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The effectiveness of antibiotic treatment was examined in a mouse model of Lyme borreliosis. Mice were
treated with ceftriaxone or saline solution for 1 month, commencing during the early (3 weeks) or chronic (4
months) stages of infection with Borrelia burgdorferi. Tissues from mice were tested for infection by culture,
PCR, xenodiagnosis, and transplantation of allografts at 1 and 3 months after completion of treatment. In
addition, tissues were examined for the presence of spirochetes by immunohistochemistry. In contrast to saline
solution-treated mice, mice treated with antibiotic were consistently culture negative, but tissues from some of
the mice remained PCR positive, and spirochetes could be visualized in collagen-rich tissues. Furthermore,
when some of the antibiotic-treated mice were fed on by Ixodes scapularis ticks (xenodiagnosis), spirochetes
were acquired by the ticks, as determined based upon PCR results, and ticks from those cohorts transmitted
spirochetes to naive SCID mice, which became PCR positive but culture negative. Results indicated that
following antibiotic treatment, mice remained infected with nondividing but infectious spirochetes, particularly

when antibiotic treatment was commenced during the chronic stage of infection.

Lyme borreliosis is a multisystem disorder that arises from
tick-transmitted infection with Borrelia burgdorferi. When in-
fection is left untreated, B. burgdorferi can effectively evade
host immune clearance, resulting in persistent infection that
may or may not be manifested as clinical disease. Experimental
studies of a wide variety of laboratory animals (mice [5], rats
[35], hamsters [20], gerbils [44], dogs [62], and nonhuman
primates [51]) indicate that persistent infection is the norm in
fully immunocompetent hosts. There is some direct (culture)
and indirect (DNA amplification) evidence for persistence
in human cases as well (10, 17, 21, 23, 25, 38, 41, 45, 46, 47, 52,
56, 58).

The laboratory mouse is employed in extensively utilized
models for Lyme borreliosis research. Mice develop many of
the common manifestations of Lyme disease in humans, in-
cluding arthritis, synovitis, carditis, myositis, and peripheral
neuritis, but not the central nervous system disease or chronic
unremitting arthritis that may occur in some human patients.
In addition, the murine immune response to infection closely
parallels that of humans (4). Studies of mice have revealed that
spirochete numbers in tissues are highest during the early stage
of infection and decline with the evolution of the host immune
response (23). The evolution of host immunity results in global
reduction of spirochete numbers in many tissues but fails to
clear infection. In the persistent stage of infection, spirochetes
are sequestered within highly collagenous areas of vessel walls,
ligaments, and tendons. Spirochetes are also intercalated
within collagen of the dermis, where ticks can acquire infection
by feeding upon persistently infected mice (7). Evidence exists
for persistence of spirochetes after antibiotic therapy in dogs,
but the absence of clinical sequelae or culture positivity has
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raised questions about spirochete pathogenicity and viability
(60, 61). Likewise, persisting B. burgdorferi infections in the
ligamentous tissue (21), synovium (47), and skin (25, 45) of
human patients following treatment with antibiotics have been
documented.

In a study involving mice treated for 30 days with ceftriaxone
or doxycycline, persistent infection was documented by detec-
tion of low levels of spirochetal DNA in tissues for up to 9
months and by feeding ticks upon the mice and then testing the
ticks for spirochetes (xenodiagnosis). Infection could be de-
tected by xenodiagnosis for up to 3 months after antibiotic
treatment. Efforts to transmit infection to naive mice from the
infected ticks that fed on antibiotic-treated mice were not
successful. Examination of the spirochetal DNA within posi-
tive-testing ticks suggested that the spirochetes had possibly
lost genes or plasmids that were crucial for infectivity. It has
been suggested that persisting spirochetes are attenuated and
noninfectious (9). In another study using short-term ceftriax-
one or ampicillin treatment in mice, spirochetal DNA could be
detected in joint tissue but not in other tissues at 4 weeks after
antibiotic treatment, but viable spirochetes could not be cul-
tured (70). These results parallel those determined in studies
of dogs treated with azithromycin, doxycycline, or ceftriaxone
(61). The inability to culture spirochetes from DNA-positive
tissues or to transmit spirochetes from infected ticks that fed
on antibiotic-treated mice may be due to attenuation of spiro-
chetes by antibiotics, as has been suggested, or may be due to
the presence of a subpopulation of antibiotic-tolerant, nondi-
viding “persister” bacteria (37, 55).

The current study further investigated the issue of B. burg-
dorferi persistence following antibiotic therapy by examining
mice treated with ceftriaxone during the early stage of infec-
tion compared to mice treated during the late stage of infec-
tion. A recent study has shown that there are significant shifts
into or preferential survival of spirochetes in collagen during
chronic infection (7), which may facilitate immune evasion and
impact effectiveness of antibiotics.
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MATERIALS AND METHODS

Mice. Three- to 5-week-old female C3H/HeN (C3H) specific-pathogen-free
mice were purchased from the Frederick Cancer Research Center, Frederick,
MD, and C3H.C-Prkdc*““TerSmnHsd (C3H-scid, or SCID) mice were purchased
from Harlan Sprague-Dawley, Inc., Indianapolis, IN. Mice were maintained in an
isolation room within filter-top cages and were provided food and water ad
libitum. Immediately prior to B. burgdorferi inoculation of mice and every month
following inoculation, blood samples were obtained from their caudal veins. To
detect the presence of infectious spirochetes in tissues following antibiotic or
sham treatment, the distal ear pinnae were collected aseptically at necropsy and
then transplanted through a pocket watch incision into the subcutis of naive C3H
or C3H-scid mice, as described previously (3, 6). Mice were subjected to necropsy
following carbon dioxide narcosis and exsanguination by cardiocentesis. All ex-
periments were approved by the University of California at Davis (UCD) Insti-
tutional Animal Care and Use Committee. The University of California at Davis
is fully accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care International.

Borrelia burgdorferi. A low-passage-number clonal strain of B. burgdorferi N40
(cN40) sensu stricto was grown in modified Barbour-Stoenner-Kelly (BSKIT)
medium, as described previously (2). Mice were infected by subdermal inocula-
tion of 10* mid-log-phase spirochetes in 0.1 ml of BSKII medium on the dorsal
thoracic midline. The infection status of mice was assessed by culture of inocu-
lation site, urinary bladder, and quadriceps muscle tissue, as previously described
(5). Infection was also assessed by PCR amplification of B. burgdorferi target
genes in samples of ear, skin, heart base, ventricular muscle, tibiotarsal joint, and
quadriceps muscle tissue (see below). The sensitivity of BSKII medium for
detection of viable spirochetes was verified by serial 10-fold dilutions of a B.
burgdorferi N40 culture. Triplicate cultures were inoculated with 10%, 10%, 103,
102, 10", 10° and 10" dilutions of spirochetes and examined for growth at 5 and
12 days. Spirochete growth occurred at all dilutions through 10°, indicating the
high degree of sensitivity of spirochete growth in BSKIT medium.

Antibiotic. Mice were treated with 16 mg/kg ceftriaxone in a 500-ul total
volume of 0.9% normal saline solution administered intraperitoneally twice daily
for 5 days and then once daily for 25 days. Sham-treated mice received a similar
volume of saline solution. This dose has been previously shown to reach effective
serum concentrations in mice following subcutaneous injection (9, 34). Serum
ceftriaxone levels were evaluated in mice injected intraperitoneally with 16 mg/kg
ceftriaxone-500 pl of saline solution and bled at 0, 1, 2, 4, 8, 12, and 24 h after
treatment. Serum ceftriaxone levels were measured in triplicate 20-pl samples by
use of an agar-based Staphylococcus aureus (ATCC 25923) inhibition assay, as
described previously (34). Serum levels of ceftriaxone were 93 pwg/ml, 20 pg/ml,
and 2 pg/ml at 1, 2, and 4 h, respectively. No inhibition was detectable at 8 h or
thereafter. These serum levels of ceftriaxone exceeded those measured in pre-
vious studies of mice given 16 mg/kg ceftriaxone subcutaneously (9, 34) and of
dogs administered 25 mg/kg ceftriaxone intravenously (61).

The MIC and minimum bactericidal concentration (MBC) of ceftriaxone for
B. burgdorferi N40 were determined to be 0.015 pg/ml (MIC) and 0.06 pg/ml
(MBC), which are comparable to published MIC/MBC values of ceftriaxone for
B. burgdorferi B31 (37, 55). Spirochetes (1 X 10 cells) were inoculated into 5-ml
aliquots of liquid BSKII media prepared with serial 10-fold dilutions (100 pg/ml
to 0.001 pg/ml) of ceftriaxone. The MIC was defined as the lowest concentration
of ceftriaxone resulting in no visible growth of bacteria following incubation at
34°C for 3 days. Afterwards, 100 pl from each MIC culture was subcultured into
5 ml of BSKII media without antibiotics to determine the MBC, which was
defined as the lowest corresponding concentration of ceftriaxone from the MIC
cultures that demonstrated no visible growth following incubation at 34°C for 14
days. Tubes containing B. burgdorferi N40 without antibiotic and uninoculated
media served as controls.

Ticks. Ticks used in this study were members of a single population of larvae
derived from a colony of laboratory-reared pathogen-free Ixodes scapularis ticks
and were provided by Durland Fish of Yale University. Several days prior to
necropsy, each of the mice was infested with approximately 40 larval ticks, which
were allowed to feed to repletion. Engorged larvae were collected and allowed to
molt into nymphs and harden, and then randomly selected members of tick
cohorts from each mouse were tested for the presence of B. burgdorferi by PCR
(xenodiagnosis). Nymphal ticks from these cohorts were used for transmission
studies.

PCR analysis. Spirochetal DNA was assessed by real-time quantitative PCR
(Q-PCR), which was standardized and optimized for flagellin (flaB), outer sur-
face protein A (ospA), and arthritis-related protein (arp), as described previously
(23, 24). In addition, primers and an internal probe were developed for B.
burgdorferi N40 visE. The B. burgdorferi N40 visE sequence has not been pub-
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lished, and primers based upon the B31 sequence failed to amplify visE from N40
DNA (data not shown). Therefore, an N40-specific sequence was obtained from
an immunoreactive clone derived from screening an N40 genomic expression
library with immune serum from infected mice, as described previously (14). The
clone encoded a 318-bp fragment in which the first 100 bp shared 77% identity
with B31 visE IR6 (visE 880-980) in addition to sequences that shared similar-
ities of identity with 14 fragments within 18940-26270 on B31 linear plasmid 28-1
(Ip28-1), where vIsE cassettes are located (11). From this clone, we designed a
forward primer within the first 100-bp region (5'-TGATATGAAGAAGAAGG
ATAAGGTTGCT), a reverse primer that was downstream from this fragment
(3'-TGTTGGTAAGAAGGAGGATGTACTAAAA), and an internal probe
(GGATTGGCTAAAGATGGGAAGTTTTCGGTTACTAAT). The Q-PCR
assay was optimized and all samples were assayed with positive and negative
controls, as described previously (23, 24). DNA was extracted from tissues or
ticks by use of DNeasy kits (Qiagen, Valencia, CA) according to the manufac-
turer’s instructions for tissue or insects, respectively. Prior to DNA extraction,
tissue samples were weighed, snap-frozen in liquid nitrogen, pulverized, and
homogenized. Quantitative data were expressed as the number of DNA copies
per milligram of tissue or the number of DNA copies per tick.

Serology. Antibody titers against B. burgdorferi were assayed by enzyme linked
immunosorbent assay (ELISA), as described previously (15). Ninety-six-well
microtiter plates (Nunc ImmunoMax Maxi-Sorp, Wiesbaden, Germany) were
coated with 1 wg/ml B. burgdorferi cN40 lysate in carbonate buffer (pH 9.6) and
incubated overnight at 4°C. Coated plates were washed with phosphate-buffered
saline-Tween 20 and blocked for 1 h with 1% bovine serum albumin, and then
duplicate serial threefold dilutions of serum samples (starting at 1:100 dilution)
were added to each well. Plates were again incubated overnight, washed, and
then incubated for 2 h with alkaline phosphatase-conjugated rat anti-mouse
immunoglobulin (heavy and light chain) diluted 1:5,000. Alkaline phosphatase
substrate (Sigma, St. Louis, MO) (1 mg/ml) was then added to each well for color
development. Optical density was measured at a test wavelength of 405 nm with
an ELISA reader (Molecular Devices Corporation, Sunnyvale, CA). Each assay
included positive and negative controls. Cutoff points for each dilution were
established by testing absorbance of normal mouse serum samples, determining
means, and adding 3 standard deviations above the means.

Histology and immunohistochemistry. Formalin-fixed rear legs (demineral-
ized in acid) and hearts were paraffin embedded and sectioned at 5 pm. Sections
for histology were stained with hematoxylin and eosin. Legs were examined
microscopically for evidence of arthritis and synovitis involving the knee and
tibiotarsal joints as characterized by examination of infiltration of neutrophils,
synovial proliferation, and exudation of fibrin into joint or tendon sheath lumina
as well as neutrophil and macrophage infiltration of tissues at the base of the
heart (carditis), as described in studies of C3H and C3H-scid mice (1, 4, 5, 8).
Sections for immunohistochemical labeling of B. burgdorferi were processed
using rabbit immune serum diluted 1:1,000 and biotinylated goat anti-rabbit
immunoglobulin G (Vector Laboratories, Burlingame, CA), as described previ-
ously (7). Sections were randomly numbered and examined under blinded con-
ditions without knowledge of treatment details.

Statistical analysis. Statistical comparisons between treatment groups and
time points were performed, using Student’s ¢ test or chi-square analysis. Mul-
tiple comparison analyses were performed with one-way analysis of variance
followed by a least-difference post hoc test (StatView, PowerPC version; SAS
Institute Inc., Cary, NC). Calculated P values lower than 0.05 were considered
significant.

Experimental design. The effectiveness of ceftriaxone or sham treatment was
evaluated in mice following treatment that was commenced during the early (3
weeks) or late (4 months) stages of infection. These intervals were chosen to
reflect two distinctly different phases of infection in the mouse model. The
3-week interval represented the early stage of infection during which the host
immune response is evolving and disease (arthritis and carditis) is at its peak. The
4-month interval represented the persistent phase of infection, when host im-
munity is fully evolved and disease is resolved (5). Furthermore, spirochetes were
sequestered in collagen during the late stage, making them potentially less
vulnerable to antibiotic. Mice were subjected to necropsy at 1 and 3 months after
completion of the 30-day treatment regimen at these two intervals. Infection
status at necropsy was determined by culture and flaB DNA Q-PCR of tissues.
In addition, infection status of mice was evaluated by xenodiagnosis, in which
larval ticks were allowed to feed on mice several days prior to necropsy. Follow-
ing feeding, molting, and hardening, nymphal ticks were tested for infection by
flaB DNA Q-PCR. An attempt was made to obtain infectious spirochetes in ear
tissues of mice by allograft transplantation of pieces of ear pinnae from antibi-
otic- or saline solution-treated mice into the subcutis of a single naive C3H
mouse. The recipient mice were subjected to necropsy, and tissues (urinary
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TABLE 1. Culture, flaB DNA Q-PCR, xenodiagnosis, allograft, and immunohistochemistry results for individual mice treated with ceftriaxone
or saline solution during early infection (3 weeks) and subjected to necropsy at 1 or 3 months after completion of treatment

PCR result Xenodiagnosis Allograft result* Immunohistochemistry
Treatment and result (no. result
culture result” Inoilil[lgtlon 1;22? Ventricle ~ Tibiotarsus  Quadriceps P(;Z{:tlzg/)[blo‘ Culture  PCR  Heart  Tibiotarsus
Ceftriaxone (1 mo)
- - - - - - 0/6 - - - -
- - + - - - 0/10 - - + -
- - - - - - 0/5 - - - -
- - - - + - 1/9 - - - -
- - - - - - 0/8 - - - -
Saline solution (1 mo)
+ + + + + 7/8 - - + -
+ - + + — + 4/4 - - - -
+ - + + - + 4/5 + + + -
+ - + + + + /8 + + + +
+ - - + + + 3/4 + + + +
Cefriaxone (3 mo)
- - - - - - 0/5 - - ND? ND
- - - - - - 2/5 - - - -
- - - - - - 0/8 - - - -
Saline solution (3 mo)
+ + + + + + 5/7 + + + -
+ + + + ND + 8/10 + + + +
+ + + + + + 8/10 + + + ND
+ + + + - + 7/9 + + + -

“ Culture status in one or more tissues.

® Number of PCR-positive ticks/number of ticks tested that fed upon each mouse.

¢ Recipient mouse culture and PCR results in one or more tissues.
4ND, not done.

bladder, inoculation site, and quadriceps) were cultured and tested by flaB DNA
Q-PCR (ear, inoculation site, heart base, ventricular muscle, tibiotarsus, and
quadriceps tissue) at 3 weeks after allograft transplantation.

A confirmatory experiment was performed that examined antibiotic treatment
during late infection. Mice were infected for 4 months, treated with antibiotic or
saline solution, and then subjected to necropsy at 1 month after completion of
treatment. In contrast to the initial study, additional tissue sites, including heart
base, urinary bladder, ear, inoculation site, and tibiotarsus, were cultured. An
attempt was made to increase the sensitivity of DNA detection using Q-PCR that
targeted ospA DNA in lieu of flaB DNA, since ospA has been shown to be
overrepresented relative to other targets (target imbalance) in tissue samples
(42). PCR was performed using samples from additional tissue sites as well,
including the inoculation site, subinoculation site (subcutis), heart base, ventric-
ular muscle, tibiotarsus, quadriceps muscle, and ear. In addition, C3H-scid mice
were utilized as recipients of allografts in lieu of C3H mice, and the recipient
mice were assessed for infection at 3 weeks after transplant.

RESULTS

Antibiotic treatment during early infection. When mice
were treated with ceftriaxone at 3 weeks of infection and eval-
uated 1 month after the completion of treatment, none of the
tissues from five mice were culture positive, but single tissues
from two of five mice were flaB DNA Q-PCR positive (Table
1). One of the PCR-positive mice was also positive by xenodi-
agnosis, with one of nine ticks positive. None of the allografts
transmitted infection to naive mice, as determined based upon
culture or PCR results. In contrast, multiple tissues from all
sham-treated mice were culture positive and PCR positive, and
all mice were positive by xenodiagnosis. Three of five mouse
donors transferred infection by allograft. When mice treated

during early infection were evaluated at 3 months after treat-
ment, none of the tissues from three mice were positive by
either culture or PCR. One of the three mice was positive by
xenodiagnosis, but none of three donors transmitted infection
by allograft. In contrast, all four sham-treated mice were pos-
itive by culture, PCR, xenodiagnosis, and allograft.

Antibiotic treatment during late infection. When mice were
treated with antibiotic at 4 months of infection and evaluated
1 month after completion of treatment, none of the tissues
from eight mice were culture positive, but single tissues from
all eight mice were flaB DNA Q-PCR positive; three of the
eight mice were xenodiagnosis positive, but none transmitted
infection by allograft (Table 2). In contrast, four of four sham-
treated mice were positive by culture, PCR, xenodiagnosis, and
allograft. When mice that were treated during late infection
and then evaluated at 3 months after completion of treatment
were examined, none of the tissues from five antibiotic-treated
mice were culture positive, single tissue samples from two
antibiotic-treated mice were PCR positive, two of the mice
were positive by xenodiagnosis, and one mouse donor trans-
mitted infection by allograft transplantation. In contrast, all
four sham-treated mice were positive by culture, PCR, and
xenodiagnosis, but none were positive by allograft. The prev-
alence of mice that remained positive by one or more indices
(culture, PCR, xenodiagnosis) following antibiotic treatment
during early versus late infection was significantly higher when
mice were treated during late infection (chi-square test; P =
0.05).
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TABLE 2. Culture, flaB DNA Q-PCR, xenodiagnosis, allograft, and immunohistochemistry results for individual mice treated with ceftriaxone
or saline solution during late infection (4 months) and subjected to necropsy at 1 or 3 months after completion of treatment

PCR result
Treatment and

Immunohistochemistry

Xenodiagnois
result

result (no.

Allograft result®

culture result® Inoculation Heart

. Tibiotarsus
site base

Ventricle

positive/no.

Quadriceps tested)? Culture PCR Heart Tibiotarsus

Ceftriaxone (1 mo)

\
\
\
\
I+ + 1+

|
[
+ 1
(.
I+

Saline solution (1 mo)

+ 4+ + +
+++ +
++++
+++ +
++ + +

Cefriaxone (3 mo)

I

I

|

I
+

Saline solution (3 mo)
+
+
+
+

|+ + +
+ 4+ ++
+ o+ ++

- 1/10 - - - ND¢
- 0/10 - - + -
- 0/9 - - - +
- 0/10 - - - -
- 0/10 - - - -
+ 1/10 - - - -
- 1/10 - - + +
- 0/10 -

9/10
9/10
3/5

8/10

ND

++ -+
+++ +
+++ +
+++ +

ND

- 0/10 - - - -
- 0/10 + +
- 1/10 - -
- 1/10 - -
- 0/10 - - - -

+
|

4/5 - -
3/4 - -
2/2 - -
213 - -

++++
+ 4+ ++

¢ Culture positive in one or more tissues.

® Number of PCR-positive ticks/number of ticks tested that fed upon each mouse.

¢ Recipient mouse culture and PCR results in one or more tissues.
4ND, not done.

Quantitative DNA analysis. The data in Table 1 and Table 2
summarize positive or negative flaB DNA Q-PCR results, but
Q-PCR was also used to quantify spirochete flaB DNA copy
numbers in tissues. Minimal numbers of or no flaB copies were
detected in tissues of mice treated during early infection com-
pared to the results seen with sham-treated mice. The two
positive samples from antibiotic-treated mice contained only
2.5 and 2.7 flaB DNA copies/mg tissue, whereas positive tissues
from saline solution-treated mice contained 40.8 = 69.6 (mean
+ standard deviation [SD]) flaB DNA copies/mg tissue. None
of the antibiotic-treated mice were PCR positive at 3 months
after treatment, but tissues from saline solution-treated mice
contained 137.9 = 176.3 (SD) flaB DNA copies/mg tissue. In
contrast, low copy numbers of flaB DNA were detected in
multiple tissues following treatment with antibiotic during late
infection. Positive samples from mice at 1 month after treatment
contained 33.7 £ 60.6 (SD) flaB DNA copies/mg tissue, in
contrast to tissues from saline solution-treated mice, which
contained a mean of 105.9 = 285.6 (SD) flaB DNA copies/mg
tissue. The two positive tissues from antibiotic-treated mice at
3 months after treatment contained 4.1 and 2.8 flaB DNA
copies/mg, in contrast to tissues from saline solution-treated
mice (mean, 266.8 = 309.0 [SD] flaB DNA copies/mg tissue).
All tissue samples that were flaB DNA-PCR positive were
tested for arp and visE and were found to be positive for both

arp and visE DNA by Q-PCR, thereby confirming the presence
of 1p28-1 essential genes (see Discussion). Likewise, selected
flaB DNA-positive tick samples were also tested and found to
be positive for arp and visE DNA (data not shown).

Immunohistochemical labeling of persisting spirochetes in
tissues. Immunohistochemistry confirmed the PCR findings
and further demonstrated that intact antigen-positive organ-
isms with spirochetal morphology, rather than merely DNA,
were present in tissues (Table 1 and Table 2). Heart and
tibiotarsal joint tissue sections were examined under blinded
conditions for the presence of antigen-expressing spirochetes.
Small numbers (one to four per site) of spirochetes could be
visualized in collagenous tissues (Fig. 1) of one or more mice
in all treatment groups, with the exception of the results seen
with mice treated with antibiotic during early infection and
examined at 1 month after treatment. Among the antibiotic-
treated mice, single spirochetes were typically localized to col-
lagenous tissue of the great vessels at the base of the heart and
tendons or ligaments of the joints. Up to four spirochetes were
visualized in heart and joint sections of saline solution-treated
mice, and they were also occasionally found in the interstitium
of the ventricular myocardium of saline solution-treated but
not antibiotic-treated mice.

Serum antibody response to B. burgdorferi following antibi-
otic treatment. Serum antibody reactivity to B. burgdorferi was
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FIG. 1. Immunohistochemical labeling of multiple B. burgdorferi spirochetes (arrows) in ligament tissue of the tibiotarsal joint of a saline
solution-treated (control) mouse (A) and of a single spirochete (arrow) in ligament tissue of the tibiotarsal joint of a ceftriaxone-treated mouse
(B). Both images are from mice treated with saline solution (A) or ceftriaxone (B) at 4 months after inoculation with B. burgdorferi and subjected

to necropsy 1 month after completion of treatment.

examined in mice following treatment with antibiotic or saline
solution. In mice treated with antibiotic during early infection,
antibody titers declined compared to saline solution-treated
control results (P = 0.004; data not shown). In mice treated
with antibiotic at 4 months of infection, antibody titers de-
clined following completion of treatment and continued to
decline progressively compared to saline solution-treated con-
trol results (Fig. 2). At 3 months following completion of treat-
ment, antibody titers in antibiotic-treated mice were signifi-
cantly lower than those in saline solution-treated mice (P =
0.0003). Results indicated that maintenance of the antibody
response to B. burgdorferi requires active infection with a suf-
ficient spirochete burden in tissues but that the antibody re-
sponse declines following antibiotic treatment despite the pres-
ence of low numbers of spirochetes.

Confirmatory experiment with antibiotic treatment during
late infection. As in the previous experiment, tissues from 0 of
10 mice treated with ceftriaxone at 4 months of infection and

300000 A~ pomsommese ' —e— Antibiotic
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g : ;
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Days after infection

FIG. 2. B. burgdorferi immunoglobulin G ELISA titers (mean re-
ciprocal dilution * SD) for mice treated with saline solution or ceftri-
axone for 1 month, commencing at 4 months after infection. The
dotted box (Rx) indicates the interval of treatment relative to the stage
of infection.

then subjected to necropsy 1 month after treatment were pos-
itive by culture. However, tibiotarsal tissue samples from 9 of
10 mice were positive for osp4 in DNA Q-PCR, as was heart
base tissue from 8 of 10 mice, but that from other sites was
PCR negative, with the exception of a single quadriceps muscle
sample (Table 3). In contrast, all tissue sites in all four saline
solution-treated mice were culture and PCR positive. The
mean ospA DNA values for positive-testing heart base tissues
of antibiotic-treated mice were 97 = 118 (SD) copies/mg tissue
compared to 3,495 * 3,224 (SD) copies in saline solution-
treated mice (P = 0.0018). A single tibiotarsal sample from an
antibiotic-treated mouse contained 1,060 ospA DNA cop-
ies/mg tissue. Excluding that sample, the mean osp4 DNA
values for the remaining tibiotarsal tissues of antibiotic-treated
mice were 24 *+ 41 (SD) copies/mg tissue compared to 411 =
107 (SD) copies in samples from saline solution-treated mice
(P = 0.0039). Thus, antibiotic treatment resulted in negative
culture results, but spirochetes appeared to survive in low
numbers, as determined based on DNA levels.
Xenodiagnosis following antibiotic treatment during late
infection. Ticks were fed on the 10 mice treated with antibiotic
and the four saline solution-treated mice in the confirmatory
experiment (Table 3). Cohorts of eight nymphal ticks, derived
from larvae that fed on each mouse, were evaluated by flaB
DNA Q-PCR (except for one saline treated mouse, from which
six ticks were tested). Six of 10 antibiotic-treated mice had one
or two ticks that were PCR positive among the eight ticks
tested. In contrast, all four saline solution-treated mice had
three to five positive-testing ticks each. Q-PCR of positive-
testing ticks from antibiotic-treated mice revealed a mean of
120.6 £ 75.1 (SD) (range, 28 to 222) flaB DNA copies per tick.
In contrast, positive-testing ticks from saline solution-treated
mice had a mean of 35,747 = 40,705 (range, 19 to 151,000) flaB
DNA copies per tick (P = 0.0005). An attempt was made to
culture spirochetes from cohorts of ticks derived from antibi-
otic-treated mice that were xenodiagnosis (DNA) positive.
Forty-two ticks, representing members of positive-testing co-
horts, were cultured, but all were culture negative. In contrast,
5 of 12 ticks among a tick cohort from a single saline solution-
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TABLE 3. Culture, ospA DNA Q-PCR, and xenodiagnosis results for individual mice treated with ceftriaxone or saline during late infection
(4 months) and then examined 1 month after completion of treatment

PCR result

Treatment and

Xenodiagnosis

Subinoculation
site

Inoculation
site

culture result?

Heart

Base

result (no.
positive/no.

Tibiotarsus
fbrotarsu tested)?

Ventricle Quadriceps

Ceftriaxone

Saline solution

+++ +
++++
+++ +
+++ +

L+ + 1+ +++++

++ o+ +

- 2/8
- 1/8
- 2/8
- 0/8
1/8
- 1/8
+ 0/8
- 2/8
- 0/8
- 0/8

\
I+ ++++++++
\

3/8
5/8
5/6
5/8

+ o+ o+t
+++ +
+ o+t

¢ Culture results determined for heart base, urinary bladder, ear, inoculation site, and tibiotarsus tissue.

> Number of PCR-positive ticks/number of ticks tested that fed upon each m

treated, xenodiagnosis DNA-positive mouse were culture pos-
itive.

Tick-borne transmission of persisting spirochetes from an-
tibiotic-treated mice to SCID mice. In a further effort to isolate
spirochetes from xenodiagnosis DNA-positive ticks from tick
pools obtained from the confirmatory experiment, we infested
C3H-scid mice with eight nymphal ticks from cohorts of ticks
derived from xenodiagnosis DNA-positive C3H mice. Based
upon results of culture of urinary bladder, inoculation site, and
quadriceps muscle tissue at 3 weeks after feeding, 0 of 10
C3H-scid mice became infected following feeding by ticks from
antibiotic-treated mice, in contrast to four of four mice that
became infected following infestation with ticks derived from
saline solution-treated mice.

In an effort to extend these findings, each of nine C3H-scid
mice was infested with 15 to 20 nymphal ticks from xenodiag-
nosis DNA-positive cohorts of ticks derived from mice that
were treated with antibiotics (Table 4). In order to verify that
the SCID mice were actually exposed to DNA-positive ticks,
the infection status of each of the ticks that were used to feed
upon the SCID mice was determined by flaB Q-PCR after ticks
fed to repletion, molted, and hardened. The infection status of
the SCID mice was assessed by culture of urinary bladder, ear,
and inoculation site tissue and by flaB DNA Q-PCR of ear,
subinoculation site, heart base, and tibiotarsus tissue. Mice
were subjected to necropsy at 3 weeks after tick feeding. With
the exception of one ear sample, all sites were culture negative.
The exception was a culture tube that contained a single non-
motile spirochete. In contrast, flaB Q-PCR results indicated
that one or more tissue samples from eight of nine SCID mice
were positive. Copy numbers were generally low, ranging from
as few as 2.8 flaB DNA copies/mg tissue to as many as
50,500/mg tissue (excluding the 50,500/mg value, the mean was
656.2 flaB DNA copies/mg * 1,175.1 [SD]). Thus, it appeared
that C3H-scid mice supported somewhat higher populations of
spirochetes than C3H mice, and yet we were unable to culture

ouse.

spirochetes from tissues. Finally, joints (knees and tibiotarsi)
and hearts of the SCID mice were examined for histopathol-
ogy. None of the SCID mouse tissues showed microscopic
evidence of inflammation despite the high prevalence of B.
burgdorferi ospA DNA in hearts and joints and the propensity
of infected C3H-scid mice to develop progressive severe in-
flammation (8).

DISCUSSION

The present report extends and amends the findings of
Bockenstedt et al. (9), who concluded that antibiotic treatment
resulted in persistence of attenuated, noninfectious spiro-
chetes that could be acquired by ticks (xenodiagnosis) but that
infected ticks could not transmit infection to naive hosts. The

TABLE 4. flaB DNA QT-PCR, PCR, and culture results for
individual SCID mice at 3 weeks following feeding by ticks
that fed upon mice treated with antibiotic during
late infection (4 months)

Tick inoculum result PCR result

(no. positive/no.
tested)*

b
Culture Heart

base

Inoculation

- Tibiotarsus
site

1/18 -
4/20 -
2/16 -

3/19 i
2/20 -
4/20 -
3/17 -
115 -
2/20 - - -

_t
o+ +++
I I

N
I

“ Number of flaB DNA-positive ticks/number of ticks tested that fed upon
each mouse for ticks from xenodiagnosis-positive cohorts following feeding to
repletion on SCID mice.

b Culture of urinary bladder, ear, and inoculation site tissue.

¢ Nonmotile spirochete in culture from ear.
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data in the present report differ from those conclusions in that
antibiotic treatment resulted in persistence of low numbers of
spirochetes in tissues of treated mice and that ticks could both
acquire and transmit infectious spirochetes. Thus, results of
the current study indicate that persisting spirochetes retain
their infectivity, albeit at a low level. Quantitative PCR results
indicate that very low copy numbers of spirochetal DNA were
present in tissues from treated mice, as well as in ticks that
acquired infection from treated mice. Normally, there is a
burst of spirochetal replication in ticks following feeding, with
a net increase in DNA copy numbers (24). This was not seen in
ticks that fed on antibiotic-treated mice, in contrast to ticks
that fed on saline solution-treated control mice. Notably, C3H-
scid mice developed disseminated infections when fed on by
ticks infected with spirochetes from antibiotic-treated mice,
but spirochetes could not be cultured from the C3H-scid mice,
and DNA copy numbers in tissues were generally low. These
results support the notion that spirochetes were infectious but
were altered in their ability to replicate even in globally im-
munodeficient hosts.

Because these conclusions are based upon DNA amplifica-
tion, it could be argued that results do not absolutely prove the
presence of live spirochetes. However, it has been shown that
B. burgdorferi DNA does not persist in tissues unless live spi-
rochetes are present (32, 42). We attempted to isolate spiro-
chetes in order to characterize their plasmid content, but this
was prevented by the inability of spirochetes to replicate in
culture, despite the sensitivity of our culture method for de-
tecting low numbers of spirochetes. This result was reinforced
by the finding of a culture from an antibiotic-treated tick-
infected C3H-scid mouse that contained a single nonmotile
spirochete. In addition, the low levels of spirochetal DNA
precluded detection of RNA transcription despite attempts to
amplify cDNA (data not shown). We therefore undertook an
exhaustive search for morphologically intact, antigen-express-
ing spirochetes in tissues by immunohistochemistry. There is
increasing evidence that collagen is a critical niche for spiro-
chete survival and possibly immune evasion (7, 30). We have
found that vessels at the base of the heart and in ligaments and
tendons of the tibiotarsal region (as well as in other joint
tissues) are collagen-rich preferential regions for spirochetes in
the persistent phase of infection (7). When these sites were
examined by immunohistochemistry in the present study, low
numbers of spirochetes were visualized in collagenous tissues
of both antibiotic- and saline solution-treated mice. In C3H-
scid mice infected with ticks from antibiotic-treated mice, the
heart base and tibiotarsus tissues were also consistently posi-
tive by PCR. These findings support the idea of the viability of
spirochetes following antibiotic treatment and further incrim-
inate collagen as a preferential site of persistence that may
contribute to antibiotic treatment failure. A study in which
mice were treated with ceftriaxone for only 5 days resulted in
similar findings, with detection of persisting spirochetal DNA
in joint tissue (70). Persistence of Borrelia burgdorferi following
antibiotic treatment of human patients in studies investigating
collagenous tissue, including ligamentous tissue (21), synovium
tissue (47), and skin tissue (25, 45), has also been documented.

The study by Bockenstedt et al. (9) utilized standard PCR to
determine whether critical infectivity-associated plasmids or
genes were present to explain the attenuation of spirochetes.

ANTIMICROB. AGENTS CHEMOTHER.

The presence of 1p25 of B. burgdorferi B31 has been shown to
be essential for infectivity (49). The essential component has
been defined as a single gene on Ip25 that encodes a nicotin-
amidase (48). In addition, it appears that determinants en-
coded on 1p28-1 of B. burgdorferi B31 affect relative infectivity
(27, 28, 49). The 1p28-1 plasmid of B. burgdorferi B31 encodes
two functional genes, vIsE and arp (p37-47) in addition to a
number of paralogous genes that are encoded on other plas-
mids or chromosomes, pseudogenes, genes with frame shift
mutations, or sequences that encode products that are consist
of fewer than 100 amino acids (16). Bockenstedt et al. (9) used
standard PCR to evaluate the presence of BBE21.1, which is
specific for 1p25, and arp (p37-47), which is specific for 1p28-1,
and were unable to consistently amplify these targets in in-
fected ticks that fed on antibiotic-treated mice. We tested
DNA from three flaB DNA-positive ticks that fed on antibiotic-
treated mice for the 1p25 target and confirmed its presence.
Since Ip25 appears to be absolutely essential for infectivity and
since our studies demonstrated the presence of infectivity, we
focused on 1p28-1 targets visE and arp. When B. burgdorferi
N40-specific primers were used, both targets were present in
all flaB DNA-positive samples tested by Q-PCR. It should be
noted that the B. burgdorferi N40 genome is configured differ-
ently from the B. burgdorferi B31 genome and that visE and arp
appear to be located on separate plasmids in B. burgdorferi N40
(S. Casjens, unpublished observations). Thus, using Q-PCR,
which is more sensitive than standard PCR, we found no evi-
dence of missing vIsE or arp. Loss of other plasmids has also
been associated with diminished infectivity (33, 53, 68). Al-
though we did not survey the entire genome, we found no
evidence of spirochetes missing the critical infectivity-related
genes that are homologous to B. burgdorferi B31 1p25 and
Ip28-1 in tissue samples from either mice or ticks.

There are a number of possible variables that may have
influenced persistence of spirochetes in tissues following ceftri-
axone treatment in this study. B. burgdorferi N40 has been
shown to differ from other B. burgdorferi strains by being re-
sistant to erythromycin compared to B. burgdorferi strains B31
and 297 (64), but B. burgdorferi N40 is as susceptible as B.
burgdorferi B31 to ceftriaxone, as determined based upon MIC/
MBC analysis in this study and by others (37, 55). Further-
more, serum levels of ceftriaxone in treated mice were well
above the MIC/MBC. Nevertheless, the pharmacokinetics of
ceftriaxone in mice differ from that of humans, as the trough
levels in serum of treated humans are approximately 15 pg/ml
at 24 h (43), whereas they were undetectable in mice at 8 h.
Thus, the treatment regimen used for the mice, albeit long
term, created a pulsed-dose effect. Studies with Enterococcus
faecalis have shown that pulsed doses of penicillin resulted in
development of bacterial tolerance to antibiotic without
changes in resistance, whereas continuous treatment did not
(22). Ceftriaxone binds to carboxypeptidases, endopeptidases,
and transpeptidases in the cytoplasmic membrane and thereby
inhibits cell wall synthesis and cell division (26). Spirochetes
within collagen, especially in the persistent phase of infection,
may be in a metabolically dormant (nondividing) state, with
minimal cell wall synthesis, and this may affect levels of toler-
ance of ceftriaxone. Similar “persister cells” have been docu-
mented in a variety of bacterial infections (29, 54). Our find-
ings parallel those of Straubinger et al. (59, 61, 62), who noted
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that cultures were uniformly negative in PCR-positive tissues
from antibiotic-treated dogs in spite of the fact that culture
assays were typically more sensitive than PCR for detection of
B. burgdorferi in tissues of untreated dogs. These results fit with
the concept of persister cells that evade killing by antibiotics.
Further studies are needed to determine whether persisting B.
burgdorferi spirochetes can revert to a dividing, pathogenic
state.

The current study indicated that accessible indices of treat-
ment, such as culture or PCR of skin and serologic response,
cannot be relied upon as markers for treatment success. A
declining antibody response, as has been noted following an-
tibiotic treatment in mice (9) as well as in antibiotic-treated
dogs (61), occurs despite low levels of persisting spirochetes.
Our results show that spirochetes are viable and transmissible
and express antigen (based upon immunohistochemistry re-
sults) following antibiotic treatment, particularly when com-
menced during the late stage of infection. However, the few
residual spirochetes appeared to be altered in their ability to
replicate, and this may explain the lack of inflammation that we
noted in SCID mouse tissues. Although overt disease may not
be present, the continued expression of lipoproteins by B.
burgdorferi may contribute to persistence of constitutional
symptoms. Spirochetal lipoproteins have been shown to po-
tently elicit a wide variety of proinflammatory responses (12,
13,18, 19, 31, 36, 39, 40, 50, 57, 63, 65, 66, 69). This may explain
the slow recovery period (termed “post-Lyme disease syn-
drome”) that has been noted following antibiotic treatment of
patients (67). Further studies are needed to determine the
eventual fate of the persisting organisms following antibiotic
treatment in the context of controlled animal studies.
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