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Unrecognized immunodeficiency has been proposed as a possible cause of failure of antibiotics to resolve symptoms of Lyme disease.
Here, we examined the efficacy of doxycycline in different immunodeficient mice to identify defects that impair antibiotic treatment
outcomes. We found that doxycycline had significantly lower efficacy in the absence of adaptive immunity, specifically B cells. This
effect was most pronounced in immunodeficient C3H mice compared with C57BL/6 mice, suggesting a role for genetic background
beyond immunodeficiency. Addition of a single dose of ceftriaxone to doxycycline treatment effectively cleared infection in C3H

mice with severe combined immunodeficiency.
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Lyme disease is caused by Borrelia burgdorferi. The
Infectious Diseases Society of America guidelines recom-
mend oral antibiotics as first-line therapy for most mani-
festations of Lyme disease [1]. Oral doxycycline is the most
commonly recommended antibiotic due to its relatively good
penetration into the central nervous system and its activity
against a commonly co-transmitted pathogen, Anaplasma
phagocytophilum. However, doxycycline is less active against
B. burgdorferi in vitro than ceftriaxone [2], a f-lactam anti-
biotic used for severe cases of Lyme disease involving high-
grade heart block, central nervous system infection, or Lyme
arthritis unresponsive to oral antibiotics [1]. Although dox-
ycycline is less active, the human immune system is likely to
eradicate any residual bacteria and the majority of patients
treated with doxycycline recover without any long-term
sequelae.

Approximately 10%-20% of antibiotic-treated patients con-
tinue to have symptoms such as fatigue, myalgias, arthralgias,
and memory issues after antibiotic treatment for months
to years; this constellation of symptoms is often referred to
as posttreatment Lyme disease syndrome (PTLDS) [3]. Of
note, given the nonspecific nature of the symptoms, the cause
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of PTLDS and whether it is linked to Lyme disease remain
unknown.

The other group of patients with Lyme disease who do not
recover fully after antibiotic therapy comprises those who de-
velop Lyme arthritis and continue to have symptoms after anti-
biotic therapy. This syndrome has been described as antibiotic
refractory Lyme arthritis [4, 5]. The cause of antibiotic refrac-
tory Lyme arthritis is also controversial and it typically resolves
over time, even without intervention. Possibilities that have
been raised include autoimmune responses and the presence
of residual antigens such as peptidoglycan in the joint [6, 7].
Another possibility that has been difficult to rule out is that bac-
teria are not fully eradicated by the antibiotic treatment. DNA
can sometimes be detected in the synovial fluid of patients with
Lyme arthritis even after prolonged courses of antibiotics [8].

Although there are no good animal models of antibiotic
refractory Lyme arthritis or PTLDS, multiple groups have re-
ported the presence of DNA and RNA in animals long after
antibiotic treatment [9-13]. Additionally, B. burgdorferi DNA
has been detected in a very small number of patients after anti-
biotic therapy using xenodiagnosis [14]. However, live bacteria
have not been detected after antibiotic therapy in animals or
humans using xenodiagnosis, and there are no studies linking
B. burgdorferi persistence to either PTLDS or antibiotic-
resistant Lyme arthritis.

A question that has been raised is whether an unrecog-
nized immunodeficiency may predispose a subset of patients
to fail to quickly clear the infection, leading to a build-up of
antigens and the development of more prolonged symptoms.
The immune system is important for efficacy of bacteriostatic
drugs against some other bacteria in vivo [15]. Both innate
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and adaptive immune systems are activated in response to
B. burgdorferi and are important for controlling infection in
animal models [16]. Borrelia burgdorferi produces numerous
triacylated lipoproteins, which are recognized by Toll-like
receptor (TLR) 1/2 heterodimers [17, 18]. Myeloid differ-
entiation factor 88 (MyD88) is a key adaptor for the innate
immune response downstream of TLR1/2. Mice deficient
in MyD88 or TLR2 show higher pathogen burden and in-
creased ankle swelling compared to control mice [18-21].
Adaptive immunity also plays an important role in clear-
ance of B. burgdorferi [22]. Severe combined immunodefi-
ciency (SCID) mice that lack both B and T cells have higher
pathogen burden and increased arthritis severity [13]. Mice
deficient in B and T cells had persistent and deteriorating
arthritis and carditis, whereas mice deficient in only T cells
were able to resolve such swelling, suggesting that B cells are
more important for resolution of symptoms of Lyme disease
[23].

Recent studies have suggested that decreased B-cell responses
may be a risk factor for posttreatment symptoms in Lyme dis-
ease [24]. Prior studies have suggested that oral doxycycline is
less effective at resolving infection in immunocompromised an-
imals [25]. However, there has not been a systematic examina-
tion of effects of different components of the immune system
on the efficacy of doxycycline in clearance of B. burgdorferi
infection.

Here we report on our studies of the efficacy of doxycycline
in animals with immunodeficiencies in different components
of their immune function. In addition, we tested the effects of
combination of a single dose of ceftriaxone with doxycycline
on clearance of infection in severely immunocompromised
animals.

MATERIALS AND METHODS

Animal Ethics Statement

This study was approved by the Tufts University Institutional
Animal Care and Use Committee (Animal Welfare Assurance
number A3775-01).

Mouse and Bacterial Strains

All mice were obtained from Jackson Laboratories. C57BL/6]
(catalog number 000664), C57BL/6] TLR2 " (catalog number
004650), C57BL/6] muMt™' (catalog number 002288),
C57BL/6] MyD88”~ (catalog number 009088), C57BL/6]
TCRa ™~ (catalog number 002116), C57BL/6] SCID (catalog
number 001913), C3H SCID (catalog number 001131), and
C3H (catalog number 000474) mice were used for our studies.
A mouse-adapted strain of low-passage Borrelia burgdorferi
sensu stricto (strain N40, clone D10E9) was used for all experi-
ments [26]. All mice were housed in specific Biosafety Level 1
rooms according to institutional guidelines for the humane care
and use of laboratory animals.

Barbour-Stoenner-Kelly H (BSK)-H media was used to cul-
ture B. burgdorferi from glycerol stocks [27]. BSK-H media was
supplemented with antibiotics, phosphomycin (100 pg/mL),
rifampicin (50 pg/mL), and amphotericin B (5 pg/mL) when
tissues were used for culture of B. burgdorferi. Cultures were
incubated at 37°C.

Antibiotics Used

Phosphomycin, doxycycline, rifampicin, and amphotericin B
were purchased from Sigma, and ceftriaxone was purchased
from Hospira. All antibiotics used in animal studies were
United States Pharmacopeia grade.

Infection and Treatment of Mice

Mice were infected with 1 X 10° B. burgdorferi via subcuta-
neous needle inoculation. Infection was allowed to establish for
3 weeks. Mice were then treated with doxycycline in drinking
water (0.2% doxycycline + 5% sucrose) or 5% sucrose water
continuously for 5 days as described elsewhere [28]. This dose
of doxycycline was reported to produce a serum doxycycline
level over the minimum inhibitory concentration (MIC) of dox-
yeycline for B. burgdorferi during the course of treatment [28].
A 2-mm ear punch was collected from each animal every day
during treatment and cultured in BSK-II media. Cultures were
monitored by dark-field microscopy. Animals were sacrificed
2 days after completion of antibiotic treatment and skin, heart,
and ankle were cultured for detection of B. burgdorferi. For ex-
periments involving ceftriaxone, 1 dose of ceftriaxone (156 mg/
kg) or saline was administered subcutaneously [25].

Statistical Analysis
Log-rank test was used to determine statistical significance for
bacterial clearance over the course of treatment. Fisher exact
test was used to calculate significance when comparing data
from a single day.

RESULTS

Efficacy of Doxycycline in Mice Deficient in Components of Innate and
Adaptive Inmune System

MyD88 and TLR2 represent components of the innate immune
system important for the recognition of B. burgdorferi by the
cells of the innate immune system and for activating cytokine
response upon encountering the pathogen. B and T cells are
components of the adaptive immune system and are important
for pathogen-specific responses. SCID mice lack both B and
T cells. muMt knockout mice do not express the membrane-
bound immunoglobulin M and lack mature B cells; they are
considered a model of B-cell deficiency in humans. TCRa ™"
mice are deficient in the af T-cell receptor. Their thymus is de-
void of CD4"CD8” and CD4°CD8" cells. Normal numbers of
CD4"'CD8" cells are retained without the interleukin 2 receptor.
There are normal numbers of CD4 CD8 cells.
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Wild-type (WT), TLR2”", MyD88”", muMt”", TCRa™",
and SCID mice in C57BL/6 background were infected with
B. burgdorferi N40 via subcutaneous inoculation. After 3 weeks,
mice were treated with doxycycline for 5 days. Ear punch sam-
ples were collected daily from the initiation of therapy until
completion of antibiotics and cultured in BSK-II media. Mice
were killed 2 days after completion of therapy and multiple tis-
sues were cultured for the presence of B. burgdorferi.

Five days of doxycycline rendered all C57BL/6 WT and im-
munodeficient mice cultures negative (Figure 1; Supplementary
Table 1). Time to negative culture was significantly different be-
tween C57BL/6 WT mice and TLR2”™ mice (P = .0017). Time
to culture negativity in MyD88™~ mice was not significantly dif-
ferent from that for WT mice (P = .1916).

While there was no difference in culture negativity between
muMT"~ and C57BL/6 WT mice at the time of sacrifice, there
was significantly delayed clearance of B. burgdorferi by cul-
tures in the muMT™~ mice (Figure 2; Supplementary Table 1).
About 55% of muMt ™~ mice were culture positive after 4 days
of treatment compared with 0% of C57BL/6 WT mice (time to
clearance P < .0001). The time to culture negativity in C57BL/6
SCID mice was also significantly different than that for WT
mice (P <.0001; Figure 2). There was no significant differ-
ence between time to culture negativity between muMt™~ and
C57BL/6 SCID mice (P = .3238). There was also no difference
in time to culture negativity between C57BL/6 WT and TCRa ™
mice (P = .4794).

Genetic Background Affects Clearance of B. burgdorferi With Doxycycline
We next sought to determine whether the genetic background
of the mice affects clearance of B. burgdorferi with doxycycline
treatment (Figures 2 and 3; Supplementary Table 1). C3H mice
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Figure 1. Defects in the innate immune system affect the efficacy of doxy-

cycline against Borrelia burgdorferi in vivo. C57BL/6 wild-type (WT) (n=13),
TLR27" (n = 13), or MyD887" (n = 10) mice were infected with B. burgdorferi NAQ
for 24 days and treated with 0.2% doxycycline in drinking water for 5 days. Ear
punches were taken every day during treatment and cultured in Barbour-Stoenner-
Kelly (BSK)}-II media. Mice were sacrificed 2 days after the end of treatment and
ear, joint, and heart were cultured in BSK-Il media. Cultures were examined under
dark-field microscope for about 2 weeks. The time to culture negativity was signifi-
cantly different for C57BL/6 WT vs TLR27~ (P=.0017) but there was no significant
difference between C57BL/6 WT and MyD88™~ (P=.1916). Pvalues were calcu-
lated using log-rank test.
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Figure 2. B-cell deficiency affects the efficacy of doxycycline against Borrelia
burgdorferi in vivo. C57BL/6 wild-type (WT) (n=13), C57BL/6 severe combined
immunodeficiency (SCID) (n = 12), muMt™" (n = 11), or TCRa" (n = 12) mice were
infected with B. burgdorferi N40 for 24 days and treated with 0.2% doxycycline
in drinking water for 5 days. Ear punches were taken every day during treatment
and cultured in Barbour-Stoenner-Kelly (BSK)-Il media. Mice were sacrificed 2 days
after the end of treatment and ear, joint, and heart were cultured in BSK-Il media.
Cultures were examined under dark-field microscope for about 2 weeks. Time to
culture negativity was significantly different between WT vs SCID (P < .0001) and
muMt™~ (P< .0001) but not TCRa™™ (P=.4794). P values were calculated using
log-rank test

develop greater inflammatory symptoms than C57BL/6 mice
and as a result, C3H are considered B. burgdorferi “suscep-
tible” compared with C57BL/6 mice that are “resistant” These
designations are based only on their inflammatory symptoms
and not on their ability to be infected. Although most of the
immunodeficient mice we studied are not available on a C3H
background, SCID mice are available in both C3H and C57BL/6
backgrounds. Both C3H and C57BL/6 SCID mice contain a
point mutation in the Prkdc gene. The C3H SCID contain an
additional mutation in Clcclm1] gene, which causes increased
sensitivity to endoplasmic reticulum stress in the cerebellum.
However, both the WT and SCID C3H mice contain this mu-
tation. WT C3H and WT C57BL/6 mice were both cleared of
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Figure 3. Immunodeficiencies are enhanced with certain genetic back-

grounds. C57BL/6 severe combined immunodeficiency (SCID) (n=13), C3H
SCID (n =12), and C3H wild-type (WT) (n = 6) mice were infected with Borrelia
burgdorferi N40 for 24 days and treated with 0.2% doxycycline in drinking
water for 5 days. Ear punches were taken every day during treatment and cul-
tured in Barbour-Stoenner-Kelly (BSK)-II media. Mice were sacrificed 2 days
after the end of treatment and ear, joint, and heart were cultured in BSK-II
media. Cultures were examined under dark-field microscope for about 2 weeks.
Time to culture negativity was significantly different between C3H SCID vs
C57BL/6 SCID (P=.0129) and C3H WT (P =.0005). P values were calculated
using log-rank test.
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B. burgdorferi infection after 3 days of doxycycline. However,
C3H SCID and C57BL/6 SCID mice differed significantly in
their clearance of B. burgdorferi with doxycycline as 60% of
C3H SCID mice remained culture positive after 5 days of anti-
biotics (P = .0129).

Addition of a Single Dose of Ceftriaxone Improves Doxycycline Efficacy
in C3H SCID Mice

We sought to determine whether the addition of another antibi-
otic could improve clearance of B. burgdorferi from C3H SCID
mice. Ceftriaxone is highly active against B. burgdorferi in vitro,
but still requires multiple doses to clear B. burgdorferi from
mice when given as a single agent [2, 25]. We tested the effects
of a single dose of subcutaneous ceftriaxone combined with
oral doxycycline on clearance of B. burgdorferi infection in C3H
SCID mice. We chose a dosage of ceftriaxone that maintains
the level of ceftriaxone above the MIC of ceftriaxone against
B. burgdorferi for at least 12 hours [28]. One hundred percent of
mice treated with 1 dose of ceftriaxone and 75% of mice treated
with doxycycline alone were culture positive at the end of treat-
ment (Figure 4). However, 100% of mice treated with 1 dose of
ceftriaxone followed by 5 days of oral doxycycline were culture
negative at the end of treatment (P = .0027; Figure 4).

DISCUSSION

Previous studies have shown that doxycycline is less efficacious
against B. burgdorferi than -lactam antibiotics in vitro [2, 29].
However, studies in patients and animals have shown equiva-
lence between doxycycline and other antibiotics [30-32]. This
is likely due to the ability of the immune system to eliminate any
residual infection after antibiotic treatment.

In this study, we have presented a systematic look at the
impact of different immunodeficiencies on the efficacy of
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Figure 4. One dose of ceftriaxone followed by oral doxycycline clears Borrelia
burgdorferi infection in immunocompromised hosts. C3H severe combined immu-
nodeficiency (SCID) mice were infected with B. burgdorferi N4Q for 24 days and
treated with 1 dose of ceftriaxone (156 mg/kg) or 0.2% doxycycline in drinking
water for 5 days, or 1 dose of ceftriaxone followed by doxycycline in drinking water
for 5 days. Ear punches were taken every day during treatment and cultured in
Barbour-Stoenner-Kelly (BSK)-Il media. Mice were sacrificed 2 days after the end of
treatment and ear, joint, and heart tissues were cultured in BSK-Il media. Cultures
were examined under dark-field microscope for about 2 weeks. Pvalue for the dox-
yeycline alone group vs the ceftriaxone and doxycycline combination group was
.0027 (n = 6) and was calculated using log-rank test.

doxycycline in the clearance of B. burgdorferi from infected ani-
mals. The SCID mutation causing both B- and T-cell deficiency
produced a pronounced effect, with the majority of animals re-
maining culture positive for longer time period. Much of the
failure of clearance appears to be due to the loss of B cells as
muMT”™ mice show delayed clearance of infection that is com-
parable to SCID mice. Meanwhile, TCRa™~ mice deficient in
CD4'CD8™ and CD4 CD8" T cells do not show a significant dif-
ference in time to culture negativity compared to WT mice. This
is consistent with prior reports suggesting that B cells are most
important for clearance of infection [23]. Innate immunity, on
the other hand, appears to play a lesser role in clearance by anti-
biotics as loss of TLR2 resulted in smaller delays in clearance of
B. burgdorferi with doxycycline treatment. Interestingly, the loss
of the TLR adapter molecule MyD88 resulted in no significant
difference with WT mice in time to clearance. Combined, these
data suggest that the impact of innate immunity on clearance
after doxycycline is small. We suspect that the lack of signifi-
cance in the MyD88 mice was due to the sample size relative
to the size of the difference in time to clearance compared to
WT as there was a nonsignificant small trend toward delayed
clearance. Also, because in prior reports, both SCID- and
MyD88-deficient animals show similarly increased numbers of
B. burgdorferi in tissues [20, 33], this suggests that the reduced
effect of antibiotics is not due solely to increased numbers of
bacteria at initiation of therapy.

Importantly, there appears to be a significant effect of the
genetic background of the mice beyond just the immunodefi-
ciency. While all WT mice cleared the infection with antibiotics,
there were significant differences in SCID mice depending upon
the background, as a majority of the SCID mice on a C3H back-
ground were not cleared of infection with 5 days of doxycycline
whereas SCID mice on a C57BL/6 background were cleared of
infection. This is despite similar numbers of bacteria in the tis-
sues of C3H and C57BL/6 SCID animals. While some genes re-
sponsible for the differences between C3H and C57BL/6 mice in
arthritis responses have been identified, it is unclear why these
would affect antibiotic efficacy. This interesting finding suggests
that there may be other genetic reasons for a differential ability
to clear infection after doxycycline treatment other than overt
B- and T-cell deficiency. A forward genetics approach has previ-
ously been used to identify the genes responsible for the pheno-
typic differences in arthritis response to B. burgdorferi infection
between C3H and C57BL/6 mice [34, 35]; a similar approach
with testing these mice could be applied to identify the specific
genes involved in reduced effectiveness of doxycycline.

Whether genetic background and/or immunodeficiency in
humans play a role in failure to clear the bacteria after antibi-
otic therapy is unknown. In trials of antibiotics for Lyme dis-
ease treatment, there is a well-documented incidence of failure
of antibiotics in a small minority of patients [5, 30, 31]; how-
ever, these were not linked to symptoms of PTLDS. While it
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is unlikely that these patients had major immunodeficiencies
such as SCID, it is unknown whether their genetic background
could have affected their susceptibility to B. burgdorferi infec-
tion or if they may have had more minor immune deficits that
could have affected clearance of the organism. There have been
several reports of immunodeficiency in humans that have af-
fected the trajectory of Lyme disease symptoms. Strle et al have
reported that a specific inactivating mutation in TLR1, which
heterodimerizes with TLR2 to activate immune responses to
B. burgdorferi lipoproteins, results in an increased risk for anti-
biotic refractory Lyme arthritis, particularly in infections with
specific strains of B. burgdorferi [36]. However, the mechanism
for this is unknown. Another recent study of response to treat-
ment in Lyme disease patients by Blum et al found that an initial
robust B-cell response characterized by increased plasmablast
levels correlated with reduced risk for persistent symptoms after
doxycycline treatment [24].

We also found that the addition of a single dose of
ceftriaxone to a course of doxycycline was effective in clear-
ance of infection from C3H SCID animals that did not clear
infection with doxycycline alone. We chose to study the addi-
tion of a single dose of ceftriaxone because it may be feasible
to administer a single dose of this medication in a physician’s
office without the need for an indwelling catheter. In fact, the
pharmacokinetics of ceftriaxone in humans is more advan-
tageous than in mice, as a single dose will keep levels above
the MIC for much longer. The addition of a single dose of
ceftriaxone to doxycycline has been studied previously in a
randomized, double-blind, placebo-controlled trial of pa-
tients with erythema migrans. No statistically significant
differences in symptoms were seen between doxycycline
(10 days of treatment), doxycycline (20 days of treatment), or
doxycycline (10 days) plus 1 dose of ceftriaxone at 3 months,
12 months, or 30 months after treatment [37]. However, the
numbers of patients in each group were small (evaluable
patients between 45 and 54 per group) given that the ma-
jority of patients treated with doxycycline improve without
sequelae. As more human genetic information becomes avail-
able regarding specific mutations that may impact immune
function and the ability to control bacterial loads, it may be
possible to identify linkages of mutations to persistent, late
symptoms of Lyme disease. At that point, additional studies
targeting more effective therapies such as a combination of
single-dose ceftriaxone and doxycycline to a narrow group of
patients may be warranted.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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