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Host susceptibility to infection is controlled in large measure by the genetic makeup of the host. Spirochetes
of the genus Borrelia include nearly 40 species of vector-borne spirochetes that are capable of infecting a wide
range of mammalian hosts, causing Lyme disease and relapsing fever. Relapsing fever is associated with
high-level bacteremia, as well as hematologic manifestations, such as thrombocytopenia (i.e., low platelet
numbers) and anemia. To facilitate studies of genetic control of susceptibility to Borrelia hermsii infection, we
performed a systematic analysis of the course of infection using immunocompetent and immunocompromised
inbred strains of mice. Our analysis revealed that sensitivity to B. hermsii infections is genetically controlled.
In addition, whereas the role of adaptive immunity to relapsing fever-causing spirochetes is well documented,
we found that innate immunity contributes significantly to the reduction of bacterial burden. Similar to human
infection, the progression of the disease in mice was associated with thrombocytopenia and anemia. Histological and
fluorescence in situ hybridization (FISH) analysis of infected tissues indicated that red blood cells (RBCs) were
removed by tissue-resident macrophages, a process that could lead to anemia. Spirochetes in the spleen and liver
were often visualized associated with RBCs, lending support to the hypothesis that direct interaction of B. hermsii
spirochetes with RBCs leads to clearance of bacteria from the bloodstream by tissue phagocytes.

The Borrelia genus is formed by a group of bacteria that are
small flexible helical spirochetes. Lyme disease spirochetes, B.
burgdorferi sensu lato (32), cause the most common arthropod-
borne illness in the U.S. and are responsible for more than
20,000 reported cases per year (18a). Relapsing fever is an-
other important worldwide infection that is caused by several
species of the genus Borrelia and is typified by high levels of
growth of spirochetes in the bloodstream. Epidemic relapsing
fever is caused by Borrelia recurrentis and transmitted by body
lice (20). Endemic relapsing fever is transmitted by ticks and
caused by several species of Borrelia, such as B. hermsii, B.
turicatae, and B. duttoni (22).

B. hermsii is the most important relapsing fever spirochete in
the United States and is acquired by the bite of an infected
Ornithodorus hermsi tick (21). The first manifestation of relaps-
ing fever is associated with high-titer (106 to 108 spirochetes/
ml) growth of the spirochete in blood. This infection is typified
by recurrent febrile episodes, each of which corresponds to
high-level bacteremia caused by antigenically distinct popula-
tions of bacteria (reviewed in references 8, 9, and 36). Anti-
genic switching is a consequence of the sequential expression

of genes for serotype-specific major surface antigens known
collectively as variable major proteins (Vmps). The mechanism
of antigenic variation involves a gene rearrangement to local-
ize a new variant vmp gene at a unique expression site (11).
The spirochete encodes many silent vmp genes, and at least 25
antigenically distinct serotypes of this bacterium can be gener-
ated from a single bacterium (33, 38). Thus, a cycle of bacte-
remia, clearance, and outgrowth of antigenic variants can
occur several times, giving rise to a relapsing illness. The
high-titer growth of Borrelia in the bloodstream results in a
wide range of symptoms that include fever, chills, and muscle
and joint aches. After 2 to 9 days, these symptoms disappear,
corresponding to the first clearance of bacteria from the blood,
but the recurring nature of the bacteremia results in the reap-
pearance of symptoms for several weeks, if left untreated. In
addition, blood infection is associated with several striking
hematological abnormalities. For example, thrombocytopenia,
i.e., a low platelet count, is the most frequent laboratory man-
ifestation of B. hermsii infection in humans, and normocytic
anemia and leukocytosis are also common (14). Both of these
manifestations might involve interactions between host cells
and blood-borne bacteria, because B. hermsii has been dem-
onstrated to bind to platelets and red blood cells (RBCs) (5,
26). In particular, not only were episodes of thrombocytopenia
temporally and quantitatively correlated with episodes of bac-
teremia, but platelet-bacterium complexes were detected in
infected mice (4).

Rodents are both natural hosts for relapsing fever spiro-
chetes and provide an experimental model in which to inves-
tigate the pathogenesis of human infection. Murine infection
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recapitulates a number of pathophysiological aspects of the
human disease, most notably the hallmark of recurrent epi-
sodes of severe (�107 to 108/ml) bacteremia. In addition, he-
matological manifestations, such as leukocytosis, anemia, and
thrombocytopenia, that are commonly observed in human pa-
tients are associated with the episodes of recurrent spirochet-
emia in mice. Thus, the groundbreaking discovery that immune
evasion by relapsing fever spirochetes was due to antigenic
variation resulting from genomic rearrangements relied upon
murine infection to generate antigenic variants (8, 38). The
murine model also provided a system in which to identify
critical components of an adaptive immune response required
for clearance of B. hermsii from the bloodstream. �MT�/�

mice that lack B cells are completely susceptible to relapsing
fever (19), and passive transfer experiments demonstrated that
antibodies are essential effector molecules in protection from
relapsing fever (6, 41). Interestingly, the B cells confer protec-
tion independently from T-cell help (1, 10, 31). T-cell-indepen-
dent antibody responses occur with remarkable speed, consis-
tent with the observation that each episode of spirochetemia
lasts only two or three days. Finally, immune reconstitution of
recombination-activating gene (rag)-deficient mice revealed
that a subclass of T-independent B cells termed B1b cells was
capable of conferring long-term immunity to B. hermsii infec-
tion (2).

Whereas the role of an adaptive immune response in the
clearance of relapsing fever spirochetes has been the focus of
significant scientific investigation, very little is known about the
role of innate immune mechanisms and spirochetemia. Al-
though mice deficient in adaptive immunity, such as rag and
scid mutants, cannot resolve Borrelia infection completely, they
possess some means of transiently controlling relapsing fever
spirochetes. Thus, while infection of rag2�/� mice with B.
hermsii leads to a rapid increase in the number of blood-borne
bacteria that peaks at day 3 postinfection, in the ensuing days,
the level of bacteremia in these mice diminishes significantly,
indicating that innate immunity contributes to effective control
of this bacterial infection. These observations prompt the ques-
tion of how mice manage to control bacteremia even in the
absence of an adaptive response.

Inbred strains of mice have been used extensively in the
analysis of genetic control of infectious diseases (15). Several
genes identified by genetic mapping have been shown to play
an important role in the development and progression of hu-
man diseases. One of the most prominent examples is Nramp1/
SLC11A1, which encodes a divalent cation transporter (13).
Nramp1 was identified as a gene controlling susceptibility to a
wide range of pathogens, such as Leishmania, Salmonella, and
Mycobacterium bovis (39). Inbred strains of mice were used
extensively for studies of genetic control of differences in sen-
sitivity to diseases induced by B. burgdorferi infection. These
studies identified several quantitative trait loci (QTL) that con-
trol B. burgdorferi-induced arthritis and levels of specific and
total IgGs (34, 40). Subsequent analysis of 10 different pheno-
typic readouts identified up to 14 QTL that control various
aspects of B. burgdorferi infection (34). To date, there are no
studies of the contribution of genetic variation of the host to
control of B. hermsii infection. In order to develop an experi-
mental system to study the role of innate immunity in the
control of blood-borne bacteremia, we performed a survey of

common inbred mouse strains. We identified several signifi-
cant differences in the course and outcome of B. hermsii infec-
tion in inbred strains of mice that indicate genetic control of
both innate and adaptive response to this infection.

MATERIALS AND METHODS

Mice. The mouse strains BALB/cByJ, C57BL/6ByJ, C3H/HeJ, DBA/1J, and
SJL/J were purchased from Jackson Laboratories (Bar Harbor, ME). Informa-
tion regarding the differences in the genetic backgrounds of these mouse strains
is available on the Jackson website (http://www.informatics.jax.org/strains_SNPs
.shtml). All wild-type mice were females between 4 and 6 weeks of age. Female
rag2�/� mice in the BALB/c, C57BL/6, and C3H/HeN backgrounds were pur-
chased from Taconic Farms (Germantown, NY). rag2�/� mice were also be-
tween 4 and 6 weeks of age. Additional male and female rag2�/� mice for this
study were bred in the animal facility at the University of Massachusetts Medical
School. Mice used in this study were housed in microisolator cages in the
Department of Animal Medicine.

B. hermsii infections and blood sampling. To generate standardized stocks of
highly infectious bacteria, B. hermsii bacteria were harvested from the blood of
infected secretory IgM-deficient (sIgM�/�) mice, which suffer high-level (�108/
ml) bacteremia, by cardiac puncture and frozen in 20% glycerol until needed.
Five rag2�/� mice of BALB/c, C57BL/6, or C3H/HeN background were infected
intravenously with 105 Borrelia hermsii strain DAH bacteria (27) in 100 �l of
BSK-H medium (Sigma-Aldrich Co., St. Louis, MO). Blood sampling was carried
out as previously described (4). Briefly, less than 1 mm of the tail was cut with
surgical scissors, and 5 �l of blood was taken with a micropipette and placed in
45 �l of anticoagulant (100 mM citric acid, 100 mM sodium citrate in phosphate-
buffered saline [PBS], pH 7.0). Bacteremia was monitored at 24-h intervals for 5
days for wild-type mice and at 12- or 24-h intervals for 14 days for rag2�/� mice.
The levels of B. hermsii bacteria in these blood samples were evaluated by
diluting 10 �l of the above-described blood sample into 40 �l of phosphate-
buffered dextrose (2% dextrose in PBS, pH 7.0) for a final dilution of 1:50.
Five-microliter amounts of the diluted blood samples were examined under
dark-field microscopy (�400 magnification) to quantify the number of B. hermsii
bacteria, as described previously (4). The limit of detection of B. hermsii bacteria
by this approach is 1 � 105 bacteria/ml.

Flow cytometry. One microliter of whole blood was diluted 1:10 in citrate
anticoagulant. Phycoerythrin (PE)-Cy5-conjugated anti-mouse TER-119 (eBio-
science) was diluted 1:10, and PE-conjugated anti-mouse CD61 antibody
(PharMinGen) was diluted 1:200 in phosphate-buffered dextrose to label red
blood cells and platelets, respectively. To measure the platelet and red blood cell
counts by flow cytometry, 10 �l of SPHERO rainbow fluorescent polystyrene
beads (Spherotech, Inc., Libertyville, IL) was added as an internal standard, as
described previously (3). The numbers of red blood cells and platelets were
measured by flow cytometry using a Becton-Dickinson FACSCalibur. All flow
cytometry experiments were performed within 2 days of collection of blood
samples.

Histology. Tissues were harvested from infected mice at days 5 and 14 postin-
fection, fixed in 10% histological-grade buffered formalin, and then embedded in
paraffin. Five-micrometer sections of spleen and liver were cut and then stained
with hematoxylin and eosin (H&E).

FISH. For fluorescence in situ hybridization (FISH) analysis, tissues were
harvested from infected mice at days 5 and 14 postinfection and fixed in 3.7%
histological grade formaldehyde with 50% ethanol in phosphate-buffered saline.
Tissues were embedded in methacrylate and sectioned as described previously
(30). A Borrelia genus-specific oligonucleotide probe, reBorr0 (5�-GCATGCTT
AAGACGCACTGCC-3�), was designed and 5� end labeled with Cy3 (indocar-
bocyanine) (Biomers, Ulm, Germany). To control for specificity of the probe,
Borrelia garinii strain 1B29 (kindly provided by A. Schönberg, Federal Institute
for Health Protection of Consumers and Veterinary Medicine, Berlin, Germany)
and Treponema denticola (ATCC 35405) with two mismatches at the probe
binding site were included as positive and negative controls, respectively, in each
FISH experiment. Sections (3 �m) were hybridized as published previously (35),
using a hybridization buffer containing 20% formamide. After incubation at 50°C
for 2 h, slides were rinsed with double-distilled water, air dried, and mounted
with Vectashield mounting medium (Vector Laboratories, Burlingame, CA)
containing the nonspecific nucleic acid stain DAPI (4�,6�-diamidino-2-phenylin-
dole). For microscopy, an epifluorescence microscope (Axioplan2; Carl Zeiss,
Jena, Germany) equipped with narrow-band filter sets (AHF; Analysentechnik,
Tübingen, Germany) was used.
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Statistical analysis. Data were analyzed using GraphPad Prism. Comparison
of multiple groups was performed using one-way analysis of variance (ANOVA),
and the significance of differences was evaluated with Bonferroni’s multiple
comparison test. Statistical significance of difference between two groups was
evaluated using two-tailed unpaired t tests. In all tests, P values below 0.05 were
considered statistically significant. In all graphs, error bars represent standard
deviations.

RESULTS

Immunocompetent BALB/c mice are relatively resistant to
B. hermsii infection. In order to test whether a phenotypic
difference in resistance to B. hermsii exists among inbred
strains of mice, we infected intraperitoneally (i.p.) mice of five
different strains, BALB/cByJ, C57BL/6ByJ, C3H/HeJ, DBA/
1J, and SJL/J (Jackson Laboratory, Bar Harbor, ME), with 105

B. hermsii strain DAH bacteria. These strains were chosen to
match the progenitors of existing recombinant inbred mapping
panels. For this initial survey, female mice were infected in
groups of five, and bacteremia was evaluated daily by dark-field
microscopy of diluted blood samples as previously described
(4). Following the initial experiments, we established that an
intravenous (i.v.) route of infection provides a more reproduc-
ible course of infection than i.p. injection. All subsequent ex-
periments used i.v. infection for delivery of spirochetes to the
bloodstream. Previous extensive study of infections in C57BL/6
mice (2, 5) indicated that peak bacteremia of B. hermsii strain
DAH infection occurs on day 3 postinfection (5). Thus, to
discern potential phenotypic differences among different
mouse strains, we chose to compare bacteremia at day 3
postinfection. We found that BALB/cByJ was the most resis-
tant strain, displaying a level of bacteremia 5-fold lower than
that in C57BL/6ByJ mice and 4-fold lower than that in C3H/
HeJ mice. DBA/1J and SJL/J mice had intermediate levels of
bacteremia (data not shown). Two additional surveys with
strains BALB/cByJ, C57BL/6ByJ, and C3H/HeJ revealed these
phenotypic differences to be reproducible and significant be-
tween BALB/cByJ and C57BL/6ByJ (P � 0.01) and between
BALB/cByJ and C3H/HeJ (P � 0.05) mice (Fig. 1, day 3).

C57BL/6 rag2�/� mice are relatively resistant to B. hermsii
infection. Initial observations in rag1�/� mice indicated that
bacteremia peaked at day 3 or 4 postinfection, followed by a
10- to 20-fold decrease in bacterial load (1). Thus, some degree
of control of bacteremia was evident even in the absence of the
adaptive immune system, suggesting a substantial contribution
of innate immunity in this process. To determine if differences
in the response to B. hermsii infection observed with the im-
munocompetent wild-type mice described above might reflect
genetic differences in the function(s) of the innate immune
system, we analyzed the course and outcome of B. hermsii
infection in rag2�/� mice of different strain backgrounds. Al-
though rag2�/� mice suffer a persistent B. hermsii infection,
they survive for approximately 12 to 21 days, allowing us to
assess the role of the innate immune system in control of B.
hermsii bacteremia. For these experiments, we selected
rag2�/� counterparts of the three strains that showed the
greatest differences at day 3 postinfection when the infection
was performed in wild-type mice. BALB/c rag2�/�, C57BL/6
rag2�/�, and C3H/HeN rag2�/� mice were infected i.v. with
105 B. hermsii strain DAH bacteria and bled every 12 or 24 h

for 14 days. Bacteremia was monitored daily by dark-field
microscopy of blood smears.

The three strains examined exhibited significant differences
in the level of bacteremia, and these differences are described
below. Nevertheless, an overall triphasic pattern of infection
was apparent for each of the three inbred strains (Fig. 2). First,
the mice suffered a single peak of bacteremia that was then
partially controlled by day 6 postinfection. Second, this was
followed by a period of four to six days in which the bacteremia
was moderate and relatively consistent. Finally, bacteremia
increased, and in two of the three strains, this increase was
dramatic, leading to morbidity and mortality.

While the overall pattern of bacteremia showed some simi-
larities among the three rag2�/� mouse strains, we were able to
identify three periods over the course of the 14-day infection
during which there were significant differences in bacteremia
between the strains tested. First, at days 3.5 to 4 postinfection,
we found that BALB/c rag2�/� mice suffered approximately
2.5-fold lower bacteremia than C3H/HeN rag2�/� mice, con-
sistent with the relative susceptibilities of their wild-type coun-
terparts, BALB/cByJ and C3H/HeJ mice, respectively. Inter-
estingly, C57BL/6 rag2�/� mice were relatively resistant,
suffering less than half the level of bacteremia (P � 0.01) seen
in C3H/HeN rag2�/� mice (Fig. 2A, see inset), a finding in
contrast to the results for wild-type C57BL/6 mice, which were
relatively susceptible to B. hermsii infection at the first peak of
bacteremia (Fig. 1). In addition, while none of the rag2�/�

mice cleared B. hermsii infection, after the first peak of bacte-
remia, C57BL/6 rag2�/� mice were able to control bacteremia
better and survived longer than either C3H/HeN rag2�/� or
BALB/c rag2�/� mice.

Second, at approximately day 7 postinfection, BALB/c
rag2�/� mice suffered an additional peak of bacteremia that
was not observed with the other strains (Fig. 2A). Thus, at this

FIG. 1. Differences in control of B. hermsii infection among com-
mon inbred strains of mice. Wild-type female BALB/cByJ, C57BL/
6ByJ, and C3H/HeJ mice were infected i.v. in groups of five with 105 B.
hermsii strain DAH bacteria. Bacteremia was monitored daily by mi-
croscopic examination of blood smears. The limit of detection of spi-
rochetes by this approach is 1 � 105 bacteria/ml of blood. Inset shows
spirochete numbers in the bloodstreams of individual mice at day 3
postinfection, along with means and standard deviations for the
groups. At this time point, there were significant differences in levels of
bacteremia between BALB/cByJ and C57BL/6ByJ mice (P � 0.01) and
between BALB/cByJ and C3H/HeJ mice (P � 0.05) as determined by
one-way ANOVA with Bonferroni’s multiple comparison test.
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time point, BALB/c rag2�/� mice had 6-fold (P � 0.001) and
10-fold (P � 0.001) higher numbers of blood-borne bacteria
than C3H/HeN rag2�/� and C57BL/6 rag2�/� mice, respec-
tively. By day 9 postinfection, BALB/c rag2�/� mice were able
to establish partial (albeit temporary) control of bacteremia.

Finally, between days 12 and 14 postinfection, BALB/c
rag2�/� mice displayed approximately 10-fold greater bactere-
mia than C57BL/6 rag2�/� mice (P � 0.05 at day 12 for all
experiments). During this period of time, C3H/HeN rag2�/�

mice had intermediate numbers of bacteria in the bloodstream.
The increase in bacteremia in BALB/c rag2�/� and C3H/HeN
rag2�/� mice corresponded to signs of clinical illness, such as
listlessness and ruffled fur, prompting euthanasia of many of
the mice (not shown). Thus, although it has been established
that an antibody response is critical for clearing B. hermsii
infection in wild-type mice, the variation in response to infec-
tion by different strains of rag2�/� mice indicates that innate

components of the immune system also contribute to the clear-
ance of B. hermsii from the bloodstream.

B. hermsii induced thrombocytopenia and anemia. Associ-
ated with the episodes of spirochetemia in mice are anemia
and thrombocytopenia, which are also commonly observed in
human patients (5, 25). Thus, in addition to monitoring bac-
teremia, in the second strain survey of rag2�/� strains (Fig.
2B), we also followed RBC and platelet counts by flow cytom-
etry (see Materials and Methods). Consistent with earlier anal-
ysis of B. hermsii infection in immunocompromised mice (5),
all mice became thrombocytopenic. The kinetics of thrombo-
cytopenia were similar across all mouse strains examined (Fig.
3A). Over the first three days, there was a rapid decrease in the
number of platelets, with platelet counts reaching 10 to 20% of
normal levels by day 3 postinfection, the time point of peak
bacteremia. The platelet counts recovered very slightly over
the next few days, but the mice remained severely thrombocy-
topenic. At day 12 postinfection, the average platelet count
dropped even further. The platelet count profiles among all
three strains of mice were highly similar, although the counts
of BALB/c rag2�/� mice recovered slightly better than those of
the other strains (P � 0.05 for day 5). We conclude that the
genetic background of these mice has little influence on the

FIG. 2. The efficiency of innate immune control of B. hermsii bac-
teremia varies with mouse strain. Two independent surveys (A and B)
reveal a genetically defined course of B. hermsii spirochetemia in
rag2�/� mice. Female mice between 4 and 6 weeks of age were infected
i.v. in groups of five with 105 B. hermsii strain DAH bacteria. Five
microliters of blood per day was collected from each mouse for 14 days
postinfection for microscopic examination of blood smears. Inset
shows spirochete numbers in bloodstreams of individual mice at day 4
postinfection, along with means and standard deviations for the
groups. At this time point, C3H/HeN rag2�/� mice demonstrated sig-
nificantly (P � 0.001, one-way ANOVA) higher levels of bacteremia
than BALB/c rag2�/� or C57BL/6 rag2�/� mice.

FIG. 3. Thrombocytopenia and anemia in rag2�/� mice. Blood
sampled from bacteremic rag2�/� mice was used for flow cytometry-
based measurement of platelets (A) and RBCs (B). Rapid initial re-
duction in the numbers of RBCs and platelets was followed by a
recovery period in all 3 strains of mice examined. The minimum in the
platelet numbers corresponded to the peak bacteremia at day 4. The
minimum in the number of RBCs corresponded to the minimum
bacterial loads following the initial peak of bacteremia.

VOL. 78, 2010 INNATE IMMUNE CONTROL OF B. HERMSII INFECTION IN MICE 589



development and course of thrombocytopenia during relapsing
fever infection.

Measurement of RBC counts indicated that infection affects
the numbers of RBCs, but not in a fashion synchronous with
changes in platelet numbers. We discerned three phases of
anemia in immunocompromised mice. In the first phase, RBC
counts in infected mice began to decline rapidly early in infec-
tion, although less precipitously than platelet counts (Fig. 3B).
Unlike the platelet numbers, for which the period of rapid
decline was limited to the first three days of infection, RBC
numbers continued to decline until day 6. At this time point, all
three strains of mice had only 30% to 45% of their normal
number of RBCs. Interestingly, this time point corresponded
to the point at which bacteremia was at a minimum following
the initial peak of bacteremia at day 3 to 4 (Fig. 2). In the
second phase, after day 6, the RBC count partially recovered
and held steady for approximately four to six days, until about
day 11 postinfection. Finally, the RBC count diminished in all
three mouse strains through day 14, at which point the exper-
iment was terminated due to frank illness of the animals. This
third phase corresponded to an increase in bacteremia in all
three strains. However, the degree of anemia did not directly
correlate with the degree of bacteremia. For example, at day 12
postinfection, while both C3H/HeN rag2�/� and BALB/c
rag2�/� mice had very high levels of bacteremia (�2 � 108)
(Fig. 2), C3H/HeN rag2�/� mice had approximately 12-fold-
lower red blood cell counts than BALB/c rag2�/� mice (P �
0.001) (Fig. 3B). In addition, whereas the bacterial load in
C57BL/6 rag2�/� mice at days 12 to 14 was considerably lower
than that in C3H/HeN rag2�/� and BALB/c rag2�/� mice, the
C57BL/6 mice displayed a level of anemia intermediate be-
tween the levels in the other two strains. Therefore, our results
indicate that changes in the number of RBCs following B.
hermsii infection (Fig. 3B) do not simply reflect bacterial bur-
dens and thus appear to be under independent genetic control.

Sex-specific differences in innate control of B. hermsii infec-
tion. The gender of the host often influences the course and
outcome of infection. To determine if innate immune control
of B. hermsii infection has a sex-specific component, we com-
pared the courses of infection in male and female littermates.
We infected five male and five female littermates of the
BALB/c rag2�/� and C57BL/6 rag2�/� strains with 105 B.
hermsii strain DAH bacteria via tail vein injection. In both
strains examined, we found that at the early time point (days 3
to 4), male littermates suffered 2- to 4-fold higher levels of
bacteremia than their female counterparts (Fig. 4). In addition,
peak bacteremia occurred 12 to 24 h later in male littermates
than in females. At the middle and late time points, however,
differences in bacteremia between male and female littermates
were not significant. These data indicate a strong influence of
gender on resistance to B. hermsii infection, particularly in the
kinetics and effectiveness of early suppression of bacteremia.

Histopathology of infection. To further characterize the
course of B. hermsii infection in immunocompromised mice,
we performed histopathological analysis of liver, spleen, and
heart tissues from infected animals. The liver and spleen were
selected on the basis of their role as primary sites of bacterial
clearance. Additionally, in mice, liver and spleen are organs
where ectopic hematopoiesis can occur. We also collected
heart tissue, to determine if this organ is a site of spirochetal

invasion, given that carditis is a prominent feature of Borrelia
burgdorferi and relapsing fever Borrelia infections (17, 28).

Liver, spleen, and heart tissues were collected from animals
infected with 105 CFU of DAH bacteria for various amounts of
time. Hepatosplenomegaly has been previously observed dur-
ing B. hermsii infection of immunocompetent mice (5). Indeed,
necropsies of rag2�/� animals selected for tissue harvest re-
vealed dramatic hepato- and splenomegaly at the late stages of
infection in all strains examined. In addition, the spleens of
BALB/c rag2�/� animals were more than two times larger than
those of the C57BL/6 rag2�/� mice (data not shown).

Our histopathological analysis revealed that B. hermsii in-
fection leads to the development of three processes that could
contribute to splenomegaly. There were no qualitative differ-
ences between spleens of rag2�/� mouse strains (data not
shown), and to illustrate the results described below, we use
representative images obtained using samples from BALB/c
rag2�/� mice. First, analysis of H&E-stained sections revealed

FIG. 4. Male rag2�/� mice are more susceptible than females to B.
hermsii infection in the early stages of infection. (A) BALB/c rag2�/�

males suffered more severe bacteremia than females of the same strain
at the early time point (day 4 postinfection). Peak bacteremia in males
occurred 12 to 24 h later than that of female mice. (B) C57BL/6
rag2�/� males also suffered higher levels of bacteremia than female
littermates at the early time point. However, bacteremia in C57BL/6
rag2�/� males was lower than that of BALB/c rag2�/� males at the
same time point. Inset panels show peak bacteremia in the female
cohorts only. All experiments, n � 4; comparisons by two-tailed t test.
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the expected influx of inflammatory cells in both livers and
spleens of infected animals (Fig. 5). Second, spleens of infected
animals had numerous megakaryocytes present (Fig. 5B, ar-
row), indicating extensive extramedullary hematopoiesis. Ex-
tramedullary hematopoiesis is often seen in chronic anemia
and is consistent with the anemia of B. hermsii infection (Fig.
3A). Third and most striking, all sections examined demon-
strated extensive erythrophagocytosis by resident tissue mac-
rophages. Indeed, by day 6 postinfection, the majority of tissue
macrophages contained large numbers of RBCs (Fig. 5A, box).
Thus, one of the developments in the progression of B. hermsii
infection in immunocompromised mice may be removal of
RBCs by tissue-resident macrophages, leading to anemia. The
extent of erythrophagocytosis in this nonquantitative assess-
ment was similar in all inbred strains examined.

Localization of spirochetes by fluorescent in situ hybridiza-
tion. To determine the level of tissue invasion by spirochetes
during infection and whether the erythrophagocytosis ob-
served upon histological analysis might be reflected in specific
associations between spirochetes and RBCs, we visualized spi-
rochetes in tissues using FISH with a Borrelia genus-specific
probe. FISH analysis revealed that by day 3 postinfection,

spirochetes were found in all three of the tissues examined, i.e.,
heart, spleen, and liver. In the heart, spirochetes were visual-
ized associated with blood vessel walls, as well as with cardiac
muscle, oriented parallel to the muscle fiber (Fig. 6a, arrows).
In the liver and spleen, RBCs were identified on the basis of
their anuclear and highly autofluorescent morphology (see also
stacked RBCs in the cardiac blood vessel, Fig. 6d), and many
spirochetes were observed associated with these cells (Fig. 6a
and b, arrowheads). By day 6, the numbers of spirochetes
found in each tissue increased despite a reduction in numbers
of blood-borne bacteria (Fig. 2). Spirochetes were readily seen
associated with the blood vessel walls (Fig. 6d and e, arrows),
and numerous spirochetes were observed wrapped around
RBCs (Fig. 6d to f, arrowheads). By day 12 postinfection, B.
hermsii numbers in the tissues increased further, correlating
with the increased bacterial load in the blood and ultimately
leading to severe infection and death of BALB/c rag2�/� and
C3H rag2�/� animals. In the heart, spirochetes were observed
within the heart muscle (Fig. 6g), and in the liver and, partic-
ularly, in the spleen, there were numerous spirochetes associ-
ated with RBCs (Fig. 6h and i). Thus, in addition to providing
evidence that B. hermsii bacteremia is associated with signifi-
cant invasion into tissues such as the heart, the results of our
immunofluorescence examination indicate an association of
spirochetes with RBCs, one that might underlie the extensive
phagocytosis of red blood cells by tissue-resident macrophages.

DISCUSSION

The genetic identity of the host plays a significant role in the
control of a wide range of infectious diseases, from viral infec-
tions to colonization with parasites. The tick-borne spirochete
B. hermsii is extremely well adapted to growth in the blood-
stream of infected hosts and may therefore serve as a model in
which to study the mechanisms of clearance of bacterial patho-
gens from the bloodstream. Although the analysis of B. hermsii
infection has provided important insights into how blood-
borne pathogens trigger a host immune response, particularly
a robust antibody response, no studies of the contribution of
the genetic component of the host to the course and outcome
of B. hermsii infection have been performed. In the current
study, by analyzing the course of B. hermsii infection in inbred
strains of mice, we established that in fact, in the absence of a
humoral response, the innate immune system is capable of
partial control of B. hermsii infection. In addition, we found
that the genetic background of the host contributes signifi-
cantly to the severity of both bacteremia and anemia, promi-
nent manifestations of infection.

To begin our analysis, we selected 5 common inbred com-
mercially available mouse strains that have previously been
demonstrated to display differential patterns of sensitivity to
various pathogens (23). Our survey revealed significant strain-
specific differences in the progression of infection, in that bac-
teremia was 6-fold more severe in C57BL/6ByJ than in BALB/
cByJ animals at day 3 after infection (Fig. 1). The high
statistical significance (P � 0.01) of this finding suggests that
inbred mouse strains are sufficiently different in clearing B.
hermsii from the bloodstream to allow for the identification of
the genetic polymorphisms that likely account for this differ-
ential susceptibility.

FIG. 5. Histopathology of infected rag2�/� mice. Panels show H&E
staining of liver (A) and spleen (B) sections of organs recovered from
BALB/c rag2�/� animals infected with 105 CFU B. hermsii strain DAH
bacteria. Numerous RBCs were found in tissue-resident macrophages
(box), indicating extensive erythrophagocytosis. The presence of
megakaryocytes in spleens of infected animals indicates ongoing ex-
tramedullary hematopoiesis.
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It is well established that adaptive immunity, particularly a
T-cell-independent antibody response, is critical for clearance
of relapsing fever spirochetes. To determine if genetic differ-
ences in innate immunity contribute to the differences in sus-
ceptibility to infection that we observed in immunocompetent
strains, we followed the course of B. hermsii infection in an
analogous set of strains carrying a rag2 deletion. Rag2 knock-
out mice, like scid and rag1�/� animals, lack specific immunity,
but their innate immunity is intact (37). We found that rag2�/�

mice had higher levels of circulating spirochetes at the initial
peak of bacteremia than their immunocompetent counter-
parts. This is likely due to a combined contribution of innate
and adaptive immunity to the early response to B. hermsii
infection in immunocompetent mice. Rapid response to B.
hermsii early in the infection can be mediated by both marginal-
zone (MZ) B and B1 cells (1, 12). These T-cell-independent
B-cell subsets can differentiate into plasmablasts within 48 h
after exposure to bacteria or bacterial products and are there-
fore capable of generating a significant specific-antibody re-
sponse, required for controlling bacterial burden, by 3 days
postinfection (7, 29).

Consistent with the results of our previous work with immu-
nocompromised (rag1�/�) mice, none of the animals fully
cleared the infection, but each was capable of diminishing the
bacterial load from an early peak, indicating that innate im-

mune mechanisms were functioning to control infection (Fig.
2) (2). In addition, consistent with the relative susceptibility of
immunocompetent C3H mice, C3H rag2�/� mice did not control
the initial peak of bacteremia as well as BALB/c rag2�/�mice,
indicating that at least in part, the susceptibility of wild-type
C3H rag2�/�mice reflects a relative defect in innate immunity.
Interestingly, in direct contrast to the relative susceptibility
of immunocompetent C57BL/6ByJ mice, female C57BL/6
rag2�/� mice were able to control the initial peak of bactere-
mia as well as BALB/c mice. Because these C57BL/6 mice are
separated from their common progenitors by many genera-
tions, it is possible that the different patterns of response to B.
hermsii infection of immunocompetent and immunocompro-
mised mice are due to subline-specific genetic differences. In
fact, we recently described C57BL/6 subline-specific differ-
ences in response to L. monocytogenes infection (24). Never-
theless, the detrimental effect of adaptive immune cells on
innate immune function has been documented for the mouse
model of L. monocytogenes infection (18). Therefore, it is pos-
sible that although the combined efforts of the innate and
adaptive immune systems of wild-type C57BL/6 mice are ca-
pable of completely clearing B. hermsii infection, the innate
immune response to B. hermsii by these mice is impaired at the
early stages of infection.

The gender of the host can often influence susceptibility to

FIG. 6. FISH analysis of the time course of B. hermsii infection. B. hermsii spirochetes (orange [arrows and arrowheads]) could be detected in
tissues (green background fluorescence) of infected BALB/c rag2�/� animals as early as 3 days after infection (a to c). By day 6, the spirochetes
could be found associated with anuclear cells (d to f, arrowheads) and blood vessel walls (d and e, arrows). At the late stages of infection, numerous
spirochetes were visible in cardiac muscle (g), liver (h), and spleen (i) tissue. DAPI nucleic acid stain (blue) reveals the host cell nuclei.
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infectious disease. In addition to the relevance of such sex-
specific phenotypes for understanding the pathogenesis of in-
fection, for genetic studies it is important to know if the phe-
notype can be analyzed using entire cross populations or if the
animals have to be segregated according to sex. To test the
effect of gender, we compared the progression of B. hermsii
infection in male and female C57BL/6 rag2�/� and BALB/c
rag2�/� animals. For both strains, males had significantly
higher and somewhat delayed initial peaks of bacteremia com-
pared to the initial peaks in female animals, indicating that the
gender of the host plays a substantial role in control of B.
hermsii bacteremia. While it would be difficult to test directly if
similar gender-specific differences in susceptibility to relapsing
fever exist in the human population, our observation provides
a starting point for research in this direction.

In addition to bacteremia, relapsing fever patients com-
monly suffer from anemia and thrombocytopenia. The etiology
of these changes in blood cell counts is not understood and
could be multifactorial, but it is tempting to speculate that the
proximity of these cells to high concentrations of bacteria in
the blood promotes interactions that lead to host cell clear-
ance. Indeed, episodes of thrombocytopenia correspond tem-
porally with peaks of bacteremia, and the spirochetes bind to
circulating platelets during infection (4). In addition, both Bor-
relia crocidurae and B. hermsii have been shown to bind to
erythrocytes in vitro and in blood samples from infected ani-
mals (16, 26). Our examination of tissues provided data that
support the hypothesis that the interaction of spirochetes with
cellular components of blood influences the number of circu-
lating cells. We found that liver-resident macrophages
(Kupffer cells) contain significant numbers of phagocytosed
and highly clustered RBCs (Fig. 5), and FISH analysis dem-
onstrated that RBCs are frequently associated with spiro-
chetes, some of which appear to wrap around the entire pe-
riphery of the cell (Fig. 6). These findings, along with the
kinetics of anemia, are consistent with a speculative model in
which RBC binding might contribute to the ability of animals
to control bacteremia. According to this model, bacteremia is
associated with spirochete-RBC interactions, leading to RBC
clearance by erythrophagocytosis, either due to RBC damage
or to “bystander” clearance of RBCs stably bound to spiro-
chetes. The phagocytosis of spirochetes and RBCs leads to
hepatosplenomegaly, as well as to a decrease in bacteremia by
day 6 of infection. This is followed by a partial recovery in RBC
count as hematopoiesis (including extramedullary hematopoi-
esis) occurs, and a period of relatively consistent anemia and
bacteremia. However, late in infection, e.g., by day 11 or 12,
perhaps as the erythropoietic and/or phagocytic capacities of
infected animals become exhausted, decreasing numbers of
circulating RBCs and increasing numbers of blood-borne spi-
rochetes are observed, leading to the terminal phase of infec-
tion. Thus, one might imagine that RBCs play a role in the
initial control of B. hermsii infection by acting as a “sink” for
circulating bacteria. Bergstrom and colleagues have suggested
that RBC binding by B. crocidurae promoted a delay in the
development of an adaptive immune response (16), and these
models are not mutually exclusive.

Our results indicate that innate immunity plays a significant
role in the control of B. hermsii replication and that this con-
tribution is different in inbred mouse strains. In addition, our

study lays the groundwork for a future thorough, unbiased
genetic analysis of differential responses to B. hermsii infection
in inbred mouse strains that will identify critical control ele-
ments in the regulation of innate immunity. Analysis of these
elements will improve our understanding of innate immune
response to blood-borne pathogens. In addition, since innate
immunity contributes to defense against a wide range of patho-
gens, these findings are likely to contribute to our understand-
ing of general mechanisms of host-pathogen interactions.
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