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Bacterial Heterogeneity Is a Requirement for Host Superinfection by
the Lyme Disease Spirochete
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Department of Veterinary Microbiology and Pathology® and Paul G. Allen School for Global Animal Health,” Washington State University, Pullman, Washington, USA

In nature, mixed Borrelia burgdorferi infections are common and possibly can be acquired by either superinfection or coinfec-
tion. Superinfection by heterologous B. burgdorferi strains has been established experimentally, although the ability of homolo-
gous B. burgdorferi clones to superinfect a host has not been studied in detail. Information regarding any potential immune bar-
riers to secondary infection also currently is unavailable. In the present study, the ability to superinfect various mouse models by
homologous wild-type clones was examined and compared to superinfection by heterologous strains. To assess the ability of
homologous B. burgdorferi clones to successfully superinfect a mouse host, primary- and secondary-infecting spirochetes were
recovered via in vitro cultivation of collected blood or tissue samples. This was accomplished by generating two different antibi-
otic-resistant versions of the wild-type B31-A3 clone in order to distinguish superinfecting B. burgdorferi from primary-infect-
ing spirochetes. The data demonstrate an inability of homologous B. burgdorferi to superinfect immunocompetent mice as op-
posed to heterologous strains. Attempts to superinfect different types of immunodeficient mice with homologous B. burgdorferi
indicate that the murine innate immune system represents a major barrier to intrastrain superinfection. Consequently, the pos-

sibility of innate immunity as a driving force for B. burgdorferi heterogeneity during the enzootic cycle is discussed.

Borrelia burgdorferi is the bacterial causative agent of Lyme dis-
ease, the most prevalent vector-borne disease in North Amer-
ica (1-6). Lyme disease is a debilitating multisystemic disorder
that most commonly presents itself as skin lesions (erythema mi-
grans), and ultimately it is followed by arthritis, carditis, and ner-
vous system manifestations (7-10). In nature, B. burgdorferi is
maintained in an enzootic cycle involving a mammalian reservoir
and tick vector. Peromyscus spp. of mice are important reservoirs
of B. burgdorferi in the wild (6, 11, 12), whereas ixodid ticks are
responsible for the seasonally restricted transmission of Lyme dis-
ease (6, 13).

Mixed infections with various B. burgdorferi genotypes have
been reported in questing ticks (14-16), reservoir animals (17),
and humans (18). In Peromyscus leucopus mice, infections by het-
erologous B. burgdorferi populations are fairly common and po-
tentially could be acquired by either superinfection or coinfection
(17). For the purpose of this study, superinfection is defined as the
introduction of B. burgdorferi into a mouse host that already har-
bors an ongoing, active B. burgdorferi infection, whereas coinfec-
tion is a simultaneous introduction of more than one B. burgdor-
feri clone into a naive animal. Moreover, superinfection or
coinfection is considered established when a superinfecting or
coinfecting B. burgdorferi clone can be cultured from any murine
tissue postchallenge.

Superinfection by heterologous subclones or strains of B. burg-
dorferi has been experimentally established (17, 19). Peromyscus
mice initially infected with the rRNA spacer type 3 (RST3) or
RST1 B. burgdorferi genotype were able to be superinfected by
RST1 or RST3, respectively. However, the results obtained from
control groups of mice that were sequentially (14 days apart) chal-
lenged by the same B. burgdorferi strain (RST1/RST1 or RST3/
RST3) are questionable due to the lack of any selectable marker
that would allow the primary and secondary infections to be dif-
ferentiated (19). Thus, despite the evidence for successful host
superinfection by heterologous B. burgdorferi strains, the ability of
homologous clones to superinfect a host has not been thoroughly
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investigated. Additionally, any potential immune barriers to su-
perinfection, as well as a requirement for B. burgdorferi proteins
with known roles in immune evasion and persistence, have not
been examined to date. Such knowledge might provide insight
into selective pressures that could drive heterogeneity of B. burg-
dorferi during its enzootic life cycle.

In the present study, the ability of homologous wild-type and
mutant B. burgdorferi clones to superinfect various mouse models
was assessed and compared to superinfection by heterologous
strains. The ability to distinguish between primary- and second-
ary-infecting B. burgdorferi was accomplished by generating two
different antibiotic-resistant versions of the wild-type B31-A3
clone. Overall, the data demonstrated an inability of homologous
clones to superinfect immunocompetent mice. In contrast, heter-
ologous B. burgdorferi strains did exhibit the capacity to establish
superinfection in immunocompetent mice, supporting findings
from previous studies (17, 19). Experiments also showed that ho-
mologous B. burgdorferi clones were unable to superinfect differ-
ent types of antibody-deficient mice, suggesting that the host-
acquired immune response is not involved in preventing host
superinfection by B. burgdorferi. Importantly, data from addi-
tional immunodeficient mice are suggestive that the murine in-
nate immune system is the main barrier to intrastrain superinfec-
tion. Finally, experiments involving B. burgdorferi devoid of VISE
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demonstrated that the presence of the vis locus is not required to
establish superinfection but is necessary for persistent superinfec-
tion by heterologous B. burgdorferi strains.

MATERIALS AND METHODS

Ethics statement. All experimental procedures involving inbred mice
were carried out in accordance with the American Association for Accred-
itation of Laboratory Animal Care (AAALAC) protocol and the institu-
tional guidelines set by the Office of Campus Veterinarian at Washington
State University (Animal Welfare Assurance A3485-01 and USDA regis-
tration number 91-R-002). Washington State University AAALAC and
institutional guidelines are in compliance with the U.S. Public Health
Service Policy on Humane Care and Use of Laboratory Animals. All in-
bred mice were maintained at Washington State University in an
AAALAC-accredited animal facility. The Washington State University In-
stitutional Animal Care and Use Committee reviewed and approved the
animal protocols associated with the current studies.

Bacterial strains and culture conditions. Borrelia burgdorferi strain
B31-A3 (wtB31) was kindly provided by Patti Rosa (20). The B31-A3Avis
(AvIsE) clone was generated and characterized in previous studies (21,
22). The infectious B. burgdorferi 297 strain was a kind gift from Scott
Samuels by way of Michael Norgard. The 5A4AD16-D25 clone was pre-
viously generated and characterized in our laboratory (23). All B. burg-
dorferi clones were cultivated in liquid Barbour-Stoenner-Kelly IT media
(BSK-1I) supplemented with 6% rabbit serum (Cedarlane Laboratories,
Burlington, NC) and incubated at 35°C under 2.5% CO,.

Plasmid construction. In order to generate B31-A3 1p25::kan (wtB31-
kan") and B31-A3 lp25::gent (wtB31-gent") clones, pAR14 and pAR15
were constructed to disrupt bbe02 located on plasmid lp25 (coordinates
323 to 4,156; NCBI reference sequence NC_001850.1). The 3,770-bp tar-
get of bbe02 (coordinates 361 to 4,130) was PCR amplified using P222
(5'-ATG AAA ACT AAT GAT ATC GTA AAA ACA-3") and P223
(5'-TTATTT ATG ATA AAA AAT TTT ATT ATT TAG TAA ATA ATT-
3’) primers. The amplicon was cloned into the pJET1.2 vector by utilizing
the CloneJET PCR cloning kit (Fermentas, USA). The flgBp-driven kana-
mycin and gentamicin resistance genes (flgBp-kan and flgBp-gent, respec-
tively) carried on pTB44 and pGCL47-4G (21), respectively, were ampli-
fied with corresponding primer sets P509 (5'-TGA GCT AGC TAC CCG
AGC TTC AAG GAA GA-3'") and P510 (5'-GCA TTA ATT AAT GCC
AGT GTT ACA ACC AAT T-3') as well as P507 (5'-TGA GCT AGC CAG
TTG CGC AGC CTG AAT GG-3") and P508 (5'-GCA TTA ATT AAA
GGT GGC GGT ACT TGG GTC G-3'), which include Nhel and Pacl
restriction sites (underlined). The flgBp-kan and flgBp-gent amplicons
were individually cloned into pJET1.2, recovered by digestion with Nhel
and Pacl, and then cloned into pJET1.2::bbe02.

Bacterial transformation. B. burgdorferi cells were electroporated us-
ing previously described conditions (21). After electroporation with a
total of 25 g of DNA, spirochetes were resuspended in 10 ml of pre-
warmed BSK-II media. Cells were recovered at 35°C for 18 h and then
diluted in 100 ml of prewarmed BSK-II supplemented with 200 g ml ™"
kanamycin or 100 g ml~ ' gentamicin. The transformed cell suspension
was aliquoted into 96-well plates and incubated at 35°C for 21 to 28 days.
Genomic DNA from positive wells was extracted using a DNeasy blood
and tissue kit (Qiagen, Germantown, MD), and the presence of flgBp-kan
and flgBp-gent cassettes was confirmed by PCR analysis using P54/P55
(5'-CAT ATG AGC CAT ATT CAA CGG GAA ACG-3" and 5'-AAA GCC
GTT TCT GTA ATG AAG GAG-3') and P91/P92 (5'-CGC AGC AGC
AAC GAT GTT AC-3' and 5'-CTT GCA CGT AGA TCA CAT AAG C-3")
primer sets, respectively. Plasmid content for each verified transformant
was determined by PCR using plasmid-specific primers as previously de-
scribed (24).

Murine infection. Male C3H/HeNHsd (C3H) and Hsd:Athymic
Nude-Foxn1™ (nude) mice of 4 to 6 weeks of age were obtained from
Harlan (Indianapolis, IN). Male C3SnSmn.CB17-Prkdc /] (SCID) and
NOD.CB17-Prkdc*“/] (NOD) mice of 4 to 5 weeks of age were purchased
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TABLE 1 Borrelia burgdorferi clones used in the study

Presence of:
Reference or

B. burgdorferi clone vls2-16" vIsE source
B31-A3 (wtB31) + + 20
B31-A3 1p25::gent (wtB31-gent") + + This study
B31-A3 1p25::kan (wtB31-kan") + + This study
B31-A3 1p28-1Avis (AvIsE) - - 21,22

297 ND* + 85

@ yls2-16 denotes silent cassettes of the vls locus.
b The silent cassette region in this strain has not been determined to date.

from Jackson Laboratories (Bar Harbor, ME). The initial infection was
performed on animals 5 to 7 weeks of age. Attempts at superinfection of
mice occurred subcutaneously through either needle inoculation with
1.1 X 10* total spirochetes in the scapular region or by transplantation of
ear tissue in the lumbar area. Inoculum of each B. burgdorferi clone con-
taining a recombinant plasmid was cultured in BSK-II medium supple-
mented with the appropriate antibiotic and was diluted (approximately
1:1,000) with antibiotic-free BSK prior to murine infection. B. burgdorferi
clones from frozen glycerol stock were passaged no more than two times
in vitro prior to use in mouse infection assays. Ear tissues were derived
from infected SCID mice at day 28 postinfection as previously described
(22,25) and stored at —80°C until use. Immunodeficient SCID mice were
used to generate host-adapted B. burgdorferi due to the lack of their ability
to clear infection by the vls mutant clones (21, 22). For tissue transplan-
tation, ear pinnae were excised into small, circular pieces (3 mm in diam-
eter) by a sterile ear punch and subcutaneously inserted through a skin
incision in the lumbar region (two pieces per mouse). The infectivity of
each in vitro- or tissue-derived clone was tested on naive mice (see Tables
S1 and S2 in the supplemental material).

Infection was verified by culturing approximately 50 pl of blood asep-
tically drawn from a mouse via maxillary bleed in 3 ml of BSK-II contain-
ing Borrelia antibiotic cocktail (0.02 mg ml~' phosphomycin, 0.05 mg
ml ™! rifampin, and 2.5 mg ml~ ' amphotericin B). To monitor the prog-
ress of infection, ear, heart, bladder, and tibiotarsal joint tissues were
aseptically harvested at various time points postinfection and cultured in
BSK-II supplemented with the antibiotic cocktail. Eight-ml polystyrene
tubes (Becton Dickinson Labware, USA) were used for culturing blood
(50 pl of blood in 3 ml of BSK medium) and heart tissue (approximately
half of a heart in 3.0 ml of BSK medium), and 2.0-ml polypropylene
microcentrifuge tubes (Fisherbrand, USA) were utilized for the other tis-
sues (approximately half of a bladder, a tibiotarsal joint, and ear tissue [3
mm in diameter] in 1.0 ml of BSK medium). Murine tissues were incu-
bated at 35°C under 2.5% CO,. The presence of viable spirochetes from
each cultured tissue was confirmed by dark-field microscopy.

Statistical analysis. A one-tailed Fisher’s exact test was used. A P value
of <0.05 was considered significantly different.

RESULTS

Generation and characterization of antibiotic-resistant wild-
type B. burgdorferi clones. To assess the ability of homologous B.
burgdorferi clones to successfully superinfect a mouse host, prima-
ry- and secondary-infecting spirochetes were recovered via in vitro
cultivation of collected blood or tissue samples. This was accom-
plished by generating two different antibiotic-resistant versions of
the wild-type B. burgdorferi B31-A3 clone in order to distinguish
superinfecting B. burgdorferi from primary-infecting spirochetes
(Table 1). These modified wild-type clones obtained an insertion
of either a gentamicin (gent) or kanamycin (kan) antibiotic resis-
tance cassette in the bbe02 locus of the 1p25 plasmid via allelic
exchange. Inactivation of bbe02, a putative restriction-modifica-
tion gene, does not result in loss of infectivity in mice (26-28). Ten

jai.asm.org 4543


http://www.ncbi.nlm.nih.gov/nuccore?term=NC_001850.1
http://iai.asm.org

Rogovskyy and Bankhead

transformants of each clone type were chosen for initial PCR anal-
ysis to screen for the presence of the gent or kan gene. Several
clones were selected for further PCR analysis in order to ensure
retention of all parental B. burgdorferi plasmids. One clone each of
B31-A3 Ip25::gent (wtB31-gent") and B31-A3 lp25::kan (wtB31-
kan") that retained the full parent plasmid profile were chosen for
use in the planned superinfection experiments (Fig. 1).

Inoculation of mice demonstrated that both wtB31-gent" and
wtB31-kan" were infectious in C3SnSmn.CB17-Prkdc*/] (SCID)
and C3H/HeNHsd (C3H) mice, as determined by culture-detect-
able spirochetes in blood at day 7 postinfection (see Table S1 in the
supplemental material). Similar to the parental wild-type B. burg-
dorferi, wtB31-gent” and wtB31-kan' clones were able to dissemi-
nate and establish persistent infection, as shown by positive cul-
tures of ear biopsy specimens sampled at days 14, 21, and 28
postinfection. Heart, joint, and bladder tissues harvested at day 28
postinfection were consistently culture positive, demonstrating
the ability of the clones to colonize these sites. While the in vitro-
grown wtB31-gent" and wtB31-kan" clones exhibited full infectiv-
ity in C3H mice, it was also determined whether host-adapted
forms of these B. burgdorferi clones were infectious. To obtain
host-adapted versions of the wtB31-gent" and wtB31-kan" clones,
aural skin tissues of SCID mice infected with either clone were
utilized for tissue transplantation into naive mice. Both host-
adapted B. burgdorferi clones exhibited full infectivity in C3H and
Hsd:Athymic Nude-Foxn1™ (nude) mice (see Table S2). Overall,
the newly generated clones did not show any impairment in their
ability to infect either immunodeficient or immunocompetent
mouse models compared to the parental wild-type B. burgdorferi.

Superinfection by homologous B. burgdorferi is limited to
severely immunodeficient mice. In order to examine if mice
could become superinfected with homologous B. burgdorferi, ini-
tial infection of 5 C3H mice with in vitro-grown wtB31-gent" B.
burgdorferi was followed by a secondary spirochete challenge with
the homologous wtB31-kan" clone (Fig. 1A). Blood and tissue
samples were cultured in the presence of either gentamicin or
kanamycin in order to differentiate between the initial-infecting
or superinfecting B. burgdorferi, respectively. All primary-infected
mice displayed spirochetemia at day 7 postinfection, and ear bi-
opsy specimens were culture positive at days 21 and 28. At day 28
postinfection, persistently infected mice (5 animals per group)
were needle inoculated with in vitro-grown wtB31-kan" (Fig. 1B).
The outcome of superinfection was monitored weekly by taking
blood samples at day 7 and ear biopsy specimens at days 14, 21,
and 28 postchallenge. Secondary-infecting B. burgdorferi was not
detected by culture of blood or aural skin tissues, and collected
heart, bladder, and tibiotarsal joint tissues were consistently cul-
ture negative (see Table S3 in the supplemental material). Con-
versely, control C3H mice were successfully infected by in vitro-
grown wtB31-kan', demonstrating that the clone (the same
inoculum) was capable of primary infection (P < 0.05) (see Table
S3). Together, the data suggest that in vitro-grown homologous B.
burgdorferi is not able to superinfect C3H mice.

The inability to establish host superinfection by homologous
B. burgdorferi might be partially accounted for by low expression
levels of factors necessary for infectivity at the time of inoculation.
Previous data have shown that wild-type B. burgdorferi can rein-
fect mice only when it has been host adapted or tick derived (22,
29). For this reason, superinfection was performed using host-
adapted B. burgdorferi (Fig. 1A and B). At day 28 postinfection,
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A) Step #1:
Needle inoculation with
either wt B31 or 297 Bb

Monitor infection via:
——» Blood samples at day 7 post infection
Ear biopsies at day 14, 21, and/or 28 post infection

Step#2: ¥
Challenge via needle or tissue transplantation
with either homologous or heterologous Bb

L]
i ¢ Monitor infection via:
Blood samples at day 7 post challenge
—» Ear biopsies at day 14, 21, & 28 post challenge
Tissue harvest at day 28 post challenge to assess
persistent superinfection and dissemination
B) Intrastrain C) Interstrain
superinfection superinfection
Mouse model: Mouse model:

C3H (immunocompetent) SCID (T, B cell deficient)

infect with: | challenge with: infect with: | challenge with:
wtB31-gent’ |  wtB31-kan" 297 ha wtB31-kan"

v v

Mouse model: Mouse model:
C3H (immunocompetent) NOD (T, B, comp deficient)

infect with: | challenge with: infect with: | challenge with:
wtB31-gent” | ha wtB31-kan" 297 ha wtB31-kan"
Mouse model: Mouse model:

nude (T cell deficient) C3H (immunocompetent)

infect with: | challenge with: infect with: | challenge with:
wtB31-gent’ | ha wtB31-kan' 297 ha wtB31-kan"
v \/
Mouse model: Mouse model:
SCID (T, B cell deficient) C3H (immunocompetent)
infect with: | challenge with: infect with: | challenge with:
wtB31-gent” | ha wtB31-kan' 297 ha AVISE

v

Mouse model:
NOD (T, B, comp deficient)

infect with: | challenge with:
wtB31-gent’ | ha wtB31-kan'

v

Mouse model:
C3H (immunocompetent)
infect with: | challenge with:
5A4AD16-D25| ha wtB31-kan"

FIG 1 Experimental approach to assay host superinfection by homologous
and heterologous B. burgdorferi. (A) Schematic for the general two-step ap-
proach to assay for host superinfection by B. burgdorferi. First, groups of mice
were needle inoculated with either the B31 or 297 wild-type strain. The estab-
lishment of infection was confirmed by culturing blood taken at day 7 postin-
fection and ear skin tissues sampled weekly afterwards. At day 6, 13, 21, or 28
postinfection, mice were superinfected with either homologous or heterolo-
gous B. burgdorferi via needle inoculation or tissue transplantation. Blood, ear,
heart, bladder, and tibiotarsal joint tissues were collected at the indicated time
points and cultured in the presence of the appropriate antibiotic to assess the
outcome of superinfection. (B and C) Flow chart of superinfection experi-
ments involving homologous (B) or heterologous (C) B. burgdorferi. T, T cell;
B, B cell; comp, host complement; ha, host adapted.

persistently wtB31-gent'-infected C3H mice (5 animals per
group) received host-adapted wtB31-kan' via tissue transplanta-
tion of ear tissues from infected SCID mice. The outcome of su-
perinfection was assessed by culturing blood samples at day 7, ear

Infection and Immunity


http://iai.asm.org

Murine Host Superinfection by B. burgdorferi

TABLE 2 Assessment of superinfection by homologous B. burgdorferi in C3H and NOD mice

No. of samples positive for superinfection from®:

wtB31-gent'- infected NOD No. of samples from naive C3H

Tissue collected (day wtB31-gent'- infected wtB31-gent'- infected mice treated with SCID mice (control) positive for
postchallenge) C3H mice NOD mice mouse-derived sera infection with ha wtB31-kan"
Blood (7) 0/5" 7/9 1/4 5/5
Ear (14) 0/5 0/9 0/4 5/5
Ear (21) 0/5 0/9 0/4 5/5
Tissues (28)
Ear 0/5 0/9 0/4 5/5
Heart 0/5 1/9 0/4 5/5
Bladder 0/5 0/9 0/4 3/5
Joint 0/5 0/9 0/4 5/5
Total no. of infected 0/5 1/9 0/4 5/5

mice (28)

@ Superinfection was performed via tissue transplantation with the host-adapted (ha) wtB31-kan" clone.

¥ Values listed correspond to numbers of cultures positive/numbers tested.

¢ Based on combined results obtained from culturing ear, heart, bladder, and tibiotarsal joint.

biopsy specimens at days 14, 21, and 28, and heart, bladder, and
tibiotarsal joint tissues harvested at day 28 postchallenge. Similar
to results from the previous superinfection experiment, mice dis-
played neither spirochetemia nor dissemination as determined by
negative cultures of murine tissues (Table 2). Again, control C3H
mice all were infected by host-adapted wtB31-kan', indicating that
the clones were capable of primary infection in mice (P < 0.05)
(Table 2). Thus, although host adaptation provides homologous
wild-type B. burgdorferi clones with the capacity to establish rein-
fection (22), these results suggest that this is not the case with
superinfection.

The inability of homologous B. burgdorferi to superinfect C3H
mice may be due to an acquired antibody response that is con-
stantly directed to a variety of B. burgdorferi surface antigens (30—
34). To test if the extent of the host adaptive antibody response has
any effect on the outcome of superinfection, we challenged
wtB31-gent™-infected C3H mice with host-adapted wtB31-kan" B.
burgdorferi at days 6 and 13 postsuperinfection (initial infection
was confirmed by positive cultures of blood sampled immediately
prior to secondary infection). At these time points, an adaptive
humoral response is predicted to be either at a very low level (day
6) or just beginning to develop (day 13) in immunocompetent
C3H mice (35). However, murine tissue samples cultured at day 4,
7, 14, 21, or 28 postsecondary challenge showed once again the
presence of the primary-infecting B. burgdorferi clone and a lack of
superinfecting spirochetes (see Table S4 in the supplemental ma-
terial), suggesting that the acquired antibody response is not a
factor in preventing B. burgdorferi host superinfection.

To further determine if acquired (T-cell-dependent) humoral
immunity represents a barrier to superinfection, nude mice were
utilized in the experimental design (Fig. 1B). These mice lack
functional CD4* and CD8™ T cells; thus, they are able to generate
only T-cell-independent (TT) immunoglobulins. Five nude mice
originally infected with host-adapted wtB31-gent" (see Table S2 in
the supplemental material) were challenged with host-adapted
wtB31-kan" at day 28 postinfection. Consistent with the previous
results, blood, ear, joint, bladder, and heart tissues were negative
by culture for any superinfecting clone (see Table S5 in the sup-
plemental material). The absence of culture-detectable spiro-
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chetes in this assay further indicates that acquired humoral immu-
nity does not prevent host superinfection by B. burgdorferi.

The above-described finding also suggests that TI antibodies
are able to prevent superinfection by B. burgdorferi in mice. In fact,
earlier studies have shown that immune sera from Borrelia-in-
fected T-cell-deficient mice are able to protect naive animals
against challenge with in vitro-grown wild-type B. burgdorferi (22,
36). In order to examine if TT immunoglobulins play any role in
the prevention of superinfection, SCID mice lacking both T-cell-
dependent (TD) and TI antibodies were utilized for the infection
assay. Five SCID mice persistently infected with wtB31-gent" were
challenged with wtB31-kan" at day 21 postinfection. Secondary
challenge was performed by using host-adapted or in vitro-grown
wtB31-kan" (at 1.1 X 10° cells per mouse). All SCID mice dis-
played a sustained primary wtB31-gent'-induced spirochetemia
for at least 21 days postinfection, as determined by positive blood
cultures (see Table S6 in the supplemental material). After second-
ary challenge, the results also showed that none of the mice chal-
lenged with host-adapted or in vitro-grown wtB31-kan" had su-
perinfecting spirochetes, as determined by negative culture of
murine tissues (see Table S5). The lack of culture-detectable su-
perinfection in SCID mice suggests that neither TD nor TI anti-
bodies are responsible for preventing host superinfection by ho-
mologous B. burgdorferi.

The absence of superinfecting spirochetes in mice deficient in
antibody-mediated immunity suggests that innate immunity acts
as a barrier to B. burgdorferi superinfection (13, 37, 38). A recent
study involving mixed populations of B. burgdorferi found a sig-
nificant role for the host innate response in controlling the early
stage of B. burgdorferi infection (39). Additionally, the alternative
pathway of the complement system has been shown to have a role
in mediating B. burgdorferi host specificity (13, 38, 40). In order to
further examine if host innate immunity, particularly host com-
plement, could be involved in preventing superinfection by B.
burgdorferi, another strain of T- and B-cell-deficient mice,
NOD.CB17-Prkdc*“/] (NOD), was used. As opposed to the ele-
vated complement activity observed in SCID mice, NOD mice are
deficient in functional C5 complement (41) that precludes forma-
tion of any C5b-9 membrane attack complex (42) regardless of the
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pathway of complement activation. At day 21 postinfection, nine
wtB31-gent'-infected NOD mice were challenged with host-
adapted wtB31-kan" B. burgdorferi. Interestingly, seven out of nine
NOD animals displayed spirochetemia at day 7 postsuperinfec-
tion, suggesting that homologous B. burgdorferi is capable of es-
tablishing superinfection in these severely immunodeficient mice
(P < 0.05) (Table 2). However, both blood and murine tissues
sampled at later time points were culture negative for superinfect-
ing spirochetes, with the exception of one mouse that showed
culture-positive cardiac tissue. In addition to a lack of dissemina-
tion, these results suggest a failure of homologous B. burgdorferi to
establish persistent secondary infection. Collectively, the above-
described experiments utilizing both immunocompetent and -de-
ficient mice suggest that homologous B. burgdorferi is unable to
establish persistent superinfection of a mouse host, and that some
component(s) of the murine innate system represents a barrier to
intrastrain superinfection by B. burgdorferi.

In order to test if blood-borne factors of the innate system
are involved in preventing intrastrain superinfection, a passive
transfer approach was undertaken. Specifically, 4 naive NOD
mice were infected initially with in vitro-grown wtB31-gent".
All mice became infected with B. burgdorferi, as determined by
positive cultures of blood and ear tissues sampled at days 7 and 20
postinfection (data not shown). At day 20 postinfection, these
NOD mice were subcutaneously injected with filter-sterilized sera
(150 wl) collected from wtB31-infected SCID mice at day 20
postinfection. The NOD mice were superinfected 24 h later with
host-adapted wtB31-kan'. The culture results showed that 3 out of
4 mice were negative for superinfecting spirochetes in blood
drawn at day 7 postsuperinfection (Table 2). In contrast, when left
untreated with any sera, 7 out of 9 NOD mice were shown earlier
to be successfully superinfected by homologous B. burgdorferi
clones (Table 2). Although not quite statistically significant (1/4
versus 7/9; P = 0.1189), these results are somewhat suggestive that
host innate factors passed along with sera from animals that are
devoid of acquired immunity are responsible for preventing in-
trastrain B. burgdorferi superinfection.

Superinfection of mouse models by heterologous B. burg-
dorferi. Superinfection by heterologous B. burgdorferi strains has
been demonstrated previously (19). To test iflong-term (>7 days)
superinfection by heterologous B. burgdorferi is demonstrable un-
der the experimental conditions applied in this study, the fully
infectious B. burgdorferi 297 strain was used for initial inoculation
of mice. The same experimental design was followed, with both
SCID and NOD mice utilized as host mouse models (Fig. 1C). To
assay for superinfection by heterologous B. burgdorferi in SCID
mice, five animals were infected initially with in vitro-grown B.
burgdorferi 297. All five mice exhibited spirochetemia in blood at
day 7 and had culture-positive ear tissues sampled at days 14 and
21 postinfection (data not shown). At day 21, infected SCID mice
were challenged with host-adapted wtB31-kan" B. burgdorferi, and
the outcome of superinfection was monitored weekly via tissue
harvest for detection by culture.

The results show that none of the SCID mice had culture-
positive blood for wtB31-kan" B. burgdorferi at day 7 postsuperin-
fection (Table 3), and ear biopsy specimens taken at day 14
postchallenge were consistently negative for superinfecting spiro-
chetes for all five mice. However, ear, heart, bladder, and tibiotar-
sal joint tissues harvested from four mice at day 28 were culture
positive for the wtB31-kan" clone, indicating that the spirochetes
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TABLE 3 Assessment of superinfection by a heterologous strain of B.
burgdorferi in SCID, NOD, and C3H mice

No. positive/total no. of samples superinfected
from”:

Tissue collected 297-infected 297-infected 297-infected

(day postchallenge) SCID mice NOD mice C3H mice
Blood (7) 0/5¢ 4/5 0/5
Ear (14) 0/5 0/5 0/5
Ear (21) NA* 0/5 0/5
Tissues (28)
Ear 0/5 1/5 2/5
Heart 3/5 2/5 4/5
Bladder 1/5 1/5 3/5
Joint 3/5 1/5 3/5
Total no. of infected 4/5 2/5 4/5

mice” (28)

“Values listed correspond to numbers of cultures positive/numbers tested.

b Samples were superinfected via tissue transplantation with host-adapted (ha) wtB31-

kan".

“NA, not assessed.
4 Based on combined results obtained from culturing ear, heart, bladder, and tibiotarsal
joint.

eventually were able to establish detectable secondary infection in
these immunodeficient mice (Table 3).

When NOD mice were used, animals initially infected with the
297 strain became successfully superinfected by host-adapted
wtB31-kan" (Table 3), with 4 out of 5 animals exhibiting spiro-
chetemia at day 7 postchallenge. Curiously, murine tissues cul-
tured at later time points were consistently culture negative for
superinfecting spirochetes, suggesting a possible absence of dis-
semination. This is similar to the results obtained from intrastrain
superinfection of NOD mice and indicates the presence of a gen-
eral immune restriction to dissemination and tissue colonization
by secondary challenging spirochetes in these mice (see Discus-
sion). Together, the results demonstrate that persistent superin-
fection by B. burgdorferi is possible under the experimental con-
ditions used here when heterologous strains are utilized on
immunodeficient mouse models.

In order to test if immunocompetent mice could be superin-
fected by heterologous B. burgdorferi, five B. burgdorferi 297-in-
fected C3H mice were challenged with host-adapted wtB31-kan"
spirochetes. Mice showed no culture-detectable spirochetemia at
day 7 postchallenge. However, in contrast to the failure to super-
infect C3H mice with homologous B. burgdorferi strains, 4 out of 5
mice became superinfected with wtB31-kan" as determined by
culture-positive tissues harvested at day 28 (P < 0.05) (Table 3).
Thus, these results demonstrate that heterologous B. burgdorferi is
indeed capable of long-term superinfection in immunocompetent
mice.

Homologous B. burgdorferi is unable to populate an uncolo-
nized niche in a persistently infected mouse. A possible explana-
tion for the observed inability of homologous B. burgdorferi clones
to carry out superinfection is that available tissue niches already
are occupied by primary-infecting homologous spirochetes. In
such a case, it is possible that superinfecting B. burgdorferi either
cannot establish colonization of these sites or that titers of super-
infecting spirochetes would simply be below the limit of detection
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TABLE 4 Assessment of uninfected bladder tissue as an available niche
for superinfecting B. burgdorferi in C3H mice

No. of samples positive for superinfection
with hawtB31-gent" from®:

Tissue collected (day after 5A4AD16-D25-infected 297-infected

rechallenge) mice mice
Blood (7) 0/5" 0/8
Tissues (28)
Ear 0/5 3/8
Heart 0/5 8/8
Bladder 0/5 718
Joint 0/5 7/8
Total no. of infected 0/5 8/8

mice® (28)

“ ha, host-adapted clone.

b Values listed correspond to numbers of cultures positive/numbers tested.

¢ Based on combined results obtained from culturing ear, heart, bladder, and tibiotarsal
joint.

via culture. Urinary bladder tissue has been shown to be a consis-
tent source of culture-detectable spirochetes from B. burgdorferi-
infected rodents (43—48). However, a recent study reported that
an infectious B. burgdorferi mutant (B31 5A4AD16-D25) lacking
Ip17-resident genes bbd16 to bbd25 exhibited an impaired ability
to colonize bladder tissue in C3H mice (23). To test the hypothesis
that an uncolonized murine bladder could serve as an available
niche for a superinfecting homologous clone of B. burgdorferi, the
bladder-colonizing-defective mutant was utilized for the superin-
fection assay (Fig. 1B).

For this experiment, 10 C3H mice initially were infected with
in vitro-grown 5A4AD16-D25 spirochetes. All animals became
persistently infected with the mutant B. burgdorferi clone, as de-
termined by culture-positive ear biopsy specimens sampled at
days 21 and 28 postinfection (data not shown). At day 28, five of
these mice were challenged with host-adapted wtB31-gent", while
the remaining five mice served as a nonsuperinfected control for
the lack of bladder colonization by the infecting 5A4AD16-D25 B.
burgdorferi clone. As shown in Table 4, all blood samples were
culture negative for superinfecting spirochetes. At day 28 postsu-
perinfection, all mice were sacrificed and bladder tissues harvested
to test for the presence of spirochetes. The results show that all five
5A4AD16-D25-infected mice that had been challenged with host-
adapted wtB31-gent” were consistently culture negative for super-
infecting B. burgdorferi. Importantly, only bladder tissues of con-

Murine Host Superinfection by B. burgdorferi

trol animals were culture negative for viable spirochetes of
5A4AD16-D25, which is in agreement with previously published
data (23 and data not shown). In contrast to the above-described
findings involving B. burgdorferi intrastrain superinfection, 7 out
of 8 297-infected mice challenged with B31 wtB31-kan" spiro-
chetes provided culture-positive bladders for each heterologous
strain at day 28 postsuperinfection, demonstrating that heterolo-
gous B. burgdorferi strains have the capacity to cocolonize this
tissue site (P < 0.05) (Table 4). Collectively, these data suggest that
the occupancy capacity of murine tissues does not prevent host
superinfection by homologous B. burgdorferi strains.

Lack of murine coinfection by mixed homologous B. burg-
dorferi clones. An inherent inability of wtB31-kan" to outcompete
wtB31-gent" also could account for the failure of this homologous
clone to superinfect an immunocompetent murine host. In order
to test this possibility, five C3H mice were simultaneously infected
with wtB31-kan" and wtB31-gent". In order to ensure equal num-
bers of each B. burgdorferi clone at the site of infection, coinfection
was performed by subcutaneous inoculation with a total of 1.1 X
10* spirochetes for each clone per animal. Blood sampled at day 7
and other tissues collected at later time points were consistently
culture positive for either wtB31-gent” or wtB31-kan", but not
both, in 4 out of 5 mice (Table 5). Ear biopsy specimen and other
tissue samples taken at days 14 and 28 postinfection showed that
the same individual B. burgdorferi clone detected from blood sam-
ples continued to be the only clone recovered from these four
mice. One of the five C3H mice produced a positive blood culture
for both B. burgdorferi clones, although only one clone type was
recovered from all tissue sites sampled at later time points. These
results indicate that either clone is capable of outcompeting the
other, although wtB31-kan" was found to outcompete in 4 out of 5
mice in this assay. Moreover, the two mixed B. burgdorferi clones
were coculture detectable in only one blood sample out of 30
tissues tested during the course of infection, suggesting a bottle-
neck either at the time of subcutaneous inoculation or prior to
extravascular dissemination. Together, the findings are consistent
with the above-described superinfection data and indicate that the
two homologous B31 clones are unable to establish culture-de-
tectable cocolonization in immunocompetent mice under the
current experimental conditions. These data also highlight the
ability of heterologous B. burgdorferi to successfully superinfect a
host despite the likelihood that the primary-infecting strain
greatly outnumbers the secondary-infecting population.

A role for VISE in persistent superinfection by heterologous
B. burgdorferi. B. burgdorferi persistence, a hallmark of mamma-
lian Lyme infection, is provided by gene conversion at the vislocus

TABLE 5 Assessment of coinfection by homologous B. burgdorferi in C3H mice

Presence of virus in C3H mice coinfected with in vitro-grown wtB31-kan" and wtB31-gent

ra

Tissue collected 1— z ’ 4 >

(day postinfection) kan" gent" kan" gent" kan" gent" kan" gent" kan" gent"
Blood (7) - + + - + - + - + +
Ear (21) - + + - + - + - + -
Ear (28) - + + - + - + - + -
Heart (28) - + + - + - + - + -
Bladder (28) - - - - - - - - + -
Joint (28) - + + - + - + - + -

“ Positive or negative for the presence of wtB31-kan" (kan") and/or wtB31-gent" (gent") in culture from all 5 C3H mice.
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TABLE 6 Assessment of superinfection by B. burgdorferi AvIsE mutant
in C3H mice

297-infected C3H mice superinfected via

. tissue transplantation with®:
Tissue collected p

(day postchallenge) ha® wtB31-kan" ha AvIsE mutant
Blood (7) 0/5 3/5
Ear (14) 0/5 0/5
Ear (21) 0/5 0/5

Tissues (28)

Ear 1/5 0/5
Heart 3/5 0/5
Bladder 4/5 0/5
Joint 4/5 0/5
Total no. of infected 4/5 0/5
mice (28)

“ Values listed correspond to numbers of cultures positive/numbers tested.

¥ ha, host-adapted clone.

¢ Based on combined results obtained from culturing ear, heart, bladder and tibiotarsal
joint.

that results in antigenic variation of the VISE lipoprotein (49-51).
The biological role of VISE is unknown (21, 22, 24, 52-56), al-
though recent evidence suggests that it functions to protect other
B. burgdorferi surface antigens from host antibody recognition
(22). Challenge experiments have demonstrated that variable VIsE
is critical for establishing murine reinfection by B. burgdorferi,
possibly through escape of non-VIsE surface antigens from hu-
moral immune surveillance. Despite its well-known importance
for persistent infection and the recent data suggesting a VIsE re-
quirement for murine reinfection (22), a role for VIsE in host
superinfection has not been investigated to date. Thus, in order to
examine the significance of VISE in host superinfection, a previ-
ously characterized B. burgdorferi clone lacking the vIs locus
(AvIsE) was utilized for superinfection assays by heterologous B.
burgdorferi strains (Fig. 1C) (21, 22).

Five 297-infected C3H mice were challenged with wtB31-kan"
or the B. burgdorferi AvIsE mutant at day 28 postinfection. Similar
to experiments described above, there was no culture-detectable
spirochetemia in mice at day 7 postchallenge with wtB31-kan’,
although this B. burgdorferi clone was capable of superinfecting
C3H mice as determined by culture-positive tissues harvested at
day 28 (Table 6). Despite the inability of the wtB31-kan" clone to
provide detectable spirochetemia in all 297-infected C3H mice by
day 7, blood samples from 3 out of 5 mice superinfected with the
AviIsE mutant provided positive cultures (P < 0.05) (Table 6). As
expected, the AvIsE clone was not detected by culture at days 14,
21, and 28 in ear biopsy specimens and other tissues (heart, blad-
der, and joint) harvested at day 28 postsuperinfection, indicating
that the mice had cleared infection by the VIsE-deficient clone.
Taken together, the data demonstrate that superinfection of im-
munocompetent mice by a heterologous B. burgdorferi strain does
not require the presence of VIsE, while persistent secondary infec-
tion is absolutely dependent on antigenically variable VISE.

DISCUSSION

The present study has attempted to examine the capacity of ho-
mologous B. burgdorferi to superinfect a murine host and the im-
mune barriers that act to prevent superinfection. The findings
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reported here demonstrate that homologous B. burgdorferi is un-
able to effectively coinfect or superinfect an immunocompetent
mouse host. The inability of in vitro-grown B31-A3 clones to es-
tablish culture-detectable coinfection may pose a limitation to
competitive infection experiments used to assess colonization de-
fects of isogenic B. burgdorferi clones after coinoculation (57). The
results also show that host adaptation of spirochetes does not en-
able homologous B. burgdorferi clones to superinfect C3H mice.
This is in contrast to the previous finding that host adaptation
allows isogenic B. burgdorferi to successfully reinfect C3H mice
(22). Such a discrepancy could be attributed to the difference in
the overall strength of host immune responses. In the case of re-
infection, the primary-infecting B. burgdorferi AvISE clone was
cleared by host antibodies by day 21 postinfection (22); therefore,
the overall host immune response most likely would be weaker
than that found during persistent infection (58). The findings
from the superinfection assays involving various immunodefi-
cient mouse strains suggest that anti-B. burgdorferi host antibod-
ies, both T-cell dependent and independent, are not a restrictive
barrier to host superinfection by homologous B. burgdorferi
clones.

The presence of immune barriers to superinfection in severely
immunodeficient animals also indicates that antibodies devel-
oped to OspC, an outer surface protein required for spirochetes to
establish infection in a mammal (59-62), are unlikely to represent
a limiting factor. Moreover, it has been demonstrated that OspC
production is not necessary for establishing murine infection by
tissue-transplanted B. burgdorferi (63). Thus, the finding reported
here that host-adapted homologous B. burgdorferi could not suc-
cessfully superinfect mice also casts doubt on the idea that anti-
OspC antibodies present a barrier. Overall, the inability of homol-
ogous B. burgdorferi to superinfect animals that lack antibody
suggests that components of the host innate immune system serve
as obstacles to superinfecting B. burgdorferi. Thus, it is feasible that
other immune responses to OspC are responsible for preventing
intrastrain superinfection, and experiments are under way in an
attempt to address this possibility.

Murine innate immunity as a potential barrier against in-
trastrain superinfection. NOD mice that are lacking in both an-
tibody and complement were utilized as a model in order to ex-
amine if the host innate system constitutes a barrier to
superinfection by homologous B. burgdorferi. Results from super-
infection assays show that these NOD mice indeed can be super-
infected by homologous clones of wild-type B. burgdorferi. Ineffi-
cient clearance by innate immune cells in liver and spleen (e.g.,
resident macrophages) due to the absence of C5-mediated op-
sonization (64) may explain transient detection of intrastrain su-
perinfection in the murine host. However, the data also demon-
strate that superinfecting spirochetes are not able to colonize
tissues (ear, heart, bladder, and joint) in 6 out of 7 bacteremic
mice, suggesting a lack of tissue dissemination by the superinfect-
ing B. burgdorferi. Superinfecting heterologous B. burgdorferi also
displayed an inability to disseminate and colonize these same tis-
sue sites in NOD mice. This is in contrast to results from superin-
fection of SCID mice by the same heterologous B. burgdorferi
strains that showed successful dissemination and tissue coloniza-
tion by secondary-infecting spirochetes. These contradictory
findings suggest that some immune component(s) specific to
NOD mice is responsible for preventing tissue colonization by
superinfecting B. burgdorferi. NOD mice have been shown to have
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elevated macrophage and granulocytes levels (41), which impli-
cates one or both as a potential preventive agent. In addition, the
fact that intrastrain superinfection was prevented in 3 out of 4
NOD mice by SCID mouse-derived immune sera indicates that
relevant factors in these sera likely are nonantibody components
of the humoral innate immune response (65). The failure of this
passive transfer to block superinfection by homologous B. burg-
dorferi in all four mice could be attributed to an inadequate (sub-
optimal) amount of immune sera being used. Further experi-
ments delineating a role of the innate system in the prevention of
superinfection by homologous B. burgdorferi are warranted and
are under way.

It is also possible that the inability of wild-type B. burgdorferito
be cultured from the tissues of NOD mice is an issue of detection.
Severely immunodeficient NOD mice may develop a very high
burden of B. burgdorferi in their tissues upon initial infection, and
this could either block colonization by a superinfecting clone or
reduce superinfecting spirochete numbers to below the detection
limit for the chosen culture-based method. Even for interstrain
superinfection, B. burgdorferi persistence is observed in only 2 out
of 4 superinfected NOD mice (Table 3), whereas superinfecting B.
burgdorferi was able to establish persistence in 8 out of 10 C3H
mice (Tables 3 and 6) and 4 out of 5 SCID mice (Table 3). How-
ever, the data also show that uncolonized bladders in C3H mice
inoculated with bladder-colonizing-defective B. burgdorferi are
unable to be occupied by homologous wild-type B. burgdorferi.
The inability to populate bladder tissue by superinfecting homol-
ogous B. burgdorferi suggests that any lack of colonizable niches is
not a restrictive factor for superinfection by homologous spiro-
chetes. Additionally, the results from the coinfection assay showed
that homologous B31 clones generally are unable to establish cul-
ture-detectable cocolonization in C3H mice. This further indi-
cates that competition for available host tissue due to the original
infecting population outnumbering the secondary spirochete
population does not explain the failure of isogenic B. burgdorferi
clones to establish host superinfection. Regardless, the present
findings suggest that the host innate immune system represents a
barrier to superinfection by homologous B. burgdorferi. The pos-
sibility that innate immunity can prevent homologous, but not
heterologous, B. burgdorferi infection is surprising considering
that the innate system is not thought to be able to differentiate
between variations that exist among heterologous bacterial
strains. However, as an example, various B. burgdorferi strains
may simply differ in their ability to bind host complement nega-
tive regulators (e.g., factor H and factor H-like proteins) (66-68)
and/or express their own functional complement inhibitors (e.g.,
CspA) (69). Thus, a disparate ability of a B. burgdorferi strain to
inhibit overall activation of the innate system may ultimately pre-
determine the partial success of host superinfection.

Consistent with previous studies (17, 19), data presented here
have demonstrated that B. burgdorferi B31 is able to superinfect
both immunodeficient and immunocompetent mice originally
infected with the heterologous 297 B. burgdorferi strain. Interest-
ingly, the tissues from SCID and C3H mice were culture positive
for superinfecting spirochetes only at later time points (day 28),
suggesting that superinfecting spirochetes were below the detect-
able level during the early phases of superinfection. In contrast to
SCID or C3H mice, NOD mice exhibited culture-detectable spi-
rochetemia at day 7 postsuperinfection, further indicating that
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innate immunity is responsible for the low or absent numbers of
superinfecting B. burgdorferi in the blood of SCID and C3H mice.

Importance of VIsE variability for persistent B. burgdorferi
interstrain superinfection. Previous data demonstrated the abso-
lute requirement of variable VISE for reinfection of mice by B.
burgdorferi (22). However, reinfection assays in that study in-
volved only prior exposure to VISE or other Borrelia surface anti-
gens. Variant VIsE-reactive antibody responses are consistently
detected in human and animal patients with active Lyme disease
(70-73). Thus, the current study takes into account the ongoing
anti-B. burgdorferi antibody response that is expected to be stron-
ger than that found after infection resolution (58).

The data presented here suggest that VISE is also a specific
target of the host antibody response during superinfection. Unlike
wtB31-kan', the AvIsE clone exhibited the capacity to establish
spirochetemia in immunocompetent C3H mice persistently in-
fected with 297. Thus, the ability of the AvIsE clone to establish
spirochetemia in an infected immunocompetent host indicates
that the antibody response against primary-infecting B. burgdor-
feri is directed mainly to VISE, with antibodies against non-VIsE
antigens potentially generated at subdominant levels. Despite the
absence of spirochetes in blood, superinfecting wtB31-kan" B.
burgdorferi was detectable from other tissue sites, indicating an
ability of heterologous wild-type B. burgdorferi to disseminate and
colonize occupied niches of the infected murine host. Given that
spirochetes presumably are required to enter the bloodstream in
order to travel to distal tissue sites, this result suggests that super-
infecting wtB31-kan" is not completely prevented from transiently
occupying blood. Rather, the titer of blood-residing spirochetes
might simply be maintained at undetectable levels. Thus, during
interstrain superinfection, host anti-B. burgdorferi antibodies
seem to be responsible for primarily targeting B. burgdorferi that
specifically expresses variable VISE, inevitably selecting for spiro-
chetes with novel VISE variants that lead to persistent superinfec-
tion.

The absence of culture-detectable wtB31-kan" in blood from
297-infected C3H mice, as opposed to mutant AvIsE-induced spi-
rochetemia, also suggests that any anti-297 VIsE antibodies are
cross-reactive with B31 VIsE. Cross-reactivity of anti-VIsE anti-
bodies has been noted for human sera from patients infected with
different B. burgdorferi species (74). However, a recent study (75)
showed that immune sera from Peromyscus leucopus infected with
various B. burgdorferi strains contained no cross-reactive anti-
VISE antibodies compared to the more broadly cross-reactive im-
munoglobulins observed in laboratory mice and other animals
(71,76, 77), suggesting that the repertoire of anti-VIsE antibodies
is more limited during infection of the natural reservoir host. Ad-
ditionally, repertoire differences can result from diversity among
the vIs silent cassette sequences of heterologous B. burgdorferi
strains due to the recently reported evolvability of the B. burgdor-
feri vls system (78). Experiments utilizing Peromyscus mice chal-
lenged by tick-derived secondary B. burgdorferi clones are ongoing
to address whether the limited anti-VIsE repertoire affects the out-
come of host superinfection.

Innate immunity as a selective driving force for B. burgdor-
feri heterogeneity. In nature, B. burgdorferi is propagated in a life
cycle that involves an arthropod vector and mammalian reservoir
host (6, 11, 12). The capacity to superinfect may provide heterol-
ogous B. burgdorferi with an advantage for being maintained in the
enzootic cycle, especially in ecological situations when naive Pero-
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FIG 2 Innate immunity as a driving force for B. burgdorferi heterogeneity
during superinfection. (A) Innate immunity of a persistently infected mouse
host (represented by the “T” end of the line) blocks secondary-infecting spi-
rochetes that are homologous to initial-infecting B. burgdorferi. (B) Immune
pressure mediated by the host innate response acts as a driving force for selec-
tion of heterologous B. burgdorferi. (C) In turn, only heterologous B. burgdor-
feri has the capacity to overcome this innate barrier (represented by the arrow
end of the line) and establish superinfection. (D and E) Initially, VIsE is not
involved in this selection process. However, variable VISE is required for the
evasion of a host-acquired immune response that leads to persistent B. burg-
dorferi superinfection. The established persistence of secondary-infecting B.
burgdorferi in the reservoir host increases the likelihood of transmitting a se-
lected B. burgdorferi heterogeneity to seasonally available questing ticks.

myscus mice populations are of limited availability. The data pre-
sented here suggest that murine innate immunity is a barrier to
superinfection by homologous, but not heterologous, B. burgdor-
feri. The host innate system, specifically complement, has been
shown to be able to affect the outcome of infection by different B.
burgdorferi strains (13, 38, 40, 79). Thus, it is plausible that during
superinfection, innate immunity in a reservoir host could act as a
selective driving force for B. burgdorferi heterogeneity.

The simplified schematic shown in Fig. 2 illustrates this selec-
tion process. In this model, the innate immune response of a per-
sistently infected mouse impedes secondary infection by spiro-
chetes that are homologous to primary-infecting B. burgdorferi. In
contrast, heterogeneous B. burgdorferi has the capacity to over-
come this innate barrier, as demonstrated by findings from the
present and previous work (17, 19), and eventually establish su-
perinfection. While the data presented here demonstrate that both
wild-type B31 and the AvIsE clone have the capacity to superinfect
297-infected C3H mice, only the wild-type clone is able to persist.
In nature, this is likely facilitated through the limited vIsE reper-
toire of different B. burgdorferi strains that has been shown to lead
to non-cross-reactive anti-VIsE antibodies during infection of
Peromyscus mice (75). Thus, once superinfection has been initially
established, VISE variation is required for superinfecting B. burg-
dorferi to maintain persistence. Ultimately, only genetically diver-
sified B. burgdorferi strains that have the capacity to overcome
both innate and acquired immune responses will be the most
likely candidates for the continuation of the B. burgdorferi life
cycle.

Superinfection as a driver for genomic diversification has been
proposed for another antigenically variant pathogen, Anaplasma
marginale (80, 81). Strain superinfection by A. marginale is shown
to be associated with a substantial increase in variant diversity of
major surface protein 2 (MSP2) (81). A unique MSP2 allelic rep-
ertoire of A. marginale has been shown to predetermine the suc-
cess of superinfection (56, 80, 81). However, in contrast to anti-
body-mediated selection for A. marginale, the primary driving
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force for B. burgdorferi heterogeneity during superinfection seems
to be host innate immunity. In either case, superinfection could be
an important selective process for diversification of bacterial
pathogens, during which multiple bacterial strains with different
degrees of fitness might be retained (56). This selective pressure
may also partially explain the high levels of recombinational rear-
rangements exhibited by Lyme Borrelia that has led to the de-
scribed flux state of the B. burgdorferi genome (82-84).

In conclusion, the present study demonstrates for the first time
that spirochete heterogeneity is required for the ability of B. burg-
dorferi to superinfect a host. Moreover, extensive use of various
murine models and B. burgdorferi mutants indicates that some
component(s) of the murine innate system is partially account-
able for preventing superinfection and suggests a role for innate
immunity as a driving force for genomic diversification of B. burg-
dorferi. Although the relevance of superinfection to the life cycle of
the Lyme pathogen is not yet known, future studies of the mech-
anism behind the immune barriers to secondary infection will
allow for a better understanding of immune evasion by Borrelia
species and may provide insight into the importance of superin-
fection for the evolution of this important pathogen in nature.
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