TagMan probes used in this study

No. Name Sequence (5'-3") Reference or source

Oligonucleotide

1 5'flaBp-Xhol CCGCTCGAGCTGTCGCCTCTTGTGGCTTC 26

2 3'flaBp-Ndel GATTGATAATCATATGTCATTCCTCCATG 8

3 5'ospC-Ndel CATATGAAAAAGAATACATTAAGTGCA This work

4 ospC33 CAAGATATTGAAGAATTTGA 52

5 ospC34 GACTTTATTTTTCCAGTTAC 52

6 flgS'-Avrll CCTAGGTAATACCCGAGCTTCAAGGAG This work

7 aacC13'-Nhel GCTAGCCGATCTCGGCTTGAACG 18

8 flaB-for TCTTTTCTCTGGTGAGGGAGCT 27

9 flaB-rev TCCTTCCTGTTGAACACCCTCT 27

10 nid-for CACCCAGCTTCGGCTCAGTA 27

11 nid-rev TCCCCAGGCCATCGGT 27
TagMan probe

1 flaB AAACTGCTCAGGCTGCACCGGTTC 27

2 nid CGCCTTTCCTGGCTGACTTGGACA 27

implanted in rats or mice (1, 12, 13). Bacteria within DMCs are
exposed to low-molecular-weight host factors capable of pass-
ing through the dialysis membrane, but they are protected
from host cells and antibodies. Growth under these conditions
leads to the decreased production of OspA and the increased
production of OspC and some of the other proteins whose
synthesis is upregulated in the mammalian host (1). A defined
inoculum of host-adapted bacteria derived by growth in DMCs
can be needle inoculated into naive animals. A second way to
obtain host-adapted bacteria is to use tissue from a persistently
infected animal. Infection by these bacteria can be directly
transferred from one animal to another by placing a disk of
infected skin beneath the skin of a recipient mouse (4, 5, 13).
We previously have used both of these methods to address the
role of OspC in mouse infection. In the first study, spirochetes
with an insertion in the ospC gene (ospC7) were grown in
DMC:s in rats until their protein profiles altered to reflect host
adaptation. Such host-adapted bacteria were directly inocu-
lated into outbred mice, in which case ospC mutant spirochetes
were found to be noninfectious (50). In a second study, using
an ospC deletion mutant (ospCK1), ear tissue from outbred
mice persistently infected with the mutant was transferred to
naive outbred mice. Again, the ospC mutant spirochetes did
not infect mice (52). Since host adaptation within DMC:s likely
is incomplete and tissue transfer between outbred mice may
stimulate an immune response to the foreign tissue, in addition
to a response to the spirochetes, we readdressed the role of
OspC during infection with host-adapted spirochetes.

In the current study, we performed tissue transfers with
wild-type and ospC mutant spirochetes within and between
various inbred and outbred mouse strains. We found, in con-
trast to our earlier study, that the ospC mutant and wild-type
spirochetes were equally capable of infection by tissue transfer.
Since the outcomes of infections with wild-type and ospC mu-
tant spirochetes using this method were indistinguishable, we
demonstrate that this artificial method allows the bypass of the
essential function of OspC. We conclude that OspC, whose
production is essential for the infection of mice by tick bite and
needle inoculation, is dispensable for infection by tissue trans-
fer with host-adapted spirochetes. Furthermore, these results
suggest that either OspC plays no role in dissemination or

tissue colonization in a mammal, or another protein produced
by host-adapted spirochetes can substitute for this function of
OspC.

MATERIALS AND METHODS

B. burgdorferi strains and culture conditions. B. burgdorferi strains were de-
rived from the infectious B31 clone A3 (19). The ospCK1 mutant has a complete
deletion of the ospC coding region, which was replaced with a flaBpkan fusion (8,
52). The mutant was complemented using a wild-type copy of the ospC gene
cloned into the shuttle vector pBSV2G to make pBSV2G-ospC (18, 52). This
complementation construct retains the native ospC promoter, including the pu-
tative ospC operator sequence (56).

To assess the serological response to OspC by infected animals, we constructed
and made lysates of a B. burgdorferi strain that reproducibly produced OspC
during growth in culture. This step was necessary because neither our wild-type
strain (A3) nor the complemented mutant (ospCK1/pBSV2G-ospC), which we
used for the in vivo studies, consistently produces OspC during growth in culture
(52). The constitutive strain contains a plasmid that confers the production of
ospC (pBSV2G-flaBpospC), which was constructed by the following process. We
amplified the flaB promoter with primers 1 and 2 and amplified the ospC gene
with primers 3 and 5 (Table 1). The resultant PCR products were separately
cloned into pCR2.1-Topo (Invitrogen, Carlsbad, CA). A pCR2.1-0spC plasmid
was linearized by digestion with Ndel and Xhol and ligated with an NdeI-Xhol
fragment containing the flaB promoter. The resultant fluBpospC fusion was
excised with Xhol and HindIII and ligated with Sall- and HindIII-digested
pBSV2G (18), resulting in pBSV2G-flaBpospC. This plasmid was purified, con-
firmed to have the correct sequence, and transformed into ospCK1 by electro-
poration (19, 43) after modification by growth in another B. burgdorferi strain
that contained 1p25 (28), yielding strain ospCK1/pBSV2G-flaBpospC. A similar
plasmid was constructed previously and used by Xu and colleagues to demon-
strate that continued production of OspC during B. burgdorferi infection of an
immunocompetent animal is deleterious (57). B. burgdorferi strains were grown
in Barbour-Stoenner-Kelly IT (BSKIT) medium at 35°C with 2.5% CO,.

Assessing seroreactivity to B. burgdorferi proteins and OspC by immunoblot-
ting. To assess infection and seroreactivity to OspC, we used lysates of B.
burgdorferi strains that produce no OspC (ospCK1) and that constitutively pro-
duce OspC (ospCK1/pBSV2G-flaBpospC; described above). To confirm serore-
activity with OspC, we used lysates of Escherichia coli containing a pET29b-His-
ospC plasmid (from which the production of His-tagged nonlipidated OspC
protein is induced after the addition of isopropyl-B-p-thiogalactopyranoside
[IPTG; a gift from R. Gilmore, CDC, Fort Collins, CO]) or pET29b with no
insert. These lysates were run on 12.5% acrylamide sodium dodecyl sulfate
(SDS) gels, and proteins were electroblotted to nitrocellulose membranes and
incubated with mouse sera (diluted 1:200) or rabbit anti-OspC (diluted 1:1,000
[46]), washed with TBS-Tween, incubated with peroxidase-conjugated goat anti-
mouse immunoglobulins (Ig) or goat anti-rabbit IgG (Sigma, St. Louis, MO), and
washed as previously described (22). Bound antibodies were detected using the
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Supersignal substrate (Thermo Scientific, Rockford, IL), followed by exposure to
X-ray film.

OspC protein purification. A 5-ml overnight culture of E. coli BL21(DE3)/
pLysS containing pET29b-His-ospC (a gift from R. Gilmore) was diluted into 500
ml of L broth supplemented with 40 pg/ml kanamycin and grown to an optical
density at 600 nm of ~0.5. IPTG was added to 1 mM, and the culture was grown
for an additional 2.5 h. Cells were pelleted, washed twice with phosphate-
buffered saline (PBS) (pH 7.5) containing 900 mM CacCl, and 500 mM MgCl,,
and frozen. The pellet was resuspended in 20 ml of the PBS-CaCl,-MgCl, buffer,
sonicated, and clarified by centrifugation. The protein lysate was stabilized by
adding 100 pM phenylmethylsulfonyl fluoride and 2 mM B-mercaptoethanol. A
1.5-ml slurry of Talon Superflow Metal Affinity Reagent (BD Biosciences Clon-
tech, Palo Alto, CA) was equilibrated into wash buffer (PBS [pH 7.5], 2 mM
B-mercaptoethanol, 10 mM imidazole, 300 mM NaCl). The slurry then was
mixed with the clarified lysate, rocked for 1 h at 4°C, and applied to a chroma-
tography column. The column was washed with approximately 50 column vol-
umes of wash buffer and then eluted with the same buffer containing 200 mM
imidazole. Fractions were assayed for the presence of OspC by Coomassie
blue-stained SDS-polyacrylamide gel electrophoresis and immunoblotting. Al-
though a significant amount of the OspC protein present in the crude lysate was
found in the flowthrough and wash fractions, the eluate contained two proteins
visible by Coomassie blue staining, both of which reacted with rabbit anti-OspC
and pooled serum from mice infected with B. burgdorferi. Based on Coomassie
blue staining, the purified protein was approximately 95% pure. Imidazole was
removed by repeated dilution into PBS, followed by being spun through Amicon
Ultra centrifugal filter devices (Millipore, Billerica, MA).

VISE C6 peptide ELISA. A commercially available kit was used for the VISE C6
peptide enzyme-linked immunosorbent assay (ELISA) (Immunetics, Boston,
MA). The tests were performed according to the instructions, with the following
exceptions. First, the sera were tested at a dilution of 1:100, and second, the
secondary antibody was peroxidase-conjugated goat anti-mouse IgG (diluted
1:10,000; Sigma).

ELISA with purified OspC. The procedures for ELISAs with purified OspC
and whole-cell lysate were modified from a previously described protocol (40).
Purified OspC protein was incubated on an Ni-nitrilotriacetic acid (Ni-NTA)
plate (Qiagen) for 2 h at room temperature and overnight at 4°C (200 pl/well;
320 wg/ml). The plate was washed three times with PBS-Tween 20 (0.05%) and
blocked for at least 1 h with PBS-Tween containing 5% horse serum and 0.001%
dextran sulfate (diluent). The plate was again washed three times with PBS-
Tween, and duplicate wells were incubated for at least 1 h with various sera
diluted in diluent. The wells were washed three times with PBS-Tween and
incubated for at least 1 h with peroxidase-conjugated goat anti-mouse Ig (diluted
1:10,000; Sigma). After a final three washes with PBS-Tween, wells were incu-
bated with substrate [50% 2,2'-azino-di-(3-ethyl-benzthiazoline sulfonate)] until
color developed, at which time the absorbance at 405 nm was determined using
a Labsystems Multiskan Plus microtiter plate reader.

ELISA with whole-cell antigen. B. burgdorferi whole-cell lysate was prepared
from a 500-ml culture of B31 A3. The bacteria were pelleted, washed twice in
PBS, and resuspended in 30 ml PBS. After sonication for 2 min at a setting of 5,
the protein concentration was quantitated by Bio-Rad protein assay. The protein
was diluted to at least 10 pwg/ml, and 50 pl per well was placed in Immulon 2
plates (Thermo Scientific) and allowed to dry overnight. Subsequent steps were
the same as those described for the OspC ELISA.

Tissue transfer-mediated infection. All animal experiments were performed
using protocols approved by the Animal Care and Use Committee of the Rocky
Mountain Laboratories and according to the guidelines of the National Institutes
of Health. Rocky Mountain Laboratories is accredited by the International
Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC). Mice were purchased from Harlan Sprague-Dawley (for C3H/HeN,
C3H/HeN SCID, and C57BL/6; Indianapolis, IN) or reared at the Rocky Moun-
tain Laboratories (RML mice). See Fig. 1 for a schematic of the entire process
of infection by tissue transfer. Mice were needle inoculated with 5 X 103 B.
burgdorferi organisms (4 X 10 intraperitoneally and 1 X 10° subcutaneously). A
previous study determined the 50% infectious doses of A3 and ospCK1/
pBSV2G-ospC to be ~1,000 to 3,000 spirochetes by needle inoculation (52).
Three weeks postinoculation, mice were retroorbitally bled and their sera as-
sessed for serological reactivity with B. burgdorferi proteins. During the process
of infection, spirochetes within immunocompetent mice inoculated with ospCK1/
pBSV2G-ospC lose the complementing plasmid (pBSV2G-ospC) (52). We use
the name ospCK1* to describe ospC mutant spirochetes derived by this process.
We previously determined that the complete loss of pBSV2G-o0spC from spiro-
chetes infecting immunocompetent mice inoculated with ospCK1/pBSV2G-ospC
had occurred by 10 weeks postinoculation (52). Accordingly, mice were eutha-
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FIG. 1. Tissue transfer-mediated infection. Schematic showing ma-
jor steps of tissue transfer-mediated infection. The time between steps
2 and 3 allows the loss of pBSV2G-ospC from spirochetes in mice
inoculated with ospCK1/pBSV2G-ospC. At step 3, in addition to tissue
transfer, spirochetes were isolated from tissues and plasmid loss con-
firmed. Likewise, at step 5, spirochetes were reisolated from tissues to
confirm infection and lack of pBSV2G-ospC.

nized after at least 10 weeks of infection, and 3-mm punch biopsies were excised
from one ear. Two punch biopsies, each containing approximately 500 to 1,000
spirochetes (as determined by the quantitative PCR of DNA from single biopsies
or the equivalent proportion of an ear; see below) were placed beneath the
dorsal lumbar skin of an individual recipient mouse. The reisolation of spiro-
chetes was attempted from the remainders of the ears, along with bladders and
ankle joints of donor mice. To confirm the loss of the complementing plasmid
from spirochetes in persistently infected donor mice that had been inoculated
with ospCK1/pBSV2G-ospC, reisolates from all tissues were plated in solid me-
dium, and 20 to 24 single colonies per reisolate were screened for the presence
of pBSV2G-o0spC using primers 6 and 7 (Table 1). DNA also was prepared from
reisolate cultures and PCR screened for the ospC locus (primers 4 and 5) and the
gentamicin resistance cassette (aacCI; primers 6 and 7). Only the mutant ospC
locus was detected, and the screening for aacCI was negative, except for a few
weak bands. Ambiguous aacC1 screening was shown to be spurious by passing
the reisolate cultures into medium containing gentamicin. No detectable spiro-
chetes survived, confirming the absence of the complementation shuttle vector
that confers gentamicin resistance. After 3 weeks, recipient mice were eutha-
nized and reisolation was attempted from ears, bladders, ankle joints, and tissue
transfer sites. In a few cases, tissues were frozen for DNA extraction and quan-
titative PCR.

DNA isolation and TagMan analysis. DNA was prepared from ear punch
biopsies and other tissues by a method involving collagenase, proteinase K, and
RNase digestion, combined with phenol-chloroform and chloroform extractions
and ethanol precipitations (27, 47). After the final precipitation, DNA samples
were resuspended in 200 pl H,O and further purified using the QIAquick PCR
purification kit (Qiagen, Valencia, CA). Samples were diluted to 50 pg/ml DNA,
and B. burgdorferi and mouse genome copies were assessed using TagMan
analysis with primer-probe sets for flaB (primers 8 and 9 and probe 1) and nid
(primers 10 and 11 and probe 2) (Table 1) (27).

RESULTS

Successful infection by tissue transfer between inbred im-
munocompetent and SCID mice for both wild-type and ospC
mutant bacteria. Since our previous study suggested that the
ospC mutant was unable to infect by tissue transfer between
outbred mice (52), we next tested whether inbred mice could
be infected with the ospC mutant by tissue transfer. We also
assessed the role of acquired immunity in the recipient mouse
by attempting tissue transfer-mediated infection of recipients
with severe combined immunodeficiency (SCID). To accom-
plish this, we used a previously described protocol to produce
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FIG. 2. Representative immunoblot showing reactivity of seropos-
itive mouse sera to B. burgdorferi and recombinant OspC protein.
(A) Immunoblot showing reactivity of seropositive mouse sera to ly-
sates of B. burgdorferi lacking OspC (lanes 1) or producing OspC (lanes
2). Lanes were derived from a blot of a single gel that was cut into
strips for subsequent incubation with various sera. Donors were in-
fected by needle inoculation with the B. burgdorferi (Bb) strains indi-
cated below the lanes, and recipients were infected by subcutaneous
implantation of infected ear tissue from the corresponding donor mice.
Reactivity to OspC was not found for any sera (0/13 tested) from
recipients infected with ospCK1* bacteria. (B) Immunoblot showing
the reactivity of representative mouse sera and rabbit anti-OspC anti-
body (46) to E. coli BL21(DE3)/pLysS containing either pET29b-0spC
(lanes 1) or pET29b alone (lanes 2) after induction with IPTG. Rab,
rabbit anti-OspC; wt, A3; mut+ospC, ospCK1/pBSV2G-ospC; mut,
ospCK1*. kDa, migration positions of molecular mass markers with the
indicated sizes (in kilodaltons). The mobility of OspC is indicated on
the right.

mice persistently infected with wild-type or ospC mutant spi-
rochetes (52). In this scenario, mice are inoculated with the
complemented ospC mutant ospCK1/pBSV2G-ospC. The pres-
ence of the complementing plasmid (pBSV2G-ospC) is detri-
mental to the spirochete during the persistent infection of
immunocompetent mice, so the plasmid is lost over time from
the spirochete population, yielding mice infected only with the
ospC mutant spirochetes we call ospCK1*.

To initiate the tissue transfer study (Fig. 1), wild-type C3H/
HeN mice were inoculated with either A3 (wild-type) or
ospCK1/pBSV2G-ospC bacteria at a dose of 5 X 10° spiro-
chetes per animal. After 3 weeks, the mice were bled and the
infection status was determined by assessing seroreactivity to
B. burgdorferi proteins (Fig. 2A). Fifteen weeks later, when
pBSV2G-ospC had been lost from spirochetes persisting in
mice inoculated with ospCK1-pBSV2G-ospC, seropositive do-
nor mice were euthanized and 3-mm ear punch biopsies were
removed from one ear for transfer to recipient mice. Two ear
punch biopsies, each of which contains approximately 500 to
1,000 spirochetes (as determined by quantitative PCR) (Fig.
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3A), were placed beneath the dorsal lumbar skin of individual
wild-type C3H/HeN or isogenic SCID mice. We successfully
cultured spirochetes from ankle joint, bladder, and the remain-
ing ear of seropositive donor mice, confirming that they were
infected. We also confirmed that reisolates from mice initially
inoculated with ospCK1/pBSV2G-ospC had indeed lost the
complementing plasmid (i.e., carried ospCK1%), as described in
Materials and Methods.

Three weeks after tissue transfer, recipient mice were bled
and euthanized. Infection was assessed by immunoblot analysis
of serum (Fig. 2A), and the reisolation of spirochetes from ear,
bladder, joint, and tissue transfer sites was attempted (Table
2). Both B. burgdorferi strains were able to infect both wild-type
and SCID mice by tissue transfer. When recipient mice were
infected, spirochetes were reisolated from every tissue tested.
These results suggest that OspC is not required for spirochetes
to infect either immunodeficient or immunocompetent mice by
tissue transfer when both donors and recipients have the same
inbred background. The ability of ospC mutant spirochetes to
infect by tissue transfer in this experiment differed from our
previous result (52), suggesting that some aspect of the inflam-
matory or innate immune response of the outbred mouse re-
cipient to the transferred tissue was relevant to the require-
ment for OspC.

Infection by tissue transfer between and within inbred and
outbred strains of mice. Since ospC mutant spirochetes were
able to successfully infect naive mice by tissue transfer between
C3H/HeN mice, we wondered if such infections would be pos-
sible within other inbred strains, between quite different inbred
strains, and between inbred and outbred strains. To test these
possibilities, we inoculated the following mouse strains with
wild-type (A3) or complemented ospC mutant (ospCK1/
pBSV2G-0spC) spirochetes: C3H/HeN (H2%), C57BL/6 (H2P)
(both inbred, but with different major histocompatibility locus
alleles and many other genetic differences [39]), and RML
(outbred). After checking for seroconversion (Fig. 2A) and
allowing time for the complementing plasmid to be lost in mice
inoculated with ospCK1/pBSV2G-ospC, ear punch biopsies
from these mice were used for tissue transfer to various recip-
ients (Tables 3 and 4).

When tissue was transferred from donor mice to recipients
of the same mouse strain, infection with both A3 and ospCK1*
occurred (Table 3, Fig. 2A). Although the frequency of infec-
tion transfer ranged from 40 to 100%, infection was passed
successfully for both inbred strains tested and for the outbred
strain (RML), with which we previously failed to transfer in-
fection with ospCK1* spirochetes (52). Again, spirochetes were
reisolated from every tissue tested, with the exception of one
transfer site. One possible explanation for the now-successful
tissue transfer-mediated infection of RML mice by ospCK1*
was that the spirochetes had undergone a mutation that com-
pensated for the lack of OspC. To address the possibility of a
frequently occurring suppressor mutation, we attempted to
reinfect mice with in vitro-grown ospCK1* isolated from RML
mice that had been infected by tissue transfer. None of the
three reisolates tested was able to infect naive mice by needle
inoculation with 5 X 10® spirochetes, the standard inoculum
used to infect donor mice (0 infected out of 12 mice inoculated,
as assessed by seroconversion and reisolation). The recipient
mice from which these reisolates came originally were infected
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FIG. 3. Spirochete loads in infected mouse tissues. (A) DNA was extracted from individual ear punch biopsies from infected mice 3 weeks
postinoculation (open symbols) or remaining ear tissue from donor mice 18 weeks postinoculation (closed symbols). Spirochete genome copies per
ear punch biopsy (or the equivalent proportion of an ear) were determined by TagMan analysis, using primer-probe sets flaB (for B. burgdorferi
[Bb] genomes) and nid (for mouse genomes). The numbers of spirochetes per ear punch biopsy in mice inoculated with wild-type (wt) or
ospCK1/pBSV2G-ospC (mut+ospC) are not significantly different, as assessed by an unpaired two-tailed 7 test using the program GraphPad Prism
S. Spirochete densities in the transferred mouse ear tissue, as assessed by flaB copies/1,000 nid copies, were approximately 10-fold lower than
densities 3 weeks after the tissue transfer shown in panel B (an average of 0.03 copies flaB/1,000 copies of nid, as opposed to 0.8 copies flaB/1,000
copies of nid for recipient mice). (B to D) Three weeks postinfection by tissue transfer with wild-type (A3) or ospC mutant (ospCK1*) bacteria,
mice were euthanized and the heart, one ear, and one ankle joint were removed from each mouse and frozen. Infection was confirmed by
serological analysis and the culture of bladder and remaining ears and ankle joints. DNA was isolated from infected ears, joints, and hearts, and
the numbers of spirochete genome equivalents in tissues were determined by TagMan analysis using primer-probe sets flaB (for B. burgdorferi
genomes) and nid (for mouse genomes). Numbers are expressed as flaB copies per 1,000 nid copies. Circles, A3 (wt); squares, ospCK1* (mut); filled
symbols, C3H/HeN mice; open symbols, C3H SCID mice. No statistically significant differences were observed between levels of wild-type and ospC
mutant spirochete genomes derived from comparable tissues of the same mouse strain, as determined by one-way analysis of variance followed
by Tukey’s post test applied using the program GraphPad Prism 5.

by the transfer of a similar number of spirochetes (approxi- infect naive mice supports the idea that host adaptation, rather
mately 1,000 to 2,000, as assessed by the quantitative PCR than a compensatory mutation that happened during persistent
analysis of DNA derived from ear punch biopsies) (Fig. 3A). infection, allows the ospCK1* spirochetes to infect by tissue
The inability of reisolates from tissue transfer recipients to transfer.

TABLE 2. Tissue transfer-mediated infection of inbred wild-type and immunodeficient mice

Mouse strain Recipient infection
B. burgdorferi strain
transferred Donor Recipient Mice? Ear® Bladder” Joint? Tr;?esfer
A3 (wild type) C3H/HeN C3H/HeN 12 12 12 12 12
A3 (wild type) C3H/HeN C3H/HeN SCID 2/2 2/2 1/1¢ 2/2 2/2
ospCK1* (ospC mutant)? C3H/HeN C3H/HeN 3/3 3/3 3/3 3/3 3/3
ospCK1* (ospC mutant)? C3H/HeN C3H/HeN SCID 3/3 3/3 3/3 3/3 3/3

“ Number of mice infected/number of mice receiving tissue transfer, confirmed by serology and reisolation.

® Number of tissues positive/number of tissues from which reisolation was attempted.

¢ One bladder culture was contaminated.

@ Spirochetes from donor mice inoculated with ospCK1/pBSV2G-0spC were demonstrated to have lost the complementing plasmid, as described in Materials and
Methods, confirming that the mice were persistently infected with ospC mutant spirochetes, called ospCK1*.
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TABLE 3. Tissue transfer-mediated infection within inbred and outbred mouse strains
Recipient infection
B. burgdorferi strain Donor and recipient
transferred mouse strain Mice® Ear’ Bladder” Joint® Transfer
site’
A3 (wild type) C3H/HeN 2/5 2/5 2/5 2/5 2/5
A3 (wild type) C57BL/6 3/5 3/5 3/5 3/5 2/5
A3 (wild type) RML 6/6 6/6 6/6 6/6 6/6
ospCK1* (ospC mutant)® C3H/HeN 2/5 2/5 2/5 2/5 2/5
ospCK1* (ospC mutant)® C57BL/6 2/5 2/5 2/5 2/5 2/5
ospCK1* (ospC mutant)® RML 4/6 4/6 4/6 4/6 4/6

“ Number of mice infected/number of mice receiving tissue transfer, confirmed by serology and reisolation.

® Number of tissues positive/number of tissues from which reisolation was attempted.

¢ Spirochetes from donor mice inoculated with ospCK1/pBSV2G-0ospC were demonstrated to have lost the complementing plasmid, as described in Materials and
Methods, confirming that the mice were persistently infected with ospC mutant spirochetes, called ospCK1*.

Transfer of infection between different inbred strains was
successful with some combinations but not for others. In no
case did infection by tissue transfer correlate with the presence
of the ospC gene in the infecting spirochetes (Table 4). Al-
though some of the mouse strains had different major histo-
compatibility locus (H-2) alleles, this does not appear to be the
reason for failure to transfer infection in some cases, since
transfer in one direction (e.g., C57BL/6 to C3H/HeN) was
successful, whereas transfer in the other direction (e.g., C3H/
HeN to CS57BL/6) was not. Rather, it seems possible that
another characteristic of the strain background makes some
strains more permissive for B. burgdorferi infection by tissue
transfer. Although we did not quantitate spirochete genome
copies in the ear punch biopsies from this experiment, a pre-
vious study showed that these two strains of mice have similar
bacterial loads in their ear tissue (36), so the transfer of vastly
different numbers of spirochetes is unlikely to be the explana-
tion for successful infection in one case and unsuccessful in-
fection in the other. C3H/HeN and C57BL/6 mice also differ in
Lyme disease severity (6, 35), highlighting genetic differences
between the strains in their immune responses to B. burgdorferi
that also may affect the efficiency of tissue transfer-mediated
infection. Although these results appear to be clear, they were
not statistically significant (P = 0.1 using Fisher’s exact test).
Also, the inconsistency of our ability to infect RML mice by
tissue transfer (52) (Tables 3 and 4) means that the negative
results may be a consequence of inefficient infection by this

means. Although the efficiency of infection by tissue transfer is
variable, these experiments clearly demonstrate that OspC is
not required for infection by this method. Statistical analysis
using Fisher’s exact test found no significant difference be-
tween infection by wild-type and ospC mutant spirochetes in
any experiment.

Production of OspC by B. burgdorferi-infected tissue recip-
ients. Since we knew that OspC production is not required for
infection by tissue transfer, we asked whether OspC is never-
theless produced when wild-type bacteria capable of making
OspC are transferred into naive recipients. Although we did
not directly examine protein production, we used the serolog-
ical response of recipient mice as an indicator of OspC pro-
duction by infecting bacteria. In every case (Fig. 2A and B),
mice infected by tissue transfer with wild-type spirochetes se-
roconverted to OspC, indicating that at least some of the
infecting bacteria produced this protein. In contrast, none of
the mice infected by tissue transfer with ospCK1* serocon-
verted to OspC (Fig. 2A and B), further confirming that infec-
tion was established by spirochetes lacking the ospC gene.

We attempted to quantitate the OspC responses of donor
and recipient mice using an ELISA with purified OspC protein
as the antigen (Materials and Methods), but the assay did not
distinguish between infected and uninfected mouse sera in
these experiments. A polyclonal rabbit anti-OspC antiserum
(51) was highly reactive in this ELISA, confirming that OspC
was bound to the Ni-NTA plates (data not shown). These

TABLE 4. Tissue transfer-mediated infection between various inbred and outbred mouse strains

Mouse strain
B. burgdorferi strain

Recipient infection

transferred Donor Recipient Mice? Ear” Bladder” Joint? Trsai?esfer
A3 (wild type) C3H/HeN C57BL/6 0/5 0/5 0/5 0/5 0/5
A3 (wild type) C57BL/6 C3H/HeN 4/5 4/5 4/5 4/5 4/5
A3 (wild type) RML C3H/HeN 2/2 2/2 212 212 2/2
A3 (wild type) RML C57BL/6 12 12 12 12 12
0spCK1* (ospC mutant)® C3H/HeN C57BL/6 0/5 0/5 0/5 0/5 0/5
ospCK1* (ospC mutant)® C57BL/6 C3H/HeN 3/5 2/5 3/5 3/5 3/5
ospCK1* (ospC mutant)® RML C3H/HeN 2/2 2/2 2/2 2/2 2/2
ospCK1* (ospC mutant)® RML C57BL/6 12 1/2 12 12 12

¢ Number of mice infected/number of mice receiving tissue transfer, confirmed by serology and reisolation.

> Number of tissues positive/number of tissues from which reisolation was attempted.

¢ Spirochetes from donor mice inoculated with ospCK1/pBSV2G-ospC were demonstrated to have lost the complementing plasmid, as described in Materials and
Methods, confirming that the mice were persistently infected with ospC mutant spirochetes, called ospCK1*.
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findings suggest that anti-OspC antibodies are not a prominent
component of the immune response to B. burgdorferi in these
infected mice, although immunoblot analysis reveals their
presence (Fig. 2). Alternatively, the purified OspC bound to
the plate may be recognized by the rabbit anti-OspC antisera
but not by the antibodies produced by infected mice.

VISE is a surface-exposed lipoprotein whose production by
B. burgdorferi increases early in mammalian infection, when
OspC production is waning, and continues throughout (9, 11,
24). The VISE sequence varies as a consequence of probable
gene conversion between an expression locus and several silent
cassettes (10, 58, 59), allowing continual VISE production in
the face of a robust immune response. An ELISA using a
conserved peptide of VISE as the antigen is the basis for a
diagnostic test for Lyme disease (33). We have used this test to
assay for antibodies against VISE in the sera from recipient
mice described in Tables 3 and 4. The results (Fig. 4A) indicate
that sera from wild-type- and ospCK1*-infected animals react
similarly in the VISE ELISA.

As a third way of assessing B. burgdorferi infection after
tissue transfer, we looked for differences in the global serolog-
ical responses of mice infected with wild-type versus ospC
mutant spirochetes, using an ELISA with B. burgdorferi lysate
as antigen. Several sera (derived from the RML mice infected
by tissue transfer described in Table 3) were assayed at a
dilution of 1:400 to determine if the immune responses of
infected and uninfected animals differed significantly (Fig. 4B).
At this dilution, absorbances for sera from mice infected with
wild-type bacteria did not differ from those for mice infected
with ospCK1* spirochetes, but both were significantly greater
than absorbances for sera from uninfected mice (P < 0.05). To
more carefully quantitate the murine immune response to in-
fection by tissue transfer, we determined the ELISA titers for
recipient sera (from mice described in Tables 3 and 4), again
using whole B. burgdorferi lysate as the antigen. In this case also
(Fig. 4C), the ELISA titers of A3-infected mice were not sig-
nificantly different from those for ospCK1*-infected mice, al-
though the recipient mouse responses to the transfer of tissue
containing wild-type spirochetes were somewhat more robust
and variable than the responses of recipients of ospCK1*-
infected tissue. These findings suggest that the progress of
infection after tissue transfer with ospCK1* is similar to that
with wild-type spirochetes.

Spirochete burden in various tissues. Although the function
of OspC is unknown, the protein is surface exposed (53). OspC
has been proposed to be an adhesin, since clones encoding
fragments of OspC were selected when screening a phage
display library for clones conferring adhesion to tissues in live
animals (3). These authors suggested that adhesion by OspC-
producing bacteria facilitates the infection and, in particular,
colonization of deeper tissues, such as the heart. Other studies
found higher ospC transcript levels in heart tissue (24, 34),
again suggesting that OspC performs a specific function in
heart tissue. Furthermore, a recent study found altered dis-
semination kinetics and heart colonization when other lipopro-
teins replaced OspC (55). In the present study, we reisolated
ospCK1* from all recipient tissues tested (ear, bladder, and
ankle joint), with the exception of one ear, demonstrating that
dissemination occurred in the absence of OspC production
(Tables 2 to 4). We were able to further test the hypothesis that
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FIG. 4. ELISAs of recipient mouse sera. (A) VISE ELISA re-
sults. Symbols represent absorbance at 450 nm for individual sera
using C6 peptide ELISA (Immunetics), with a 1:100 dilution of sera
and peroxidase-conjugated goat anti-mouse secondary antibody.
Absorbances for both sets of infected mouse sera were significantly
greater than those for the negative controls, as assessed by one-way
analysis of variance followed by Tukey’s post test (P < 0.05). (B) B.
burgdorferi lysate ELISA results. Symbols represent average absor-
bance of duplicate serum samples diluted 1:400. Absorbances for
both sets of infected mouse sera were significantly higher than those
for the uninfected control sera, as assessed by one-way analysis of
variance followed by Tukey’s post test (P < 0.05). (C) B. burgdorferi
lysate ELISA titers. Symbols represent ELISA titers of individual
sera, defined as the last of serial twofold serum dilutions (from
1:400 to 1:51,200) at which the absorbance at 405 nm of the diluted
serum was significantly greater than the absorbance for serum from
uninfected animals diluted the same amount. The antigen was
whole B. burgdorferi A3 lysate, prepared as described in Materials
and Methods. The ELISA titer means for A3 recipients were not
significantly different from those for ospCK1* recipients, as deter-
mined by a two-tailed ¢ test, using GraphPad Prism 5.
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OspC plays a unique role in dissemination and tissue localiza-
tion, because we could use quantitative PCR to assess the
spirochete burden in some tissues (including hearts, which
were not cultured) that were saved from the animals described
in Table 2, which were infected by tissue transfer with wild-type
and ospCK1* spirochetes. We extracted DNA from infected
mouse tissues and used TagMan analysis to measure the num-
ber of copies of the B. burgdorferi flaB gene relative to the
number of mouse nidogen gene copies. Although the sample
size was small, comparable levels of ospCK1* and A3 spiro-
chetal DNA were detected in ears, joints, and hearts of in-
fected recipient C3H/HeN mice (Fig. 3B to D). The relative
copy numbers of both wild-type and ospC mutant spirochete
genomes were higher in recipient SCID mice, but no ospC-
dependent differences were observed (Fig. 3B to D). Since the
number of mice from which tissues were saved is small, statis-
tical analysis is problematic, but these findings suggest that
OspC plays no unique role in tissue colonization or dissemi-
nation.

DISCUSSION

Although OspC is absolutely required in infections initiated
by tick bite or needle inoculation, this study demonstrates that
B. burgdorferi ospC mutant spirochetes can infect mice when a
piece of skin from a persistently infected animal is implanted
beneath the skin of a recipient mouse. Three weeks after in-
fection by tissue transfer, the distribution of ospC mutant spi-
rochetes within mice was indistinguishable from that found
after a similar infection with wild-type spirochetes. These re-
sults suggest that a product produced by B. burgdorferi during
persistent infection can perform the early essential function
normally performed by OspC. Although we still do not know
what that early function is, we hypothesize that the function is
essential throughout infection and that another protein nor-
mally takes over that function during persistence and, there-
fore, can fulfill that function after tissue transfer. ospC mutant
spirochetes are unable to infect by tick transmission or needle
inoculation of cultured bacteria, implying either that the OspC
surrogate is repressed when bacteria are growing in ticks or
culture medium or that it is rapidly downregulated when the
bacteria enter a mammal. Functions that might be required
throughout infection include binding a component that shields
the bacteria from phagocytosis, blocking signaling by a host
cell, or directly preventing killing by a host cell or other host
component.

Alternatively, OspC may perform a unique function, such as
sensing the host environment and triggering a critical aspect of
host adaptation. For this second hypothesis to be consistent
with our results, host-adapted bacteria in transferred tissue
would have to not need this unique function. However, the
processes required for infection by the tissue transfer of host-
adapted spirochetes, such as replication, dissemination, and
the colonization of distant tissues in the face of the innate and
acquired immune defenses of a naive mouse, closely resemble
those found during infection by needle inoculation or tick
transmission. In fact, it is difficult to conceive of a unique
protective role for OspC that would not also be required after
tissue transfer to a naive animal. Because host-adapted bacte-
ria derived from a persistently infected mouse can carry out the

OspC-INDEPENDENT INFECTION BY BORRELIA BURGDORFERI 2679

functions mentioned above in the absence of OspC, it seems
more likely that another protein being produced by those bac-
teria can fulfill an essential protective function normally car-
ried out by OspC after the infection of a naive host.

If OspC performs a function during the initiation of infec-
tion that is fulfilled by another protein during the later stages,
why not have a single protein perform the same function
throughout infection? One possibility is that OspC performs
the function optimally for the early stages of infection, but that
the antigenic nature of OspC means that its continued produc-
tion leads to an antibody response that clears the infection if
production continues (57). A recent intriguing study (55)
showed that four unrelated lipoproteins (OspA, OspE, DbpA,
and VISE), if appropriately produced, could fulfill the early
protective role of OspC, allowing ospC mutant spirochetes to
successfully infect SCID mice, in which OspC otherwise still is
required (22, 52). These authors suggest that any lipoprotein
could substitute for OspC at later times, if properly regulated.
The protein substituting for OspC also would have to be a poor
antigen or antigenically variable, so it could be continuously
produced in a normal, immunocompetent host without disad-
vantage to the bacteria. The number of spirochetes transmitted
by a tick normally may be so small that B. burgdorferi has
optimized the critical first step by using a specialized protein
(OspC) to maximize the chance of successful mammalian in-
fection. Optimal protection at this early time also could lead to
optimal proliferation, allowing the spirochete to disseminate
and colonize distant sites earlier, thus facilitating acquisition by
ticks feeding upon the newly infected animal.

Although spirochetes lacking 1p28-1, the plasmid encoding
VIsE, only transiently infect normal mice (41), a recent study
demonstrated higher and more sustained OspC production by
spirochetes lacking 1p28-1 during this abbreviated infection,
during SCID mouse infection, and during bacterial growth in
DMCs (20). These authors hypothesized that ospC gene ex-
pression is downregulated during mammalian infection by a
repressor encoded on 1p28-1 and that the absence of the re-
pressor in bacteria lacking 1p28-1 led to constitutive OspC
production (20). Another possibility is that Ip28-1-encoded
VISE normally takes over an essential function from OspC, and
that spirochetes unable to produce VISE can survive in a mam-
mal only if they continue to produce OspC. These results,
combined with the data from Xu et al. (55) showing that
constitutive VISE production allows ospC mutant spirochetes
to infect SCID mice, suggest that VISE is the OspC surrogate
produced during persistent infection. VISE and OspC share
some general structural features (16, 17, 29), which might be
expected if they were to fulfill the same function. When we
tested for VISE production in recipient mice by assaying their
sera with the commercially available C6 peptide ELISA, we
found that sera from mice that were recipients of either A3- or
ospCK1*-infected tissue recognize VISE after transfer (Fig.
4A), with no significant difference between the mean responses
at a single dilution, demonstrating that spirochetes produced
VISE during the infection.

Infection by tissue transfer is of variable efficiency (Tables 2
to 4). For example, our previously published tissue transfer
experiment (52) suggested a requirement for OspC after in-
fection by tissue transfer. We also carried out a recent tissue
transfer study (unpublished results) in which very few of the
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recipient animals were infected with either wild-type or ospC
mutant spirochetes. The basis for such experimental variability
is unknown, but it may lead to the observed range in immune
responses of recipient animals (Fig. 4C). Despite the variability
of infection by tissue transfer, every successful tissue transfer is
significant, because it demonstrates the feasibility of infection
in the particular combination of conditions tested, especially in
contrast to the absolute inability of the ospC mutant to infect
by tick bite or needle inoculation (22, 50, 52).

Since the experiments in this study show that host-adapted
ospC mutant spirochetes derived from infected mice are able
to infect naive animals, another question remaining is why
host-adapted ospC mutant spirochetes derived by growth in
DMC s implanted in rats were unable to infect mice by needle
inoculation (50). Our data suggested that host adaptation un-
der these conditions is inadequate to allow the bacteria to
bypass the ospC requirement. One indication of incomplete
host adaptation was that some OspA still was produced by
DMC-grown spirochetes, as assessed by the silver staining of
bacterial lysates separated on one- and two-dimensional gels
(50). Other studies also have noted differences between the
proteins produced by DMC-grown spirochetes and those pro-
duced during mouse infection (1). In addition to potentially
inadequate host adaptation, the number of mice inoculated
with DMC-grown ospC mutant spirochetes was low (three
mice per strain). Finally, direct interaction between spiro-
chetes and mammalian cells or a host component may be
required for full host adaptation (1, 25). Additional experi-
ments with DMC-derived spirochetes are needed to determine
if OspC remains essential for infection with this source of
host-adapted spirochetes.

Although OspC was not required for infection by tissue
transfer, we also provided evidence that OspC is produced by
enough wild-type spirochetes infecting by this method to stim-
ulate an immune response in recipient animals (Fig. 2). While
it is possible that OspC production facilitates infection by tis-
sue transfer, we have observed no reproducible difference in
the efficiency of infection by tissue transfer of wild-type and
ospC mutant spirochetes. Since ospC gene regulation appears
to have a stochastic component (23, 37, 49), the immunological
response may just be the consequence of sporadic OspC pro-
duction by infecting bacteria in the mammalian host, which can
persist when B. burgdorferi infects mice that are unable to
mount an acquired immune response (31). We attempted to
use an ELISA with OspC as the antigen to analyze the re-
sponses of needle-inoculated and tissue-transferred animals,
but the reactivity of infected mouse sera from these experi-
ments was not sufficiently higher than that of uninfected sera,
so we could not draw quantitative conclusions about possible
differences in response. We were, however, successful at com-
paring the overall immunological response to tissue transfer
with wild-type and ospC mutant bacteria, using an ELISA with
total B. burgdorferi lysate as the antigen. In this case, we found
that recipient mice responded similarly to infection by tissue
transfer with A3 and ospCK1* spirochetes (Fig. 4B and C).
The lower trend of the ELISA titers of sera from ospCK1*-
infected mice is not a consequence of their lack of response to
OspC that is present in the lysate, since OspC ELISA titers
were low for all recipient sera, regardless of the ospC genotype
of the infecting spirochetes. Also, we compared ELISAs for a
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limited number of sera using B. burgdorferi lysates prepared
from wild-type, ospCK1, and ospCK1/pBSV2G-flaBpospC and
saw no significant difference in the results, confirming that
antibodies to OspC are not major contributors to ELISA re-
activity. Overall, tissue transfer-mediated infection with wild-
type and ospCK1* spirochetes resulted in statistically indistin-
guishable immune responses in recipient mice.

Finally, we found that efficient dissemination to distant sites
and efficient tissue colonization can occur in the absence of
ospC, since we could reisolate ospCK1* spirochetes from all
but two recipient mouse tissues tested (20 infected mice, with
4 tissues per mouse; Tables 2 to 4) and because wild-type and
mutant spirochete genome levels in DNA derived from ears,
joints, and hearts (saved from animals described in Table 2)
were not significantly different (Fig. 3). The study by Xu et al.
(55) also addressed the question of a potential role for OspC in
bacterial dissemination and tissue colonization. These authors
found a delay of up to 2 weeks in the time at which ospC
mutant spirochetes complemented with heterologous lipopro-
teins were culturable from sites distant from the inoculation
site compared to that of spirochetes complemented with a
wild-type ospC gene (55). The strains producing the decorin-
binding protein DbpA in lieu of OspC were never found at
distant sites (55). Their interpretation of these and other data
presented (reiterated in a microcommentary published in the
same journal [42]) was that OspC plays a role in some aspect
of dissemination and that the other lipoproteins are less able to
perform that role. They hypothesized that the overproduction
of DbpA, a protein that binds mammalian extracellular matrix,
prevents the bacteria from leaving the inoculation site. An
alternative explanation of their data is that the primary and
perhaps sole role of OspC is in protection from killing at early
times, and that the other lipoproteins protect less effectively. A
lower number of spirochetes surviving the initial assault of the
mammalian innate immune system could lead to reduced num-
bers of spirochetes present and a delayed time course for
dissemination and colonization. Our experiments show that
spirochetes lacking OspC can disseminate and efficiently col-
onize distant tissues within 3 weeks, but it remains possible that
a presumptive OspC surrogate produced by transferred bacte-
ria not only protects the bacteria from clearance but also ful-
fills any role that OspC normally performs for later stages of
infection, such as dissemination. Since the Xu et al. results (55)
also are consistent with OspC either playing a solely protective
role or directly facilitating dissemination and colonization, fur-
ther experiments are required to discriminate between these
possibilities.

Despite the absolute dependence of natural infection by tick
bite (and experimental infection by needle inoculation) on
OspC production, we have been able to circumvent that re-
quirement and infect naive animals with spirochetes lacking
OspC. Given that ospC mutant spirochetes normally are
cleared from a mouse in less than 48 h (51), it seems likely that
a protein produced during persistent infection can (and does)
substitute for OspC during tissue transfer-mediated infection.
The simplest reason that such a protein would exist is that
normal infection requires a succession of proteins, beginning
with OspC, to persist in the mammalian environment. Deter-
mining the specific protective function of OspC and identifying
its successor, if it exists, should help reveal how B. burgdorferi
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survives the pressure from innate and acquired mammalian
defenses in order to be acquired by another feeding tick.
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