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Live Attenuated Borrelia burgdorferi Targeted Mutants in an
Infectious Strain Background Protect Mice from Challenge Infection
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L

yme disease (LD) is the most common vector-borne disease in
North America. In addition to Borrelia burgdorferi, the major
LD agent in North America, B. garinii and B. afzelii are agents of
LD in Europe and Asia. While antibiotic treatment is available and
effective in the majority of cases diagnosed early in infection, significant morbidity is associated with LD, in some cases, with
symptoms continuing beyond the standard antibiotic therapy regimens. In addition, the Centers for Disease Control and Prevention (CDC) recently investigated possible B. burgdorferi infection
as a trigger of sudden cardiac death in relatively young, active
people (1, 2). Recent estimates from the CDC also suggest that the
number of cases may be as much as 10-fold higher than the number actually reported (3), with current estimates of ⬃300,000
cases/year in the United States.
No vaccine against LD is currently available for use in humans.
A single dose of lyophilized whole-cell Borrelia produced limited
protection as a vaccine in hamsters (4, 5), and the authors suggested that further studies were warranted. In fact, whole-cell vaccines are currently available for veterinary use, but a less reactogenic multivalent subunit vaccine has more recently been
developed (6–8). Live attenuated flagellumless Borrelia cells in a
high-passage-number noninfectious background also elicited
protective immunity in mice for a limited duration (9). A vaccine
targeting outer surface protein A (OspA) (10, 11), an abundant
protein on the surface of the bacteria grown in the laboratory, was
available for human use from 1998 to 2002. Interestingly, the antiOspA antibodies killed B. burgdorferi while the bacteria were still
in the feeding tick, the primary site of OspA production in the life
cycle of the bacterium (12–14). This recombinant, lipidated OspA
vaccine was approximately 80% effective in large-scale human
trials in the United States and postmarket monitoring. The
genomics era revealed that different LD species and strains carry
different ospA alleles, so a multivalent vaccine would likely be
necessary for global applicability. While no evidence was ever obtained that raised concerns regarding safety, anti-OspA immune
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responses (cellular and humoral) are seen in patients with Lyme
arthritis, particularly treatment-resistant Lyme arthritis (15–19).
This led to concerns in some that the vaccine could potentially
induce arthritis, although the incidence of arthritis in prelicensure
trials and postlicensure monitoring was not different from that in
the general population (10, 11).
With the continued increase in cases, interest in a new vaccine
against LD has been renewed and recent reports include a variety
of approaches. A human trial with a multivalent anti-OspA vaccine was effective against multiple Borrelia strains (20). A chimeric
recombinant OspA vaccine candidate showed broad protection in
a mouse trial (21). Other vaccination approaches have targeted
reservoir animals (22–27).
An ideal vaccine candidate would be a protein highly conserved among LD Borrelia species in order to be broadly applicable
to protection against LD caused by different strains and across a
wide geographic area. To address this need, we have taken a different approach, the use of live attenuated vaccines generated in
an infectious strain background, which allows us to evaluate antigens identified on the basis of recognition by a protective immune
response. This includes antigenic elements encoded on genome
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Borrelia burgdorferi, B. garinii, and B. afzelii are all agents of Lyme disease in different geographic locations. If left untreated,
Lyme disease can cause significant and long-term morbidity, which may continue after appropriate antibiotic therapy has been
administered and live bacteria are no longer detectable. The increasing incidence and geographic spread of Lyme disease are renewing interest in the vaccination of at-risk populations. We took the approach of vaccinating mice with two targeted mutant
strains of B. burgdorferi that, unlike the parental strain, are avirulent in mice. Mice vaccinated with both strains were protected
against a challenge with the parental strain and a heterologous B. burgdorferi strain by either needle inoculation or tick bite. In
ticks, the homologous strain was eliminated but the heterologous strain was not, suggesting that the vaccines generated a response to antigens that are produced by the bacteria both early in mammalian infection and in the tick. Partial protection
against B. garinii infection was also conferred. Protection was antibody mediated, and reactivity to a variety of proteins was observed. These experiments suggest that live attenuated B. burgdorferi strains may be informative regarding the identification of
protective antigens produced by the bacteria and recognized by the mouse immune system in vivo. Further work may illuminate
new candidates that are effective and safe for the development of Lyme disease vaccines.

Hahn et al.

TABLE 1 Borrelia strains used in this study
Strain

Description

Antibiotic resistance

Reference

B. burgdorferi B31-A3
B. burgdorferi B31-A3 ⌬p66 mutant
B. burgdorferi B31-A3 p66cp
B. burgdorferi N40 D10/E9
B. garinii PBr

Wild-type, infectious clone of North American tick isolate B31, missing cp9
Deletion of p66 in B31-A3; noninfectious
Complement of ⌬p66 on shuttle vector pBSV2G; overproduces P66, noninfectious
Wild-type, infectious clone of North American tick isolate N40
Wild-type, infectious human CSF isolate from Germany

None
Kanamycin
Kanamycin, gentamicin
None
None

49
31
31
50
37

MATERIALS AND METHODS
Mice. Three-week-old female C3H/HeN mice were obtained from
Charles River Laboratories, Wilmington, MA, and housed in the Medical
College of Wisconsin biosafety level 2 animal facility. The mice were fed
and watered ad libitum. All of the procedures used were reviewed and
approved by the Institutional Animal Care and Use Committee of the
Medical College of Wisconsin.
Bacteria. The bacterial strains used in this study are described in Table
1. Bacteria from frozen stocks were cultured at 33°C in Barbour-StoennerKelly (BSK) II medium (32) with selective antibiotics as indicated. Antibiotics were used at concentrations of 40 g/ml for gentamicin and 200
g/ml for kanamycin. When a cell density of 1 ⫻ 107 to 5 ⫻ 107 cells/ml
was reached, analysis to confirm genomic plasmid presence was performed for B31-A3 and mutants in this background by using multiplex
PCR essentially as previously described (33). Plasmid profiling protocols
have not been established for strain N40 D10/E9 or PBr, so these analyses
were not performed.
Immunizations of mice. Cultured ⌬p66 or p66cp organisms with the
full complement of plasmids present in the parental strain were washed in
phosphate-buffered saline (PBS) plus 0.2% normal mouse serum (NMS),
counted by dark-field microscopy, and diluted to 1 ⫻ 106 cells/ml. C3H/
HeN mice were inoculated subcutaneously between the scapulae with 1 ⫻
105 bacteria delivered in a 0.1-ml volume. Immunization groups consisted of mice inoculated with ⌬p66 organisms, p66cp organisms, and
PBS-NMS (control). Immunizations were given at 2-week intervals, with
a total of two, three, or four immunizations delivered.
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Challenge infections of mice. One week to 6 months after the final
immunization, mice were challenged subcutaneously with 1 ⫻ 105 infectious B. burgdorferi cells (for B31-A3, confirmed to contain the full complement of genomic plasmids) delivered in a 0.1-ml volume. Mice were
euthanized 2 to 4 weeks after the challenge infection. Tissue samples of
mouse bladder, heart, tibiotarsal joint, skin at the site of inoculation, and
ear were placed in BSK medium supplemented with 50 g/ml rifampin,
20 g/ml phosphomycin, and 2.5 g/ml amphotericin B for culture analysis of infection. Cultures were incubated at 33°C and checked weekly for
8 weeks for the presence of live borreliae via dark-field microscopy. A
mouse was considered infected when at least one culture was positive.
Ticks. Ixodes scapularis ticks were obtained as egg masses from the
Oklahoma State University Tick Rearing Facility, Stillwater, OK. Ticks
were housed over saturated KNO3 at ambient temperature. Cohorts of
larval ticks were allowed to feed on mice that had been infected via subcutaneous inoculation with B. burgdorferi strain B31-A3 or N40 D10/E9
(Table 1). After repletion, the ticks were collected, housed as described
above, and allowed to molt. Emerged nymphs were sampled for evidence
of B. burgdorferi infection by culture as previously described (34). The
infectivity rate of the B31-A3-infected ticks was 20%; that of the N40infected cohort was 30%.
Tick challenge infections of mice. Four weeks after the final immunization, infected nymphal ticks were placed on immunized mice by using
techniques adapted to our work as previously described (31). Briefly, mice
were anesthetized and shaved between the scapulae and a plastic tick
chamber was affixed to each mouse with rosin-beeswax. After the placement of five ticks into each chamber, the chambers were sealed with Parafilm, which was punctured with a 27-gauge needle for air exchange, and
the ticks were allowed to feed to repletion. Replete ticks were collected for
infection analysis via culture as described above. Cultures were incubated
at 33°C and checked weekly for 8 weeks via dark-field microscopy for the
presence of live borreliae. The mice were euthanized 2 weeks after the last
tick dropped off, and tissue samples were collected, placed in culture
medium, and assessed for the presence of B. burgdorferi as described
above. Mice were considered infected when at least one culture was positive.
Passive immunization of mice. Naive mice were intraperitoneally inoculated with 0.1 ml of pooled serum from mice immunized four times
with ⌬p66 organisms, p66cp organisms, or PBS-NMS (control) and harvested 4 weeks after the last immunization. One day later, mice were
challenged subcutaneously with 1 ⫻ 105 infectious B. burgdorferi B31-A3
cells. One day after the challenge, 0.1 ml of the pooled immune serum was
given to the mice. Mice were euthanized 14 days after the challenge, and
organs were harvested. Tissues were cultured as previously described to
assess the presence of live borreliae.
Immunoglobulin blot assay. A line blot IgG assay (Gold Standard
Diagnostics, Davis, CA) was used to assay B. burgdorferi B31 IgG antigens
recognized by sera from mice immunized four times but not challenged
(prechallenge). While this assay is used commercially for human serum
analysis, we modified it as a screening technique to identify antigens recognized by immunized mice by using the secondary antibody conjugate
directed against mouse IgG. Sera from mice immunized and then infected
via B31-A3-infected ticks were also tested (postchallenge). The assay was
performed under standard conditions essentially in accordance with the
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segments (plasmids) that are frequently lost during in vitro propagation. In this work, we focused on mutations affecting P66, a
Borrelia outer membrane protein with integrin binding function
(28, 29). Native P66 purified from B. burgdorferi had previously
been shown to raise a protective immune response in animals
(30), but a recombinant version of the protein did not. A B. burgdorferi mutant lacking P66 (⌬p66 deletion mutant) was cleared
from the inoculation site within 48 h and had a 50% infective dose
(ID50) of ⬎109 bacteria (31). While complementation by restoration of p66 to the chromosome restored infectivity, complementation by introducing a shuttle plasmid containing p66 did not.
The plasmid-complemented (p66cp) strain overproduced P66 and
was avirulent in mice, with an ID50 of ⬎109 bacteria (31).
In this study, we tested both the ⌬p66 and p66cp strains as live
attenuated vaccine candidates in a mouse model. Our results indicated that vaccinated mice were protected from a challenge with
the parental strain or a different B. burgdorferi strain by either
needle inoculation or tick bite. Partial immunity to B. garinii was
generated. Vaccination of mice resulted in elimination of the homologous but not the heterologous strain from the ticks after
feeding. Protection was also conferred by passive transfer of sera
from immunized mice to naive mice. Thus, the ⌬p66 and p66cp
strains appear to generate broadly protective, antibody-mediated
immunity in mice, warranting further investigation in the pursuit
of an LD vaccine.

p66 Mutant B. burgdorferi as Live Attenuated Vaccines

TABLE 2 Number of immunizations required to protect mice against
syringe inoculation with B. burgdorferia
Challenge
strain

No. of tissue
samples culture
positive/total

No. of mice
protected/
total

PBS-NMS
2
⌬p66 bacteria 2
p66cp bacteria 2

B31-A3
B31-A3
B31-A3

22/25
8/25b
9/25b

PBS-NMS
3
⌬p66 bacteria 3
p66cp bacteria 3

B31-A3
B31-A3
B31-A3

PBS-NMS
4
⌬p66 bacteria 4
p66cp bacteria 4

B31-A3
B31-A3
B31-A3

Immunogen

No. of
immunizations

TABLE 3 Time after final immunization required to confer protection
on mice challenged by syringe inoculationa

Immunogen

Time (wk) between
last immunization
and challenge

No. of tissue
samples
positive/total

No. of mice
protected/total

0/5
2/5c
1/5c

PBS-NMS
⌬p66 bacteria
p66cp bacteria

1
1
1

19/25
0/25c
2/25c

1/5b
5/5d
4/5e

24/25
0/25b
1/25b

0/5
5/5d
4/5e

PBS-NMS
⌬p66 bacteria
p66cp bacteria

26
26
26

18/25
3/25c
0/25c

0/5
2/5f
5/5d

24/25
0/25b
0/25b

0/5
5/5d
5/5d

All mice received four immunizations and were challenged with 1 ⫻ 105 B. burgdorferi
B31-A3 bacteria via subcutaneous injection. Mice were euthanized 2 weeks after the
bacterial challenge. In the ⌬p66-immunized group challenged 26 weeks later, three ear
tissue samples were culture positive. No other tissue samples from the immunized mice
were culture positive. In each group, ⌬p66- or p66cp-immunized mice were compared
to the PBS-NMS-treated controls with Fisher’s exact test in GraphPad Prism.
b
One mouse in the group was not infected.
c
P ⬍ 0.0001.
d
P ⬍ 0.01.
e
P ⬍ 0.05.
f
No statistically significant difference.
a

manufacturer’s protocol. Nitrocellulose strips were supplied with 10 antigenic proteins affixed (molecular masses of 18, 23 [OspC], 30, 31
[OspA], 39 [BmpA], 41 [Fla], 45, 58 [OppA-2], 66, and 93 kDa); strips
were placed in individual reservoir channels. Serum from each mouse was
diluted 1:100, added to a strip, and incubated for 30 min, after which the
strips were washed three times. A conjugate was added that consisted of
anti-human antibody as supplied in the kit for the control strips and
anti-mouse IgG-alkaline phosphatase for the mouse sera. After incubation and washing, substrate was added to visualize proteins that reacted
with the test sera. Bands equal to or greater in intensity than the cutoff
control were considered positive.
Statistics. Statistical analyses were performed with Fisher’s exact test
in GraphPad Prism. In each group, mice immunized with ⌬p66 or p66cp
bacteria were compared to the PBS-NMS-treated controls. Because the
number of tissue samples per group is five times the number of mice per
group in some analyses, the P values in the tissue analyses differ from those
in the whole-mouse analyses.

RESULTS

Initial experiments were performed to determine the minimal
number of immunizations with the ⌬p66 or p66cp avirulent B.
burgdorferi strains required to fully protect mice from a challenge
4 weeks later with wild-type, infectious, B. burgdorferi strain B31A3. The data presented in Table 2 demonstrate that two immunizations with either ⌬p66 or p66cp bacteria were insufficient to
protect mice from a B. burgdorferi challenge. When three immunizations with ⌬p66 bacteria were administered, complete immunity was observed (5/5 mice protected), while partial protection
was noted when p66cp bacteria were used (4/5 mice protected).
Four immunizations with either ⌬p66 or p66cp bacteria conferred
complete immunity to a B. burgdorferi challenge (5/5 mice in both
groups were protected).
We then tested the amount of time required to generate fully
protective immunity, and the duration of that immunity, by challenging immunized mice at only 1 week or at 26 weeks after the
completion of four immunizations. As shown in Table 3, when
mice were challenged 1 week after their final immunization, com-
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plete protection was seen with ⌬p66 bacteria (5/5 mice protected),
while p66cp bacteria provided partial protection (4/5 mice protected), although our results described above showed complete
protection when both groups were challenged at 4 weeks postimmunization. However, at 26 weeks, full protection was conferred
by immunization with p66cp bacteria (5/5 mice protected) but not
by immunization with ⌬p66 bacteria (only 2/5 mice protected).
One critical way to determine the efficacy of any vaccine
against organisms as diverse as the LD agents is to evaluate crossprotection conferred against other strains and even species of LD
borreliae. B31-A3, a clone derived from northeastern U.S. tick
isolate B31, has been classified as OspC type A and ribosomal
spacer type (RST) 1 (35). Since OspC is produced by the bacteria
as they are making the transition from tick to mammal (13), it is a
major antigen seen by the host immune system early in infection.
We therefore tested the effectiveness of immunization with our
live attenuated strains against infection by B. burgdorferi strain
N40 clone D10/E9, which differs from widely used clone “cN40”
(36). N40 D10/E9 is OspC type M and RST 3B (35). We also tested
a challenge with a B. garinii strain, PBr, a human cerebrospinal
fluid (CSF) isolate from Germany (37). As shown by the results in
Table 4, immunization with ⌬p66 or p66cp bacteria conferred
complete protection against a challenge with strain N40 D10/E9
(even though the interval between the last boost and the challenge
was only 1 week), and immunization with ⌬p66 bacteria protected
against dissemination from the inoculation site after a challenge
with B. garinii strain PBr. Since B. garinii is maintained primarily
in avian reservoirs in nature and is not associated with the development of arthritis in humans, it is not necessarily surprising that
not all mouse tissues were culture positive in the control mice
mock immunized with PBS-NMS. Although the protection
against PBr infection afforded by immunization with ⌬p66 bacteria was not complete, it should be noted that the only site that was
culture positive in the animals that were infected was the inoculation site. For the group immunized with p66cp bacteria, only the
inoculation sites and ears were culture positive, so dissemination
was limited. These results suggest that further experiments with
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a
All mice were challenged 4 weeks after the last boost with 1 ⫻ 105 B. burgdorferi B31A3 bacteria via subcutaneous injection. Mice were euthanized 2 weeks after the bacterial
challenge. In each group, ⌬p66- or p66cp-immunized mice were compared to the PBSNMS-treated controls with Fisher’s exact test in GraphPad Prism. No statistical
information is provided for the PBS-NMS group compared to itself.
b
P ⬍ 0.0001.
c
No statistically significant difference.
d
P ⬍ 0.01.
e
P ⬍ 0.05.

Hahn et al.

TABLE 4 Protection against different strains of LD borreliae inoculated via syringea
No. of tissue cultures positive/total
Immunogen

Challenge strain

Bladder

Heart

Tibio

Skin

Ear

No. of mice
protected/total

PBS-NMS
⌬p66 bacteria
p66cp bacteria

B. burgdorferi N40 D10/E9
B. burgdorferi N40 D10/E9
B. burgdorferi N40 D10/E9

5/5
0/5b
0/5b

5/5
0/5
0/5

5/5
0/5
0/5

5/5
0/5
0/5

5/5
0/5
0/5

0/5
5/5c
5/5c

PBS-NMS
⌬p66 bacteria
p66cp bacteria

B. garinii PBr
B. garinii PBr
B. garinii PBr

1/5
0/5
0/5

2/5
0/5
0/5

0/5
0/5
0/5

5/5
2/5
5/5

3/5
0/5
5/5

0/5
3/5d
0/5d

additional B. burgdorferi strains, as well as fully infectious B. garinii and B. afzelii, are warranted. In addition, our results suggest
that immunization with live attenuated B. burgdorferi cells may
generate responses directed against antigens that are highly, but
not completely, conserved between the two species.
A second critical parameter by which to evaluate the efficacy of
any vaccine against LD is protection against infection via tick bite,
as this is the biologically relevant route of infection. We therefore
challenged immunized mice with I. scapularis nymphs infected
with B. burgdorferi strains B31-A3 and N40 D10/E9. The infectivity rates of tick cohorts placed on immunized mice were 20% for
B31-A3-infected ticks and 30% for N40-infected ticks. The results
shown in Table 5 indicate that mice immunized with either ⌬p66
or p66cp bacteria were protected (5/5 and 5/5, respectively) when
challenged with ticks infected with either B. burgdorferi strain. It
should be noted that one PBS-immunized mouse was not infected
in the B31-A3-infected tick challenge group. Replete ticks recov-

TABLE 5 Protection against a B. burgdorferi challenge by infected tick
bitea

Immunogen

Challenge strain

No. of tissue
samples culture
positive/total

PBS-NMS
⌬p66 bacteria
p66cp bacteria

B. burgdorferi B31-A3
B. burgdorferi B31-A3
B. burgdorferi B31-A3

15/25
0/25c
0/25c

PBS-NMS
⌬p66 bacteria
p66cp bacteria
a

B. burgdorferi N40 D10/E9
B. burgdorferi N40 D10/E9
B. burgdorferi N40 D10/E9

18/25
0/25c
0/25c

No. of mice
protected/
total
0/4b
5/5d
5/5d
1/5
5/5e
5/5e

All mice were immunized four times and challenged with Borrelia-infected nymphal
ticks 4 weeks after the last immunization. Five ticks were placed on each mouse for the
challenge. Mice were euthanized 2 weeks after the tick challenge. In each group, ⌬p66or p66cp-immunized mice were compared to the PBS-NMS-treated controls with
Fisher’s exact test in GraphPad Prism.
b
One mouse was not infected in this group. This was probably due to the low
infectivity rate of the unfed ticks. Replete ticks recovered from one mouse in this group
did not show infection upon culture. Thus, we could not conclude that this mouse was
actually exposed to infectious organisms able to be transmitted via tick bite. We
therefore excluded this mouse from the denominator.
c
P ⬍ 0.0001.
d
P ⬍ 0.01.
e
P ⬍ 0.05.
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ered from this mouse did not show infection upon culture, and
thus, we could not conclude that the mouse had been exposed to
B. burgdorferi. This mouse was therefore excluded from the data
analysis.
The fed ticks were then evaluated for the presence of B. burgdorferi infection after repletion. The percentage of ticks infected
with B. burgdorferi after feeding on sham-immunized mice increased compared to that in the unfed cohort, possibly because of
tick-to-mouse skin-to-tick transmission within the confined feeding area (Table 6). The data in Table 6 show that B31-A3 infection
was cleared from 87.5% of the fed ticks that were immunized with
⌬p66 bacteria, while 100% of the fed ticks immunized with p66cp
bacteria were cleared of infection. In contrast, N40 infection was
not cleared from the ticks that fed on mice immunized with either
⌬p66 bacteria (8% cleared of infection) or p66cp bacteria (0%
cleared). Since the homologous but not the heterologous strain
was eliminated from ticks, immunity to multiple antigens may
play a role in the prevention of mammalian infection via tick bite.
To investigate the role of humoral immunity in protection
against a challenge in the mice immunized with ⌬p66 and p66cp
bacteria, we passively immunized naive mice with pooled sera
from mice that had been immunized four times but not chal-

TABLE 6 Clearance of B. burgdorferi from infected ticks fed on
immunized micea
Immunogen

Challenge strain

No. of ticks
positive/total (%)

PBS-NMS
⌬p66 bacteria
p66cp bacteria

B. burgdorferi B31-A3
B. burgdorferi B31-A3
B. burgdorferi B31-A3

6/9 (67)
1/8 (12.5)b
0/8 (0)c

PBS-NMS
⌬p66 bacteria
p66cp bacteria

B. burgdorferi N40 D10/E9
B. burgdorferi N40 D10/E9
B. burgdorferi N40 D10/E9

8/8 (100)
12/13 (92)d
4/4 (100)d

a
All mice were immunized four times and challenged with infected ticks 4 weeks after
the last immunization. Five ticks were placed on each mouse for challenge. Replete ticks
were collected and cultured to assess for the presence of Borrelia. In each group, ⌬p66or p66cp-immunized mice were compared to the PBS-NMS-treated controls with
Fisher’s exact test in GraphPad Prism.
b
P ⬍ 0.05.
c
P ⬍ 0.01.
d
No statistically significant difference.
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a
All mice were immunized four times at 2-week intervals. Mice were challenged with 1 ⫻ 105 N40 D10/E9 bacteria only 1 week after the last immunization and euthanized 4 weeks
after the challenge. Those challenged with PBr (1 ⫻ 105 bacteria) were challenged at 4 weeks after the last immunization and euthanized 2 weeks after the challenge. Tibio refers to
tibiotarsal joint, skin refers to the area of skin between the shoulder blades at which the mice were injected with bacteria, and ear refers to a sample of the margin of the ear distal to
the head. In each group, ⌬p66- or p66cp-immunized mice were compared to the PBS-NMS-treated controls with Fisher’s exact test in GraphPad Prism.
b
P ⬍ 0.0001.
c
P ⬍ 0.01.
d
No statistically significant difference.

p66 Mutant B. burgdorferi as Live Attenuated Vaccines

TABLE 7 Protection of mice from infection by syringe-inoculated B.
burgdorferi B31-A3 by passive immunizationa

TABLE 8 B. burgdorferi antigens recognized by immunized mouse
seruma

Serum from mice immunized with:

No. of mice protected/total

No. of samples positive/total

PBS
⌬p66 bacteria
p66cp bacteria

1/5b
5/5c
5/5c

Prechallenge

a

Naive mice received 0.1 ml of serum from immunized mice intraperitoneally on day
⫺1, were subcutaneously challenged with 1 ⫻ 105 B. burgdorferi B31-A3 bacteria on day
0, and were reimmunized on day 2. Mice were harvested on day 14, and organs were
cultured to check infectivity. Mice passively immunized with ⌬p66 or p66cp bacteria
were compared to the PBS-immunized controls with Fisher’s exact test in GraphPad
Prism.
b
One mouse was not infected in this group.
c
P ⬍ 0.01.

DISCUSSION

The public health concern of increasing geographic distribution
and case rates of LD has been expanding since the disease was
identified. Vaccination could help reduce the morbidity and economic burden of LD, but no vaccines are currently available for
human use. The OspA vaccine was demonstrated to be safe, but it
was withdrawn from the market only a few years after introduction, as acceptance by the public was low because of a number of
factors (38–41). Several candidate vaccines investigated more re-
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18
23
30
31
39
41
45
58
66
93
All bands
No. of mice seropositive/
totald

PBS

⌬p66

p66cp

PBS

⌬p66

p66cp

0/4
0/4
0/4
0/4
0/4
0/4
0/4
0/4
0/4
0/4
0/40
0/4

0/5
1/5
5/5
2/5
2/5
4/5
1/5
0/5
1/5
0/5
16/50b
1/5e

0/5
0/5
5/5
5/5
0/5
5/5
3/5
0/5
3/5
0/5
21/50b
3/5e

2/5
3/5
3/5
0/5
2/5
2/5
0/5
1/5
0/5
0/5
13/50
2/5

0/5
1/5
5/5
4/5
3/5
5/5
4/5
0/5
4/5
0/5
26/50c
4/5e

0/5
3/5
5/5
3/5
2/5
5/5
3/5
0/5
3/5
0/5
24/50c
3/5e

a
Prechallenge mice were immunized four times at 2-week intervals. Two weeks after
the last immunization, serum samples were collected. Postchallenge mice were
immunized four times and then challenged 4 weeks after the last immunization with
B31-A3-infected ticks. Serum samples were collected 2 weeks after the challenge. Serum
samples were used in a Gold Standard Diagnostics IgG line blot assay to detect B.
burgdorferi proteins. Band intensity equal or greater than the cutoff control intensity
was interpreted as positive.
b
P ⬍ 0.0001.
c
P ⬍ 0.05.
d
A sample was considered B. burgdorferi IgG seropositive if five or more bands were
present. The molecular masses of the test proteins used were 18, 23 (OspC), 30, 31
(OspA), 39 (BmpA), 41 (Fla), 45, 58 (OppA-2), 66, and 93 kDa. The number of bands
to which each serum sample reacted and the seropositivity (defined as five or more
bands reactive) of ⌬p66- or p66cp-immunized mice were compared to those of PBS
controls with Fisher’s exact test in GraphPad Prism.
e
No statistically significant difference.

cently have targeted proteins produced in abundant amounts by
B. burgdorferi grown in the laboratory and some that are exposed
on the bacterial surface, although only some of these proteins have
also been assigned activities or functions in vitro and/or in vivo (6,
8, 42–48). An immune response that blocks the function of a protein may prove more efficacious in preventing disease than a response that does not interfere with function. Unfortunately, few
have generated long-lasting immunity or a response that is protective against the bacteria introduced by a tick bite, although
others remain promising candidates. Several investigators have
built on the success of the OspA vaccine and designed new-generation candidates that are multivalent or reservoir targeted (20, 22,
23, 25, 26).
We reasoned that noninfectious B. burgdorferi mutants in an
infectious strain background might serve as live attenuated vaccines for several reasons. First, the strains, aside from the targeted
mutation in the p66 gene (bb0603), encode antigens that might be
recognized by the immune system in a biologically relevant context, i.e., in the native conformation. This is often difficult to
achieve for proteins in recombinant form. Second, the two strains
used in this study can be cultured from the site of inoculation for
24 h, and occasionally for as long as 48 h, postinoculation (31).
This time window may provide the opportunity for the bacteria to
adjust gene expression to that of the mammalian environment as
opposed to laboratory culture, and repeated immunization likely
boosts the protective response to at least some of these in vivo-
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lenged. Results shown in Table 7 indicate that the immune response generated was antibody mediated for mice immunized
with ⌬p66 (5/5) or p66cp bacteria (5/5). While these results do not
rule out a role for cellular immunity, they do demonstrate the
importance of humoral immunity in protection.
To further analyze the humoral response, we probed commercially available strips arrayed with 10 B. burgdorferi antigens with
sera from immunized mice. As shown in Table 8, sera from mice
immunized with ⌬p66 bacteria recognized bands at 23 kDa (1/5),
30 kDa (5/5), 31 kDa (2/5), 39 kDa (2/5), 41 kDa (4/5), 45 kDa
(1/5), and 66 kDa (1/5). The reactivity to P66 may be due to the
production of a fragment of the amino-terminal end of P66 in the
⌬p66 mutant strain (29, 31). Sera from mice immunized with
p66cp bacteria produced bands at 30 kDa (5/5), 31 kDa (5/5), 41
kDa (5/5), 45 kDa (3/5), and 66 kDa (3/5). PBS-immunized
mouse sera produced no visible bands in any of the four mice
tested. After a challenge with live borreliae, sera from mice treated
with PBS recognized antigens at 18 kDa (2/5), 23 kDa (3/5), 30
kDa (3/5), 39 kDa (2/5), 41 kDa (2/5), and 58 kDa (1/5). Sera from
mice immunized with ⌬p66 bacteria and challenged with B31-A3infected ticks reacted with bands at 23 kDa (1/5), 30 kDa (5/5), 31
kDa (4/5), 39 kDa (3/5), 41 kDa (5/5), 45 kDa (4/5), and 66 kDa
(4/5). Sera from mice immunized with p66cp bacteria and challenged with B31-A3-infected ticks recognized bands at 23 kDa
(3/5), 30 kDa (5/5), 31 kDa (3/5), 39 kDa (2/5), 41 kDa (5/5), 45
kDa (3/5), and 66 kDa (3/5). While antigenic reactivity varied
greatly, all of the mice immunized with either bacterial strain
showed reactivity with a 30-kDa protein. After a challenge, a range
of reactivity was also seen. With the exception of the one mouse
that was not infected (as assessed by culture), tick-challenged,
PBS-treated mice showed reactivity to at least one B. burgdorferi
protein on this commercial test strip. We did not assess reactivity
to B. burgdorferi lysates generated after in vitro culture, as the
organism is known to produce different proteins in the mammalian versus tick versus laboratory environments.

Band size (kDa) or
parameter

Postchallenge with
B31-A3-infected tick
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produced antigens. Third, it is possible that this approach will
identify several antigens that, in combination, confer protective
immunity, while each individual antigen does not.
Both of the live attenuated vaccine strains tested here did confer protective immunity in mice. Although four immunizations
were required to generate a fully protective immune response,
immunity was protective against not only the parental strain,
B31-A3 (OspC type A and RST 1), but also against B. burgdorferi
strain N40 clone D10/E9 (OspC type M and RST 3B) (35). This
was true for both subcutaneous injection of laboratory-grown
bacteria and inoculation by tick bite. Interestingly, the ⌬p66 mutant strain appeared to generate a somewhat more protective response than did the p66cp strain early after immunization was
completed, but the protective response to the p66cp strain appeared superior in terms of duration of protection between immunization and a challenge.
Although several live attenuated vaccines are in current use in
humans, subunit vaccines are generally considered less risky, particularly for immunocompromised individuals. It will therefore
be of great interest in future work to determine whether there is a
difference between the ⌬p66- and p66cp-vaccinated groups of animals in terms of antigens recognized, whether T and/or B cell
responses are involved, and whether the nature of the responses
(e.g., IgG subtypes) differs between the groups. While much work
remains to be done to address these issues, the strategy used here,
i.e., allowing the bacteria and the mice to collaborate in informing
us of the nature of the protective antigens and responses, should
facilitate the future development of a safe and effective vaccine
against infection by LD spirochetes.
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