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A Short-Term Borrelia burgdorferi Infection Model Identifies Tissue
Tropisms and Bloodstream Survival Conferred by Adhesion Proteins
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Borrelia burgdorferi, the causative agent of Lyme disease in the United States, is able to persist in the joint, heart, skin, and cen-
tral nervous system for the lifetime of its mammalian host. Borrelia species achieve dissemination to distal sites in part by entry
into and travel within the bloodstream. Much work has been performed in vitro describing the roles of many B. burgdorferi
outer surface proteins in adhesion to host cell surface proteins and extracellular matrix components, although the biological
relevance of these interactions is only beginning to be explored in vivo. A need exists in the field for an in vivo model to define
the biological roles of B. burgdorferi adhesins in tissue-specific vascular interactions. We have developed an in vivo model of
vascular interaction of B. burgdorferi in which the bacteria are injected intravenously and allowed to circulate for 1 h. This
model has shown that the fibronectin binding protein BB0347 has a tropism for joint tissue. We also have shown an importance
of the integrin binding protein, P66, in binding to vasculature of the ear and heart. This model also revealed unexpected roles for
Borrelia adhesins BBK32 and OspC in bacterial burdens in the bloodstream. The intravenous inoculation model of short-term

infection provides new insights into critical B. burgdorferi interactions with the host required for initial survival and tissue

colonization.

orrelia burgdorferi, the causative agent of Lyme disease in the

United States, is a vector-borne disease transmitted via the
bite of an Ixodes scapularis tick (1, 2). Human infection with this
bacterium often results in debilitating chronic arthritis, carditis,
and/or neurologic symptoms if left untreated (3, 4). Upon entry
into the host, Lyme disease Borrelia spirochetes are able to dissem-
inate into the tissues and persist in the joints, heart, skin, and
central nervous system (1). It is likely that Borrelia spp. are able to
achieve rapid dissemination within the host by entry into and
travel within the bloodstream. Colonization of specific host tis-
sues is thought to occur through interactions of the bacteria with
host cells of the microvasculature. A large variety of vascular beds
are available in the host, determined by the size and type of vessel,
as well as the organ with which they are associated (5, 6). One
possible mechanism of B. burgdorferi attachment to various vas-
cular beds and bacterial extravasation at particular tissue sites is
through preferential interactions of various adhesive outer surface
proteins on the bacterial surface with different types of endothelial
cell surface proteins, carbohydrates, and/or extracellular matrix
components. It has been shown that adhesion of B. burgdorferi to
the vasculature occurs in a series of interactions (7). We hypoth-
esize that the action of vascular binding and tissue colonization is
not a random event but rather is determined by adhesion of B.
burgdorferi surface proteins to tissue bed-specific endothelial cell
(EC) surface receptors, such as VCAMI1 on liver ECs, CD36 on
lung and heart ECs, L-selectin (CD62L/SELL) on spleen ECs, and
CD133 on ECs of the skin, brain, eye, and testis (5).

Infectious B. burgdorferi is known to express at least 19 adhe-
sive outer surface proteins, many of which are known to bind to
host cells and extracellular matrix components (reviewed in ref-
erences 8—10). At least three outer surface proteins of B. burgdor-
ferihave been shown to have the ability to bind fibronectin in vitro.
One such protein is the 47-kDa protein, BBK32, which has re-
cently been shown to bind both fibronectin and glycosaminogly-
cans (GAGs) using two distinct domains (11, 12). These binding
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domains of BBK32 also have been shown to be involved in binding
to the host vasculature by intravital microscopy (7, 13), and the
GAG binding domain specifically has been shown to confer a tro-
pism of the protein for joint tissue (14). Other outer surface pro-
teins of B. burgdorferi, such as BB0347 (15) and RevA (16), also
have been found to bind with lower affinity to fibronectin in vitro
(11). RevA and BB0347 were found previously to have a minimal
effect on vascular binding in mouse flank skin in vivo, although the
effect on binding to vasculature associated with other tissue types
has not yet been addressed (11). Recent work on the decorin and
GAG binding adhesins, decorin binding proteins A and B (Dbp),
has revealed a role for these proteins in tissue-specific colonization
of the host after subcutaneous inoculation with B. burgdorferi (14,
17). B. burgdorferi outer surface proteins also have been identified
that bind to other host ligands, including P66 and BBB07, which
bind to integrins (18, 19), and OspC, which was recently found to
bind plasminogen (20) in vitro.

B. burgdorferi regulates the production of its surface proteins
depending on the environment in which the bacterium resides.
One example of this regulation is the tight control of production
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TABLE 1 B. burgdorferi strains

Tissue Tropism and Bloodstream Survival of Borrelia

Strain Description Plasmid content? Reference
B31-A3 Infectious low-passage clone of tick isolate B31 Missing cp9 41
B31A (GCB706) High-passage noninfectious B. burgdorferi Missing cp9, cp32-6, cp32-7, Ip25, 1p28-1, 1p28-4, 11
expressing GFP 1p36, 1p21
B314 Noninfectious high-passage clone of B31 Missing 1p54, 1p17, 1p25, 1p28-1, 1p28-2, 1p28-3, 42
1p28-4, 1p38, Ip36, 1p56, 1p5, Ip21, cp9, cp32-6,
cp32-9, cp32-7
B31ApBB0347 (GCB1574) B31A expressing BB0347 and GFP 11
B31ApRevA (GCB 1570) B31A expressing RevA and GFP 11
B31ApBBK32 (GCB1585) B31A expressing full-length BBK32 and GFP 11
B31ApBBK32AGAG (GCB1580) B31A expressing BBK32 deficient in GAG binding 11
and GFP
B31ApBBK32AFn (GCB1583) B31A expressing BBK32 deficient in Fn binding 11
and GFP
B31-A3Ap66 B31-A3 deficient in P66 expression 18
B31-A3A0spC B31-A3 deficient in OspC expression 22
B31-A3A0spC pOspC B31-A3A0spC with restored OspC expression 22

@ cp, circular plasmid; Ip, linear plasmid.

of the virulence determinant, OspC. Expression of OspC is in-
duced inside the tick midgut upon tick feeding but is turned off
prior to 28 days postinfection (21). This early induction of OspC
expression is required to establish but not to maintain a mamma-
lian infection (22, 23). In fact, B. burgdorferi that cannot decrease
OspC production is cleared by the host adaptive immune system
prior to 6 weeks postinoculation (22). Interestingly, artificial pro-
duction of OspA, OspE, VIsE, and DbpA lipoproteins can in part
substitute for OspC in allowing the OspC mutant to survive in
host tissues 72 h postinoculation (24). Recent work has identified
E61 of OspC as being an amino acid important for mammalian
infection by B. burgdorferi through an unknown mechanism (25).
Like OspC, BBK32 and P66 also are induced in the tick midgut
during feeding, but unlike OspC, the production of these outer
surface proteins is maintained throughout the duration of mam-
malian infection (26, 27). The Vls antigenic variation system pres-
ent in B. burgdorferi enables evasion of adaptive immune system
recognition through continual and segmental recombination of
silent vls gene cassettes encoding different VIsE variants into the
expression site (28-31).

Aside from evading the adaptive immune system of the host by
surface protein variation, B. burgdorferi also is able to resist killing
by the innate immune response by expressing several surface pro-
teins that subvert the alternative complement cascade activity in-
directly. The differentially regulated B. burgdorferi surface protein
CspA (32-35) and some of the OspE-related protein family mem-
bers, including ErpA (36, 37), ErpP (37), and ErpC (38, 39), all act
similarly by recruitment of complement regulator factor H (FH)
and factor H-like protein-1 (FHL-1) or complement factor H-re-
lated proteins (CFHR), presumably to the surface of the bacte-
rium, although the majority of studies have been performed using
recombinant protein. FH, FHL-1, and the CFHRs inhibit the al-
ternative complement cascade by cleaving C3b. Although not ex-
pressed in the mammalian host, cspA expression is highly upregu-
lated in the tick (40). This is likely important in enabling B.
burgdorferi to survive in the midgut of a feeding tick prior to trans-
mission into host tissue (40) and for maintenance of the tick-
mammal life cycle of Borrelia.

Although much work has been done to identify the roles of
B. burgdorferi outer surface proteins in bacterial adhesion to host
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cells and the surrounding matrix in vitro, the biological relevance
of these adhesive proteins is only beginning to be explored in vivo.
In order to more closely determine the roles of select outer surface
proteins of B. burgdorferi in vivo, we have developed a short-
course infection model. With this model we are able to observe the
tissue-specific binding capacity of individual B. burgdorferi ad-
hesins down to the level of the protein domain during early time
points after inoculation, when the bacteria are interacting with the
vasculature but have not transmigrated out into the surrounding
tissues (14) (D. Kumar, L. C. Ristow, M. Shi, J. A. Ritchie, W. Y.
Lee, P. Kubes, J. Coburn, and G. Chaconas, unpublished data).
Our model also has enabled us to observe bloodstream survival of
various B. burgdorferi strains in the mouse, revealing the multifac-
eted roles of specific outer surface proteins in both tissue-specific
vascular adhesion and bloodstream survival in vivo.

MATERIALS AND METHODS

Animals. Female BALB/c and C3H/HeN mice were acquired from
Charles River Laboratories (Charles River Laboratories International,
Inc., Wilmington, MA) and used at 8 weeks of age. All work with animals
was approved by the IACUC at the Medical College of Wisconsin.

Bacterial culture and strains. All strains used in this study are de-
scribed in Table 1. B. burgdorferi strains were grown in Barbour-Stoenner-
Kelly (BSKII) medium (43) at 33°C to a density of 1 X 108 spirochetes/ml.
When antibiotic selection was required, kanamycin was used at 200 pg/ml
and gentamicin was used at 40 pwg/ml. The presence of genomic plasmids
was determined in each culture by PCR prior to inoculation into mice
(41, 44).

OspC expression was induced by growth in BSK-H medium (45)
(Sigma-Aldrich, St. Louis, MO) at 33°C to a density of 1 X 10%/ml to 2 X
10%/ml. Cultures were diluted 1:1 in fresh BSK-H and incubated at 37°C to
a density of 1 X 10%/ml to 2 X 10%/ml (46, 47).

Gain-of-function derivatives made in B. burgdorferi noninfectious
strain B31A to exogenously express adhesive outer surface proteins
BB0347 (GCB1574), BBK32 (GCB1585), BBK32AGAG (GCB1580),
BBK32AFn (GCB1583), and RevA (GCB1570) of B. burgdorferi from the
flagellar (flaB) promoter were previously described (11). The naming
scheme for the gain-of-function strains has been carried over from the
original publication, but for the sake of clarity the strains have been des-
ignated by genotype in this report; both names are listed in Table 1 for
clarification. Strains bearing deletions in p66 and ospC were made in the
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infectious B. burgdorferi strain B31-A3 and were described previously
(18, 22).

Preparation of bacteria for inoculation into mice. B. burgdorferi
cells in each culture were enumerated using a Petroff-Hausser counting
chamber. The cultures were pelleted (11,900 X g for 10 min at ambient
temperature). Supernatants were decanted, and bacterial pellets were re-
suspended in 30 ml phosphate-buffered saline (PBS) plus 0.2% heat-in-
activated mouse serum from the mouse strain to be used in the experi-
ment. The wash solution containing mouse strain-specific serum was used
to avoid nonspecific host responses to the proteins present in B. burgdor-
feri culture medium and rabbit serum, which is frequently used for prep-
aration of B. burgdorferi stocks for animal inoculations. Resuspended bac-
teria were pelleted (11,900 X g for 10 min at ambient temperature) and
washed by resuspension in 1 ml PBS plus 0.2% mouse serum and pelleted
(16,100 X g for 8 min at ambient temperature). Supernatants were pi-
petted off bacterial pellets, and cells were diluted in PBS plus 0.2% mouse
serum to a final density of 1 X 10° bacteria/ml. When heat-killed B. burg-
dorferi was used for inoculation into mice, the bacteria were incubated at
56°C for 30 min followed by the washing steps described above. The suc-
cess of heat killing of cultures was confirmed by plating 1 X 10° heat-killed
bacteria in 20 ml of semisolid plating medium. After 8 weeks of incubation
at 33°C, no bacterial colonies formed on the plate, while the expected
numbers of colonies of control B. burgdorferi were present after 2 weeks of
incubation.

Retro-orbital inoculation of mice. C3H/HeN or BALB/c mice were
anesthetized with 100 mg ketamine/kg of body weight and 10 mg/kg xy-
lazine, delivered by intraperitoneal injection. Anesthesia was confirmed
by toe pinch and maintained throughout the duration of the experiment
with one additional dose when necessary. Anesthetized mice were retro-
orbitally inoculated in the vasculature behind the right eye with 100 p.l of
bacterial suspension using a 29-gauge needle. Each mouse was inoculated
with 1 X 10® total bacteria, a dose which was empirically determined to be
optimal for bacterial load quantification (data not shown) (7, 11, 13). A
high dose of bacteria is required to allow observation and quantification of
interactions with the vasculature that fall within the linear range of the
assay. Due to the technical challenges of the experiments described here,
experiments were not necessarily performed on the same days. To allow
comparisons to be made, we carefully controlled the density at which the
bacterial cultures were harvested, the bacterial inoculum, the culture con-
ditions, and the bacterial growth medium.

Cardiac perfusion. One hour after inoculation, anesthetized mice un-
derwent a thoracotomy, and blood was collected by cardiac puncture
through the right ventricle into a 10% final volume of anticoagulant (60
mM sodium citrate plus 40 mM citric acid). The time point of one hour
was experimentally determined to be optimal for quantification of inter-
actions of B. burgdorferi with the vasculature in this early infection model
and was previously reported to be within the time range optimal for im-
aging of B. burgdorferi interactions with the vasculature in living mice (7,
13). After blood collection, a small cut was made in the right atrium to act
as a drain, and mice were perfused with 0.9% sterile sodium chloride
solution at a drip rate of 4.4 ml/min for 6 min to wash away unbound
bacteria from the vasculature. Successful perfusion was evident by blanch-
ing of the tissues. After perfusion was complete, the right lung, median
lobe of the liver, heart, spleen, bladder, right tibiotarsal joint, and left ear
skin representing a disseminated skin site (ear opposite the inoculated
eye) were collected, rinsed with PBS, and immediately stored on dry ice.
Tissues were kept at —80°C until DNA was isolated. The efficiency of
perfusion was confirmed by quantifying the number of infectious wild-
type (WT) bacteria (B31-A3) present in each tissue of perfused and un-
perfused mice (data not shown). With these experiments, we found per-
fusion to significantly decrease the number of bacteria in the lung, spleen,
and joint. Perfusion of the ear, heart, and bladder also decreased bacterial
burdens in these tissues, although the difference was not statistically sig-
nificant by Mann-Whitney unpaired ¢ test. This may be due to stable
binding interactions of WT bacteria with the heart, bladder, and ear that
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are not affected by perfusion. Therefore, tropism to liver, heart, ear, or
bladder by infectious strain B31-A3 suggested by this model should be
considered with caution, although data from mutant strains deficient in
heart and ear binding indicate that differences in tropism in these tissues
can be detected using this model.

DNA preparation and genome enumeration. Total genomic DNA
was isolated from each blood and tissue sample using the Qiagen DNA
minikit (Qiagen, Valencia, CA). One hundred microliters of blood, 100 pl
of inoculum, or 20 mg of tissue was processed in each column of the kit.
The concentration of eluted DNA containing both bacterial and mouse
genomes was determined using a spectrophotometer (at an optical den-
sity of 230 nm [OD,5,]), and the samples were diluted to 20 ng/pl. Sam-
plesin which total DNA was less than 20 ng/ul were used without dilution.
All quantitative PCRs (qPCRs) were performed in triplicate using 100 ng
of DNA per reaction for all tissue except ear, which was performed on 2 ng
of isolated DNA due to the presence of unknown PCR inhibitors in those
samples. B. burgdorferi genomes were quantified by qPCR using Qiagen
QuantiFast SYBR green master mix at 95.0°C for 5 min (95.0°C for 10 s at
63.3°C [recA, B31-A3] or 58.3°C [recA, B31A] for 30 s, repeated 39 times),
95°C for 1 min, and 50°C for 1 min (see Table S1 in the supplemental
material). Mouse genomes in each DNA sample also were quantified us-
ing the same qPCR protocol to ensure successful DNA isolation but with
primers designed to amplify a region of the mouse B-actin gene (see Table
S1). Genomes were quantified using a standard curve generated from
purified B. burgdorferi B31A or B31-A3 genomic DNA (gDNA) or mouse
gDNA. Mouse gDNA isolated from liver tissue from the mouse strain used
in the particular experiment was added to each bacterial DNA standard at
a concentration of 20 ng/pl to mimic the mouse gDNA present in each
tissue DNA sample. B. burgdorferi genomes quantified for each sample
were normalized to the target inoculum each mouse received in the ex-
periment, as determined by qPCR of the inoculum. B. burgdorferi genome
values were normalized to those for inoculum for each sample and then
were divided by total nanograms of DNA contained in each PCR (100 ng).
A value of 1 was added to each normalized value to allow values of zero to
be represented on log-scale graphs. Medians and ranges were plotted for
each data set and analyzed for statistical significance by Mann-Whitney
unpaired f test or one-way analysis of variance (ANOVA) using GraphPad
Prism 5.01. Bacteria were enumerated in blood samples from B31-A3-
inoculated C3H/HeN mice over a 1-h time course, and CFU levels were
found to be about 10-fold lower than those of the genomes, as quantified
by qPCR at each time point.

We have good evidence that the bacterial genomes detected in the
bloodstream of mice by qPCR in our model are representative of the
number of living bacteria, as CFU values are consistently about 10-fold
lower than qPCR values over a 1-h time course of infection, although it
should be noted that quantification by qPCR cannot differentiate between
living and dead bacteria. Variable plating efficiencies have been reported
for B. burgdorferi, which could explain this 10-fold difference in bacterial
enumeration between CFU and qPCR (48, 49).

Serum susceptibility assays. Serum harvested from C3H/HeN or
BALB/c mice was inactivated by 30 min of incubation at 56°C or was left
unheated. B. burgdorferi cultures were enumerated and diluted to a den-
sity of 5 X 10°/ml. Diluted cultures were incubated in a 40% final volume
of active or heat-inactivated serum in BSKII or with BSKII medium alone
at 33°C. At 1, 2, 4, and 16 h of incubation, cultures were enumerated and
observed for motility. At each time point, cultures were diluted 1/200 in
BSKII medium, and 5 pl of diluted culture was plated in 10 ml BSKII plus
1.7% agarose on top of 10 ml of BSKII plus 1.7% agarose, which was plated
and allowed to solidify immediately before. CFU were enumerated after 2
weeks of incubation at 33°C. All experiments were performed with three
technical replicates.

SDS-PAGE, silver staining, and immunoblotting. Bacterial cultures
were centrifuged at 11,200 X g for 8 min at ambient temperature, and super-
natants were removed. Cell pellets were resuspended in 1 ml of PBS and
centrifuged at 11,200 X g for 8 min at ambient temperature. Cell pellets were
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FIG 1 Tissue burdens of infectious and noninfectious B. burgdorferi 1 h after i.v. inoculation. BALB/c mice were inoculated retro-orbitally with 1 X 10° B31-A3
(n=10),B31A (n =5), or B314 (n = 5). Bacterial burdens in the spleen, bladder, joint, and ear are significantly lower for B31A than for B31-A3. Blood burdens
of B314 are significantly higher than those of B31A and B31-A3. Bacterial burdens are similar between noninfectious strains B314 and B31A as well as infectious
strain B31-A3 in all other tissues analyzed. An asterisk indicates statistical significance determined by Mann-Whitney unpaired ¢ test (P < 0.05).

resuspended in Laemmli buffer plus 0.1% B-mercaptoethanol and boiled at
100°C for 10 min. Total bacteria (1 X 107) were loaded into each well of two
replicate 15% SDS-PAGE gels. One gel was silver stained for visualization of
total protein (50), and the other was used to perform immunoblotting. For
the immunoblot, proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane, and nonspecific binding sites were blocked with 5% milk
in TBS for 1 h atambient temperature. Membranes were incubated overnight
at 4°Cin rabbit anti-OspC (200-401-C11; Rockland Immunochemicals, Inc.,
Limerick, PA) and mouse anti-flagellin antibodies, washed 3 times, and incu-
bated in alkaline phosphatase-conjugated anti-rabbit and alkaline phospha-
tase-conjugated anti-mouse antibodies (both from Promega Corp., Madison,
WI) for 1 h at ambient temperature. Washed membranes were incubated
with chromogenic substrates nitroblue tetrazolium (NBT) and 5-bromo-4-
chloro-3-indolylphosphate (BCIP; Sigma-Aldrich, St. Louis, MO) to visual-
ize the bands.

RESULTS

Comparison of infectious and noninfectious B. burgdorferi
B31-derived strains in binding to the vasculature in BALB/c
mice in vivo. High-passage noninfectious laboratory strains of
B. burgdorferi have lost many genomic plasmids (Table 1); there-
fore, they encode fewer adhesive proteins. Presumably due to the
reduced adhesive proteins on the surface of the bacterium, non-
infectious strains have a lesser ability to interact with the vascula-
ture of the host, as determined by intravital microscopy (7). In
fact, noninfectious B. burgdorferi strains are commonly used as a
background to generate gain-of-function derivatives due to their
lower adhesive capabilities (7, 11-13, 51). We evaluated infectious
strain B31-A3 and noninfectious strains B31A and B314 of B.
burgdorferi in our short-term quantitative infection model. Bac-
terial burdens in the spleen (P = 0.0193), bladder (P = 0.0007),
joint (P = 0.0007), and ear (P = 0.0027) were significantly de-
creased in BALB/c mice inoculated with B31A compared to levels
for B31-A3 (Fig. 1). Unexpectedly, noninfectious strain B314
showed higher burdens in the blood than infectious strain B31-A3
or noninfectious strain B31A (Fig. 1). No significant differences in
vascular adhesion to the other tissues analyzed were seen between
noninfectious strains B31A and B314 in BALB/c mice (Fig. 1).
To ensure that effective perfusion of the tissues was occurring
and that the bacterial interactions with the vasculature in each
tissue were specific, mice were inoculated with 1 X 108 heat-killed
B31-A3. Bacterial burdens in all tissues except the ear were signif-
icantly lower in mice inoculated with heat-killed bacteria than
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those inoculated with live bacteria (see Fig. S1 in the supplemental
material).

Mouse strain affects vascular adhesion of B. burgdorferi to
joint tissue in vivo. To determine whether differences in vascu-
lar interactions are affected by the mouse strain, C3H/HeN and
BALB/c mice, both commonly used in the Lyme disease field,
were compared for use in our short-term infection model. Mice
were retro-orbitally inoculated with 1 X 10® total B. burgdorferi
infectious strain B31-A3. After 1 h of circulation, the mice under-
went whole-body perfusion, as described in Materials and Meth-
ods, and tissues were harvested. Quantification of bacterial bur-
dens revealed significantly more infectious B. burgdorferi in the
joints of arthritis-susceptible C3H/HeN mice than in BALB/c
mice (P = 0.0280) (Fig. 2). Burdens of infectious B. burgdorferi in
the heart and ear were not significantly different between mouse
strains (Fig. 2). This effect is not due to differences in the ability of
the bacterial strains to survive in the blood, as bacterial burdens in
the blood were not significantly different between the mouse
strains (see Fig. S2 in the supplemental material).

These experiments were repeated using noninfectious B. burg-
dorferistrain B31A. After 1 h of circulation, followed by perfusion,
significantly higher numbers of bacteria were detected in the joint
of C3H/HeN than in those of BALB/c mice (P = 0.0119) (Fig. 2).
Bacterial burdens in the heart and ear were not significantly dif-
ferent between mouse strains (Fig. 2).

BB0347 expression confers tropism to joint tissue in vivo.
BB0347 is a fibronectin binding protein expressed on the surface of B.
burgdorferi (15). To determine whether BB0347 has a role in the
tissue tropism of B. burgdorferi, a gain-of-function derivative was
made in the noninfectious strain B31A (11). B31A expressing
BB0347 (pBB0347) or the parental B31A were retro-orbitally in-
oculated into BALB/c mice at an inoculum of 1 X 10® total bacte-
ria. BALB/c mice were chosen for these experiments, because they
had lower bacterial burdens in the tibiotarsal joint than C3H/HeN
mice (Fig. 2), providing the opportunity to examine possible gain
of function upon adhesin expression. After 1 h, animals were
perfused and tissues were collected, and B. burgdorferi genomes
present in each tissue sample were determined by qPCR. We ob-
served significantly higher bacterial burdens of B31ApBB0347 in
the joint than with the parental strain B31A (P = 0.0119) (Fig. 3).
This tropism appears to be specific to the joint, as we did not
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FIG 2 Mouse strain affects tissue burdens of B. burgdorferi. BALB/c and C3H/HeN mice were retro-orbitally inoculated with infectious B31-A3 or noninfectious
B31A. One hour after inoculation, C3H/HeN mice have significantly higher burdens of B31-A3 and B31A in the joint tissue than BALB/c mice. An asterisk
indicates statistical significance determined by Mann-Whitney unpaired ¢ test (P < 0.05; B31-A3 in BALB/c, n = 10; all others, n = 5). BALB/c data for B31-A3-

and B31A-inoculated mice are duplicated from Fig. 1.

observe any significant differences in bacterial burden in any other
tissues collected, including heart and ear (Fig. 3 and data not
shown). This joint-specific binding is similar to what we have
previously observed with another fibronectin binding protein,
BBK32 (14).

RevA expression decreases B. burgdorferi adhesion to heart
and ear tissue in BALB/c mice. RevA is a 17-kDa outer surface
protein of B. burgdorferi that has also been shown to bind host

fibronectin (16). To explore the role of RevA in vascular binding
of B. burgdorferi in vivo, a gain-of-function derivative was made to
exogenously express the RevA protein (pRevA) (11). Noninfec-
tious parental strain B31A and the RevA-expressing derivative
were inoculated into BALB/c mice. Bacterial burdens of perfused
tissues revealed significantly lower numbers of B31ApRevA in the
heart (P = 0.0079) and ear tissue (P = 0.0449) than those of B31A
(Fig. 4), suggesting that RevA is not involved in adhesion to these
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FIG 3 BB0347 is tropic for joint tissue. One hour postinoculation of BALB/c mice with noninfectious B. burgdorferi strain B31A or B31A exogenously expressing
BB0347 (pBB0347), significantly higher burdens of B31ApBB0347 are present in the joint tissue. This tropism is specific to the joint, as B31A and B31ApBB0347
burdens are not significantly different in heart or ear. An asterisk indicates statistical significance determined by Mann-Whitney unpaired ¢ test (n = 5, P =
0.0119). B31A data are duplicated from Fig. 1.
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FIG 4 RevA inhibits adhesion of B. burgdorferi to the vasculature in the heart and ear. One hour postinoculation of BALB/c mice with noninfectious B.
burgdorferi strain B31A or B31A exogenously expressing RevA (pRevA), significantly lower burdens of B3IApRevA are present in the heart and ear compared to
those of B31A. RevA expression does not affect adhesion of B31A to joint tissue, as shown by similar bacterial burdens of B31A and B31ApRevA in this tissue. An

asterisk indicates statistical significance determined by Mann-Whitney unpaired ¢ test (P < 0.05, n = 5). B31A data are duplicated from Fig. 1.

target tissues in vivo early in infection. Burdens of B31ApRevA
were similar to those of B31A in the joint tissue of inoculated
animals (Fig. 4).

Elimination of an adhesin, P66, from infectious B. burgdor-
feri can be used to reveal tissue tropisms. We have shown the
ability of our model system to decipher tissue specific binding
properties of three B. burgdorferi adhesins using gain-of-function
derivatives of noninfectious B. burgdorferi strains (11 and this
work). We also were interested in testing the ability of our system
to detect loss of vascular binding function due to mutations in an
infectious strain background. To achieve this, we chose to look at
the integrin-binding adhesin, P66, a B. burgdorferi protein which
we have previously shown to be required for infectivity in mice
(18). Infectious strain B31-A3 deficient in expression of P66 was
used to inoculate BALB/c mice for our short-term infection
model. Mice were inoculated with 1 X 10® total B31-A3 or B31-
A3Ap66 mutant. After 1 h, tissues were perfused and collected.
qPCR quantitation of B. burgdorferi genomes revealed signifi-
cantly lower numbers of the B31-A3Ap66 mutant in the heart
(P = 0.0029) and ear tissue (P = 0.002) than those for B31-A3
(Fig. 5). P66 mutant bacteria were present at levels similar to those
of the WT in the joint tissue of inoculated animals (Fig. 5).

B. burgdorferi adhesins influence bloodstream burdens in
vivo. It has been shown previously that B. burgdorferi expresses sur-
face proteins that recruit host complement regulatory factors to
the bacterial surface (52-55). In this way, B. burgdorferi achieves
resistance to the alternative complement cascade active in the
blood of the host. We found that freshly isolated serum from both
BALB/c and C3H/HeN mice was unable to kill infectious B. burg-
dorferi strain B31-A3 as well as E. coli M1061 in vitro (56 and data
not shown). Using our short-term infection model, we were able
to assess differences in bloodstream burdens of infectious and
noninfectious Borrelia strains in vivo. Blood was collected 1 h after
inoculation of BALB/c mice with strain B31A or gain-of-function
derivatives expressing RevA (pRevA), BB0347 (pBB0347), or
BBK32 (pBBK32). We also assessed BBK32 lacking the GAG bind-
ing domain (pBBK32AGAG) or the fibronectin binding domain
(pBBK32AFn) (11). One hour postinoculation, there were signif-
icantly fewer B31ApRevA than parental B31A bacteria present in
the blood (P = 0.0079) (Fig. 6). The expression of full-length
BBK32 by B31A allowed for a significant increase in bacterial pres-
ence in the blood compared to that of parental B31A (P = 0.04)
(Fig. 6). This increased blood burden is reduced to parental B31A
levels upon the elimination of the GAG binding domain of BBK32
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FIG 5 P66 promotes adhesion to the vasculature in heart and ear tissue 1 h after i.v. inoculation. BALB/c mice were retro-orbitally inoculated with infectious B.
burgdorferi strain B31-A3 or the B31-A3Ap66 mutant, which is not infectious in mice. Bacterial burdens of B31-A3Ap66 were significantly lower than those of the
WT in the heart and ear as determined by qPCR. Bacterial burdens of the mutant were similar to those of the WT in the joint tissue. An asterisk indicates statistical
significance determined by Mann-Whitney unpaired ¢ test (P < 0.05, n = 10). B31-A3 data are duplicated from Fig. 1.
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FIG 6 Adhesinsinfluence bloodstream burdens of B. burgdorferi in vivo. BALB/c
mice were inoculated with 1 X 10° total noninfectious B. burgdorferi strain
B31A or B31A exogenously expressing adhesive protein RevA (pRevA),
BB0347 (pBB0347), BBK32 (pBBK32), or BBK32 with a deletion in the GAG
(pBBK32AGAG) or fibronectin (pBBK32AFn) binding domains. The expres-
sion of BBK32 significantly increased the number of bacteria present in the
blood compared to that of the WT. The GAG binding domain of BBK32 is
responsible for this phenotype. Statistical significance was determined by
Mann-Whitney unpaired ¢ test for B31A, pRevA, and pBB0347 (n = 5) and for
pBBK32, pBBK32AGAG, and pBBK32AFn (n = 10). **, P < 0.01; %, P < 0.05.
B31A data are duplicated from Fig. 1.

(Fig. 6). The gain-of-function derivative expressing BB0347 also
appeared to show increased blood burdens compared to those of
parental B31A, although this difference was not statistically signif-
icant (Fig. 6).

We had assessed the bloodstream burdens of another non-
infectious strain of B. burgdorferi, B314, early in the course of
developing this short-term infection model (Fig. 1). Unexpect-
edly, we observed an increase in bloodstream burdens of nonin-
fectious strain B314 compared to those of B31-A3 and B31A 1 h
after intravenous inoculation into both BALB/c and C3H/HeN
mice (Fig. 1; also see Fig. S2 in the supplemental material), al-
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though the burdens of B314 in other tissues did not differ signif-
icantly from those of B31-A3 or B31A. To identify candidate pro-
teins responsible for this phenotype, we examined total cell lysates
of B31-A3, B31A, and B314 on a reducing SDS-PAGE gel and
performed a silver stain (see Fig. S3A). Analysis of the silver-
stained gel revealed an abundant protein running at 24 kDa that is
present in the B314 lysate. Immunoblotting was performed to
determine whether this abundant protein was the outer surface
protein OspC. We found that OspC is produced at higher levels in
B314 than B31-A3 and B31A (see Fig. S3B). In fact, OspC was
undetectable in the B31A lysate by immunoblotting (see Fig. S3B).
To determine the impact of OspC on bloodstream burdens of
infectious WT B. burgdorferi, we inoculated BALB/c mice with
infectious strain B31-A3, which is deficient in OspC expression
(22). Previous work using this strain has shown that OspC is re-
quired for the early stages of mammalian infection but is not re-
quired for survival of B. burgdorferi in the tick (21, 22). One hour
postinoculation, we saw significantly higher burdens of B31-
A3AospC mutant than infectious WT bacteria in the blood of
BALB/c mice (P = 0.0004) (Fig. 7). As we have shown previously,
the mouse strain used for our short-term infection model can have
an impact on vascular adhesion of B. burgdorferi (Fig. 2). With this
in mind, we inoculated C3H/HeN mice with WT infectious strain
B31-A3, B31-A3A0spC mutant, OspC mutant with OspC expres-
sion restored (B31-A3A0spCpOspC) (22), or B31-A3Ap66 mu-
tant (18) bacteria. In this short-term infection model, a median of
30.75 B31-A3 genomes per 100 ng total DNA was present in the
blood of C3H/HeN mice after 1 h of circulation. In contrast, we
were unable to detect any B31-A3Ao0spC mutant bacteria in the
blood of C3H/HeN mice (P = 0.0013) (Fig. 7), similar to the
results seen when C3H/HeN mice were inoculated with heat-
killed bacteria (see Fig. S1). Bacterial burdens in the bloodstream
were increased upon restoration of OspC expression (Fig. 7). Just
as was seen in BALB/c mice, P66 mutant bacteria survived as well
as the infectious WT did in the bloodstream of C3H/HeN mice at
1 h postinoculation (Fig. 7).
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FIG 7 Elimination of OspC expression decreases bloodstream burdens of infectious B. burgdorferi in C3H/HeN but not BALB/c mice. C3H/HeN and BALB/c
mice were inoculated with 1 X 10° total infectious B. burgdorferi strain B31-A3, B31-A3 deficient in OspC expression (AospC), or B31-A3AospC with OspC
expression restored (pOspC). After 1 h, blood was collected and bacteria were enumerated in each sample by qPCR. B31-A3A0spC mutant bacteria were
undetectable in the bloodstream of C3H/HeN mice 1 h postinoculation. In BALB/c mice, significantly higher numbers of the OspC mutant than of WT bacteria
were present. Restoration of OspC expression partially restores burdens of the mutant in the blood of C3H/HeN mice. No significant differences in blood burden
were seen between the P66 mutant and infectious WT-inoculated BALB/c or C3H/HeN mice. An asterisk indicates statistical significance determined by
nonparametric one-way ANOVA with Dunn’s posttest (B31-A3 and the AospC mutant, n = 10; pOspC, n = 5; Ap66 mutant, n = 5 [C3H/HeN]; n = 10
[BALB/c]). B31-A3 data from BALB/c mice are duplicated from Fig. 1.
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DISCUSSION

B. burgdorferi is known to cause persistent infections in the joint,
heart, skin, and central nervous system of the human host. It is
thought that at least a portion of the transmitted spirochetes dis-
seminate from the site of tick bite by entering the bloodstream in
the vicinity of the tick feeding site and then exit the vasculature by
binding to the walls of small vessels and transmigrating out into
the surrounding tissue. It has been shown that B. burgdorferi binds
to the host microvasculature as well as to cells and extracellular
matrix components using adhesive proteins that are expressed on
the bacterial cell surface (7, 11). To discern the biological roles of
different outer surface proteins of B. burgdorferi in tissue-specific
vascular adhesion of the pathogen, a new type of in vivo model was
required. We have developed an animal model to allow us to study
bacterial binding to the vasculature, the precursor step to tissue
invasion and colonization by the bacteria. The optimal time point
for observation of bacterial adhesion in our model was 1 h post-
inoculation, similar to that used for intravital microscopic studies
of infectious B. burgdorferi (7, 13).

In our model, the bacterial burdens in the tissue likely are
attributable to vascular adhesion by the spirochetes, as trans-
migration out of the vasculature and subsequent tissue coloni-
zation has not yet occurred (Kumar et al., unpublished data).
Low bacterial burdens in the blood and tissues could be due to
an inability of the bacteria to bind to the vasculature, resulting
in continued circulation in the bloodstream, bacterial lysis by
complement components in the bloodstream, or uptake by cir-
culating phagocytes. However, the ability of the bacteria to
resist phagocytosis or lysis due to actions of components of the
innate immune system also may affect B. burgdorferi burdens in
all tissues, including the blood. Using our model, we have con-
firmed previous findings that noninfectious strains of B. burgdor-
feri adhere less to the host vasculature than infectious strains (7).
Additionally, adhesion to the vascular wall seems to be an active
process initiated and/or maintained by living bacteria, as we detect
significantly less heat-killed B31-A3 than live B31-A3 in all col-
lected mouse tissues except ear (Fig. S1). At this time, the kinetics
of bacterial DNA breakdown are not known, but we suspect it
occurs in less than an hour, as this would explain the reduced
burdens of the heat-killed bacteria in all tissues (see Fig. SI in the
supplemental material).

Vascular adhesion by B. burgdorferi appears to differ based on
the strain of mouse used for the model. BALB/c mice show signif-
icantly lower burdens of both infectious and noninfectious B.
burgdorferi in the joint than C3H/HeN mice (Fig. 2). The differ-
ence in joint adhesion that we see between BALB/c and C3H/HeN
mice early after inoculation with B. burgdorferi may have effects on
the immune response of the host late in infection and may in part
contribute to the previous observations that BALB/c mice are less
susceptible to B. burgdorferi-mediated arthritis than C3H/HeN
mice (57, 58).

We used our short-term infection model to differentiate the in
vivo roles of several adhesive outer surface proteins of B. burgdor-
feri that have been shown to bind fibronectin in vitro. Using gain-
of-function strains generated in the otherwise noninfectious
strain B31A, we were able to observe increased binding to the
vasculature in joint tissue attributable to expression of BB0347 but
not of RevA. It remains to be determined whether the adhesion of
BB0347 to the vasculature of joint tissue is attributable to its fi-
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bronectin binding capacity. A similar phenotype of joint-specific
binding was seen with B31A expressing BBK32 (14), an outer sur-
face protein of B. burgdorferi that has been shown to bind both
glycosaminoglycans (GAGs) and fibronectin via distinct domains
(11). The resolution of our short-term infection model allowed us
to determine that the GAG binding domain of BBK32 is required
for the joint-specific vascular binding observed for bacteria ex-
pressing full-length BBK32 (14). This phenotype was confirmed
by a lack of joint colonization after 21 days in mice needle inocu-
lated with BBK32 mutant bacteria in an otherwise infectious B.
burgdorferi strain (14). The flexibility of the model also has al-
lowed us to determine the contribution of B. burgdorferi outer
surface proteins to tissue-tropic binding of infectious B. burgdor-
feri through use of a deletion mutant in an infectious strain back-
ground. A role for P66 in binding to the vasculature in heart and
ear tissue was found through use of a B31-A3Ap66 mutant gener-
ated previously (18, 56).

When considering all of the data together, it becomes evident
that vascular binding of B. burgdorferi is more complex than just
that of a simple protein-receptor model. We observed that the
expression of RevA on the surface of B31A decreases bacterial
burdens of B. burgdorferi in the heart and skin compared to levels
for parental B31A. This may be due to decreased adhesion to the
vasculature at those tissue sites or increased bacterial clearance by
the innate immune system. However, we saw a similar phenotype
in the heart and skin of mice inoculated with the B31-A3Ap66
mutant. It is possible that the decrease observed in the heart and
skin burdens of mice inoculated with B31ApRevA actually is due
to a shielding of the surface-exposed regions of P66 on these bac-
teria, resulting in a phenotype mirroring that of the B31-A3Ap66
mutant.

Survival of B. burgdorferi in the blood of the mammal likely is
important in the life cycle of this pathogen. During a tick blood
meal, B. burgdorferi within the tick come into contact with blood
of the host. Without survival in the feeding tick, the bacteria
would not be transmitted to cause successful infection in new
vertebrate hosts. Efficient dissemination from the site of tick bite
to distal tissue sites in the vertebrate host involves a bacteremic
phase, i.e., survival in the bloodstream. This bacteremic phase has
been documented in the mouse model (57, 59) as well as in human
patients (1, 2, 60). To better survive travel in the bloodstream of
the host, B. burgdorferi has developed resistance to killing by se-
rum complement proteins, a feature shared by B. afzelii (61). Se-
rum resistance is not, however, absolutely required for mamma-
lian infection, as serum-sensitive B. garinii still is able to survive in
the natural enzootic cycle and to cause Lyme borreliosis in hu-
mans (61). The study of B. burgdorferi proteins and their roles in
serum resistance has not been addressable in mouse serum in vitro
due to the inactivity of mouse serum proteins (presumably com-
plement proteins) ex vivo. Our mouse model has proven useful in
circumventing this complication. Using gain-of-function and
gene knockout mutant strains, we were able to address the roles of
specific outer surface proteins in affecting bloodstream burdens of
B. burgdorferi, as the bacteria were directly inoculated into the
bloodstream in our animal model. The expression of BBK32 on
the surface of noninfectious strain B31A increased the bacterial
burden in blood compared to that of parental strain B31A,
whereas the expression of RevA decreased the bacterial burdens in
the blood compared to those of the parental strain (Fig. 6). The
differences that we see in bloodstream survival of the bacteria in
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the presence or absence of BBK32 may be due to decreased bacte-
rial clearance or to decreased binding to the vasculature of the
host. We believe the latter case is unlikely, as strain B31A showed
lower bacterial adhesion to the vasculature in several tissues but
no increase in bloodstream burden of bacteria. Finally, we see
increased binding of B31ApBBK32 specifically to the vasculature
of the joint (14) and increased bloodstream survival with the same
strain. Using targeted gene knockouts, we were able to find a novel
role for a well-studied outer surface protein, OspC, in blood-
stream burdens of B. burgdorferi. With deletion of the ospC gene in
the otherwise infectious strain B31-A3, we saw complete clearance
of the bacteria within 1 h of inoculation directly into the vascula-
ture of C3H/HeN mice. This phenotype was due directly to the
presence of OspC on the bacterial surface, as the restoration of
OspC expression partially restored bloodstream burdens back to
WT levels. It has been shown that OspC-deficient B. burgdorferiis
able to persist at the inoculation site for 24 h after infection (23),
but survival of this mutant in the mammalian bloodstream has
never been addressed. The increased blood burden of noninfec-
tious strain B314, which we showed to express high levels of OspC,
supports our conclusion that the OspC protein is important for
bloodstream survival of B. burgdorferi. This increase in burdens of
B314 in the bloodstream likely is not due to a decrease in vascular
binding, as we did not observe a significant difference in B314
burdens compared to those of the infectious WT in any other
tissue collected. Interestingly, we saw increased bacterial bur-
dens in the blood of BALB/c mice inoculated with B31-
A3AospC mutant bacteria. Although blood burdens of both
B314 and the B31-A3AospC mutant both were significantly
higher than that of B31-A3 in BALB/c mice, burdens of B314
were lower than those seen in the blood of 0spC mutant-inoc-
ulated BALB/c mice. However, although B31A does not express
detectable levels of OspC, bloodstream burdens of this strain in
BALB/c mice are much lower than what is seen with B31-
A3Ao0spC mutant-inoculated mice. These contradictory results
could be explained by differences in the other surface proteins
encoded in the genomes of noninfectious B314 and B31A com-
pared to infectious strain B31-A3, as well as differential regu-
lation of expression of surface proteins in the three B. burgdor-
feri strains. Our data suggest that there is a protein or phagocytic
cell type present in the bloodstream of C3H/HeN mice but absent
from BALB/c mice that is involved in controlling B. burgdorferi
burdens in the bloodstream through direct or indirect interac-
tions with OspC on the surface of the pathogen. More work will
need to be done to define the mechanism of OspC and its effects
on bloodstream survival.

This short-term model has proven to be very powerful in iden-
tifying not only unanticipated differences between mouse strains
in B. burgdorferi infection but also the binding specificities of in-
dividual outer surface proteins of B. burgdorferi in an in vivo set-
ting. This infection model also has revealed unanticipated roles in
serum resistance, as inferred by increased bloodstream burdens,
for two B. burgdorferi proteins, OspC and BBK32. The strength
and versatility of this model will be useful in understanding the
complex mechanisms of bloodstream survival and tissue coloni-
zation by Borrelia species.
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