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Rickettsioses are emerging febrile diseases caused by obligate intracellular bacteria belonging to the family Rickettsiaceae. Rick-
ettsia typhi belongs to the typhus group (TG) of this family and is the causative agent of endemic typhus, a disease that can be
fatal. In the present study, we analyzed the course of R. typhi infection in C57BL/6 RAG1�/� mice. Although these mice lack
adaptive immunity, they developed only mild and temporary symptoms of disease and survived R. typhi infection for a long pe-
riod of time. To our surprise, 3 to 4 months after infection, C57BL/6 RAG1�/� mice suddenly developed lethal neurological dis-
orders. Analysis of these mice at the time of death revealed high bacterial loads, predominantly in the brain. This was accompa-
nied by a massive expansion of microglia and by neuronal cell death. Furthermore, high numbers of infiltrating CD11b�

macrophages were detectable in the brain. In contrast to the microglia, these cells harbored R. typhi and showed an inflamma-
tory phenotype, as indicated by inducible nitric oxide synthase (iNOS) expression, which was not observed in the periphery.
Having shown that R. typhi persists in immunocompromised mice, we finally asked whether the bacteria are also able to persist
in resistant C57BL/6 and BALB/c wild-type mice. Indeed, R. typhi could be recultivated from lung, spleen, and brain tissues from
both strains even up to 1 year after infection. This is the first report demonstrating persistence and reappearance of R. typhi,
mainly restricted to the central nervous system in immunocompromised mice.

Rickettsioses are arthropod-borne neglected and emerging fe-
brile diseases that are caused by small obligate intracellular

bacteria (family Rickettsiaceae). Based on phylogenetic analyses,
the family Rickettsiaceae is subdivided into three major groups, the
spotted fever group (SFG), the typhus group (TG), and the scrub
typhus group (1, 2). The majority of rickettsiae identified so far are
SFG bacteria. Prominent members of this group are Rickettsia
rickettsii and Rickettsia conorii, the causative agents of Rocky
Mountain spotted fever (RMSF) and Mediterranean spotted fever
(MSF). Orientia (Rickettsia) tsutsugamushi is the only member of
the scrub typhus group, while Rickettsia prowazekii and Rickettsia
typhi represent the two members of TG rickettsiae (3, 4).

R. prowazekii and R. typhi are the causative agents of epidemic
and endemic typhus, respectively. Endemic typhus is distributed
worldwide and highly prevalent in low-income countries in Africa
(5) and Asia (6–9). The disease primarily occurs in ports and
coastal towns where rodents such as rats and mice that serve as
natural hosts of R. typhi are common. The bacteria are transmitted
from these animals to humans by fleas (10, 11). Epidemic and
endemic typhus appear with similar symptoms. After 10 to 14 days
of latency, the disease starts with the sudden onset of high fever
that lasts for several days and is accompanied by headache, myal-
gia and joint pain, and nausea and vomiting. In addition, neuro-
logical symptoms, such as confusion and stupor, are common
(12). Because endothelial cells are the main target cells of rickett-
siae, many patients develop a characteristic hemorrhagic rash due
to local blood vessel damage and inflammation (2). In severe
cases, systemic infection leads to multiorgan pathology and po-
tentially fatal complications, including pneumonia, myocarditis,
and nephritis, as well as encephalitis or meningitis (12, 13). The
course of disease of endemic typhus is generally milder than that
of epidemic typhus. The lethality of R. typhi infection is estimated
to be �5% (14, 15), while the lethality of R. prowazekii infection is

much higher (20 to 30%) (13, 15, 16) if untreated with an effective
antibiotic, such as a tetracycline or chloramphenicol.

In the past years, mouse models for rickettsial infections em-
ploying different mouse strains have been established. Among
these, BALB/c and C57BL/6 mice were found to be resistant to
rickettsial infections (17–21), while C3H/HeN mice have been
described as being susceptible (17, 21). The latter have been inten-
sively investigated with regard to immune response against SFG
rickettsiae. It has been shown that cytotoxic CD8� T cells, in ad-
dition to gamma interferon (IFN-�), are essential for protection
against SFG rickettsiae in these animals (22–25). In contrast to
C3H/HeN mice, C57BL/6 mice can survive SFG rickettsial infec-
tions even in the absence of adaptive immunity. C57BL/6
RAG1�/� mice, which lack both mature T and B cells (26), clear
and survive the infection with R. conorii at least until day 20 (27),
demonstrating that C57BL/6 mice mount an efficient innate im-
mune response that is capable of controlling the bacteria. How-
ever, little is known about the course of infection and immune
response against TG rickettsiae.

In the present study, we infected C57BL/6 RAG1�/� mice with
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R. typhi, a representative of the TG rickettsiae. Similar to the find-
ings with SFG rickettsiae mentioned above, we observed that T
and B cell-deficient mice were mainly asymptomatic in the initial
phase and survived the infection independent of the route of in-
fection for at least as long as described for R. conorii infection. To
our surprise, however, all mice without exception suddenly devel-
oped lethal neurological disorders 3 to 4 months after R. typhi
infection. High numbers of R. typhi were then detectable in the
brain of the animals, while peripheral organs were hardly affected.
In the brain as well as in the spinal cord of these mice, we observed
massive expansion of microglia, the resident macrophages of the
central nervous system (CNS), which was associated with neuro-
nal cell death. R. typhi was detectable in these areas of microglial
accumulation. Flow cytometric analysis, however, revealed that
the microglia did not harbor R. typhi. Furthermore, they did not
express inducible nitric oxide synthase (iNOS), which is respon-
sible for the synthesis of bactericidal nitric oxide (NO) (28). Thus,
microglia did not exert inflammatory activity that is characteristic
of classically activated macrophages. In addition to microglial ex-
pansion, high numbers of infiltrating macrophages were observed
in the brain of infected animals. In contrast to microglia, these
cells expressed iNOS. Furthermore, R. typhi particles were detect-
able within these infiltrating macrophages but not in either endo-
thelial or neuronal cells. Despite NO production, the particles
appeared intact, indicating bacterial survival and replication. Fi-
nally, having observed that R. typhi persists in C57BL/6 RAG1�/�

mice, we asked whether the bacteria might also persist in wild-type
mice, and we demonstrate that R. typhi can be recultivated from
resistant immunocompetent C57BL/6 mice, as well as BALB/c
wild-type mice, even up to 1 year postinfection.

Collectively, our data demonstrate for the first time persistence
of R. typhi in wild-type mice and reappearance of the bacteria
selectively in the CNS of immunocompromised mice, causing le-
thal CNS inflammation.

MATERIALS AND METHODS
Mice. C57BL/6, BALB/c, and C57BL/6 RAG1�/� mice were bred in the
animal facilities of the Bernhard Nocht Institute for Tropical Medicine
and housed in a biosafety level 3 facility for experimentation. The facilities
are registered by the Public Health Authorities (Amt für Gesundheit und
Verbraucherschutz, Hamburg, Germany). All experiments and proce-
dures were approved by the Public Health Authorities (Amt für Gesund-
heit und Verbraucherschutz, Hamburg, Germany; no. 61/12 and no. 88/
13) and performed according to the requirements of the German Animal
Welfare Act.

Infection of mice. R. typhi stocks were thawed and washed in phos-
phate-buffered saline (PBS) as described below. Inocula of 2 � 106 spot-
forming units (SFU) were administered in 50 �l of PBS subcutaneously
(s.c.) into the base of the tail or in 100 �l PBS intravenously (i.v.) into the
tail vein. Serum samples were obtained by submandibular bleeding.

Culture and purification of R. typhi. R. typhi (strain Wilmington)
was cultured with L929 mouse fibroblasts (ATCC CCL-1) in RPMI 1640
(PAA Laboratories, Cölbe, Germany) supplemented with 10% fetal calf
serum (FCS) (PAA Laboratories), 2 mM L-glutamine (PAA Laboratories),
and 10 mM HEPES (PAA Laboratories) without antibiotics (standard
culture medium). Amounts of 1 � 107 gamma-irradiated (1,966 rads)
L929 cells were seeded in 175-cm2 culture flasks (Greiner Bio-One, Fric-
kenhausen, Germany). One day later, cells were infected with R. typhi and
incubated for 5 to 7 days. For the preparation of bacterial stocks, infected
L929 cells were resuspended in 1.5 ml PBS. Amounts of 200 �l of silicon
carbide particles (60/90 grit; Lortone, Inc., Mukilteo, WA) were added,
and cells were vortexed thoroughly for 1 min. The crude lysate was

strained through a 2-�m cell strainer (Puradisc 25 2-�m syringe filter; GE
Healthcare Life Sciences, Freiburg, Germany). Bacteria were centrifuged
at 6,200 � g for 5 min at room temperature and frozen in FCS with 7.5%
dimethyl sulfoxide (DMSO) in liquid nitrogen in Cryo.S tubes (Greiner
Bio-One, Frickenhausen, Germany). Thawed bacterial stocks were centri-
fuged at 6,200 � g for 5 min at room temperature, washed twice with PBS,
and analyzed for bacterial content by quantitative real-time PCR (qPCR)
and immunofocus assay to determine the SFU counts.

DNA preparation from purified bacteria, cell cultures, and organs.
DNA was prepared from purified bacteria, cell cultures, and organs by
using the QIAamp DNA minikit (Qiagen, Hilden, Germany). An amount
of 10 mg of tissue was homogenized in 500 �l of PBS in Precellys ceramic
kit tubes (Peqlab, Erlangen, Germany) two times at 6,000 rpm for 45 s
with a 60-s break in a Precellys 24 homogenizer (Peqlab, Erlangen, Ger-
many). Eighty microliters of tissue homogenate or up to 1 � 106 cells was
used for DNA preparation according to the manufacturer’s instructions.

qPCR. Quantification of R. typhi was performed by amplification of a
137-bp fragment of the prsA gene (locus tag RT_RS02795). The prsA
forward primer, 5=-ACA GCT TCA AAT GGT GGG GT-3=, and reverse
primer, 5=-TGC CAG CCG AAA TCT GTT TTG-3=, were used in a stan-
dard SYBR green qPCR. A standard template plasmid (pCR2.1-PrsA)
containing the same prsA DNA fragment was used at calculated copy
numbers for quantification. Reactions were performed in a Rotor Gene
6000 (Qiagen, Hilden, Germany) in a total volume of 10 �l comprising 1.5
mM MgCl2, 0.175 mM deoxynucleoside triphosphates (dNTPs), 100 nM
primers, 0.05� SYBR green I nucleic acid gel stain (Sigma Life Sciences,
Deisenhofen, Germany), and 0.25 U HotStar Taq DNA polymerase
(Qiagen, Hilden, Germany) under the following conditions: 15 min pre-
heating at 95°C, followed by 40 cycles of denaturing (94°C for 20 s),
primer annealing (53°C for 30 s), and elongation (72°C for 20 s).

Immunofocus assay. Amounts of 1.8 � 105 gamma-irradiated L929
(1,966 rads) cells were seeded into 24-well plates. Cells were incubated
with serial dilutions of either purified thawed bacteria or freshly prepared
lysates from organs of R. typhi-infected mice overnight at 37°C in stan-
dard culture medium. Lysates from mouse organs were prepared as fol-
lows: organs were homogenized and strained through a 70-�m cell
strainer (BD Biosciences, Heidelberg, Germany). Cells were centrifuged at
272 � g for 5 min. Cell pellets were resuspended in 100 �l (lung and
spleen) or 500 �l (brain) standard medium. Amounts of 200 �l of silicon
carbide particles (60/90 grit; Lortone, Inc., Mukilteo, WA) were added,
and cell lysis was achieved by vortexing two times for 1 min. The super-
natant was strained through a 2-�m cell strainer (Puradisc 25 2-�m sy-
ringe filter; GE Healthcare Life Sciences, Freiburg, Germany). The flow-
through was added directly to the L929 cell culture in serial dilutions in a
total volume of 200 �l of standard medium. The medium was exchanged
on the following day against semisolid standard culture medium contain-
ing approximately 1% methyl cellulose. Cells were further incubated for 8
to 10 days. The following steps were performed at room temperature
(RT). Cells were washed in PBS and fixed in PBS– 4% formaldehyde–
0.1% Triton X-100 (Sigma-Aldrich, Deisenhofen, Germany) for 20 min,
followed by permeabilization in PBS– 0.5% Triton X-100 for 20 to 60 min.
Cells were blocked with 200 �l PBS–10% FCS for 1 h. For detection of R.
typhi, a monoclonal R. typhi-specific antibody (mouse anti-R. typhi anti-
body [clone BNI52]) was added (1 �g/ml in PBS–10% FCS) overnight at 4°C.
Cells were washed in H2O, followed by incubation with goat anti-mouse
antibody–horseradish peroxidase (HRP) (Dako, Hamburg, Germany) (1:
400 in PBS–10% FCS) for 1 to 2 h in the dark at RT. Finally, cells were washed
and R. typhi was detected with Immunoblot 3,3=,5,5=-tetramethylbenzidine
(TMB) substrate solution (200 �l; Mikrogen, Neuried, Germany). Plates
were finally washed in H2O, dried, and analyzed with a BZ9000 Keyence
microscope (Keyence, Neu-Isenburg, Germany).

Reisolation of R. typhi from brain and bacterial detection by immu-
nofluorescence staining of L929 cell cultures. The brains of two infected
C57BL/6 RAG1�/� mice were taken at the time of death and homoge-
nized in 600 �l of cell culture medium. Amounts of 200 �l of silicon
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carbide particles (60/90 grit; Lortone Inc., Mukilteo, WA) were added,
and cells were vortexed thoroughly for 1 min. The crude lysate was
strained through a 2-�m cell strainer (Puradisc 25 2-�m syringe filter; GE
Healthcare Life Sciences, Freiburg, Germany). Amounts of 500 �l of the
flowthrough were directly used to inoculate irradiated L929 cells in 25-
cm2 cell culture flasks and 10 ml of cell culture medium. After 5 days of
culture, cells were completely infected. Amounts of 50 �l of supernatants
of these cells were used to inoculate 1 � 105 irradiated L929 cells seeded
into 8-well Permanox chamber slides (Thermo Fisher Scientific, Braun-
schweig, Germany). After 3 days, cells were fixed with ice-cold acetone-
methanol (2:3) for 10 min at �20°C and stained at 4°C. For blocking, PBS
with 5% mouse serum was added for 15 min. Afterwards, cells were incu-
bated with patient serum (1:200 in PBS) for 20 min. After washing in PBS,
goat anti-human IgG–fluorescein isothiocyanate (FITC) (1:200; Thermo
Fisher Scientific, Braunschweig, Germany) was added for 20 min, and
thereafter, cells were washed in PBS. Finally, cells were incubated with
DAPI (4=,6-diamidino-2-phenylindole) (1:1,000 in PBS; Sigma-Aldrich,
Munich, Germany), and FITC–Alexa Fluor 488-conjugated antibody (1:
1,000 in PBS; Thermo Fisher Scientific, Braunschweig, Germany) for 20
min, washed, and sealed with PermaFluor (Thermo Fisher Scientific,
Braunschweig, Germany).

NK cell depletion. NK cells were depleted by intraperitoneal applica-
tion of 100 �l of rabbit anti-asialo GM1 antiserum (986-1001; Wako,
Neuss, Germany), while control animals received equivalent amounts of
naive rabbit serum (R9133; Sigma-Aldrich, Munich, Germany) 1 day
prior to R. typhi infection. The treatment was repeated every 5 days. The
presence or absence of NK cells was controlled by flow cytometric staining
of blood samples with phycoerythrin (PE)-labeled anti-NKp46 antibody
(1:20) (clone 29A1.4; Biolegend, London, United Kingdom).

Clinical scoring. The state of health was evaluated by a clinical score.
The following five parameters were assessed: posture (0, normal; 1, tem-
porarily curved; and 2, curved), fur condition (0, normal; 1, staring
around the neck; and 2, overall staring), activity (0, normal; 1, reduced;
and 2, strongly reduced), weight loss (0, �10%; 1, 10 to 14%; and
2, �15%), and food and water uptake (0, normal; 1, reduced; and 2,
none). Mice were considered healthy with a score �5, moderately ill with
a score of 5 to 7, and severely ill with a score of 8 to 10. Mice were sacrificed
upon reaching a total score of �8 or showing weight loss of �20%.

Generation of the R. typhi-specific anti-R. typhi monoclonal anti-
body clone BNI52. BALB/c mice were immunized intraperitoneally three
times at 3-week intervals with 1 � 107 copies of either formalin- or heat-
killed (30 min at 56°C) R. typhi bacteria. Three days after the final boost,
spleen cells were fused with P3/X63-Ag8.653 myeloma cells by standard
procedures as previously described (29). Hybridoma supernatants were
screened by staining R. typhi-infected L929 cells for immunofluorescence
microscopy. Positive hybridomas were further subcloned. Finally, the sta-
ble anti-R. typhi antibody (clone BNI52) was obtained. The antibody
(IgG3, kappa) was purified with protein G Sepharose and used unlabeled
for further experimentation.

Flow cytometry. The spleen, brain, and spinal cord from naive and
infected mice were homogenized. In addition, blood samples were ana-
lyzed. Erythrocyte lysis was performed for spleen and blood by incubating
the cells in erythrocyte lysis buffer (10 mM Tris, 144 mM NH4Cl, pH 7.5)
for 5 min at RT. Afterwards, cells were washed two times in PBS. Brain and
spinal cord cells were strained through a 30-�m CellTrics cell strainer
(Partec, Görlitz, Germany) and used directly for staining. Cells were fixed
and permeabilized with Cytofix/Cytoperm and Perm/Wash solutions
(BD Biosciences, Heidelberg, Germany) according to the manufacturer’s
protocol. Fc receptors were blocked with 5% Cohn fraction II human IgG
(Sigma-Aldrich, Deisenhofen, Germany) in Perm/Wash for 15 min at
4°C, followed by the addition of either mouse anti-R. typhi antibody
(clone BNI52) or mouse IgG3 isotype (clone B10; SouthernBiotech, Bir-
mingham, AL), each at a concentration of 1 �g/ml in Perm/Wash. Cells
were washed in Perm/Wash after 20 min of incubation at 4°C, followed by
incubation for 20 min at 4°C with rat anti-mouse IgG3–FITC (1:200 in

Perm/Wash) (1100-02; SouthernBiotech, Birmingham, AL). After wash-
ing, cells were further stained with rat anti-mouse iNOS antibody–PE
(clone CXNFT; eBioscience, Frankfurt, Germany) and rat anti-mouse
CD11b antibody–peridinin chlorophyll protein (PerCP)-Cy5.5 (clone
M1/70; BD Biosciences, Heidelberg, Germany). To discriminate immune
cells in brain and spinal cord, cells were additionally stained with rat
anti-mouse CD45 antibody–Alexa Fluor 647 (clone 30-F11; Biolegend,
London, United Kingdom). Rat anti-iNOS antibody–PE, rat anti-CD11b
antibody–PerCP Cy5.5, and rat anti-mouse CD45 antibody–Alexa Fluor
647 were used at 1:200 dilutions in Perm/Wash solution. After 20 min at
4°C, cells were finally washed and resuspended in PBS–1% paraformalde-
hyde. Analysis was performed employing a Accuri flow cytometer and
(BD Biosciences, Heidelberg, Germany) and FlowJo software (FlowJo
LLC, Ashland, OR).

Histological staining. For immunohistochemistry (IHC), tissues
from infected mice were fixed in 4% formalin in PBS and embedded in
paraffin. Deparaffinization of the sections was performed using standard
methods. Sections were first heated at 63°C for 30 min in a heating cabi-
net, followed by treatment with xylol for 30 min and then ethyl alcohol
(EtOH) (3 times with 100% EtOH and 3 times each with 96% EtOH, 80%
EtOH, and 70% EtOH). Each step was performed for 3 to 5 min. The slides
were finally washed in H2O. Deparaffinized sections were boiled for 30
min in 10 mM citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH
6.0) for antigen retrieval. Staining was performed using a Ventana Bench-
mark XT apparatus (Ventana, Tucson, AZ). Antibodies were diluted in
5% goat serum (Dianova, Hamburg, Germany) in Tris-buffered saline,
pH 7.6 (TBS), and 0.1% Triton X-100 in antibody diluent solution (Zy-
tomed, Berlin, Germany). Rabbit anti-mouse CD3 antibody (1:100)
(clone SP7; Abcam, Cambridge, MA, USA), rabbit anti-mouse IBA1
antibody (1:300) (019-19741; WAKO, Neuss, Germany), rabbit anti-
mouse iNOS antibody (1:75) (ABIN373696; Abcam, Cambridge, MA,
USA), rabbit anti-mouse active caspase 3 antibody–Alexa Fluor 835 (1:
800) (R&D Systems, Wiesbaden-Nordenstadt, Germany), rat anti-mouse
Ly-6G antibody (1:1,000) (clone 1A8; BD Biosciences, Heidelberg, Ger-
many), rat anti-mouse CD31 antibody (1:100) (clone SZ31; Dianova,
Hamburg, Germany), and mouse anti-mouse NeuN antibody (1:50)
(MAb 377; Millipore, Darmstadt, Germany) were used. R. typhi was de-
tected by employing either anti-R. typhi antibody (clone BNI52) mono-
clonal antibody (1 �g/ml) or serum from an R. typhi patient (1:100), as
indicated in the figure legends. Slides were incubated with primary anti-
bodies for 1 h. Histofine simple stain MAX anti-mouse, anti-human, anti-
rabbit, and anti-rat peroxidase-coupled antibodies (Nichirei Biosciences,
Tokyo, Japan) were used as secondary antibodies. Detection was per-
formed with the ultraView universal DAB (3,3=-diaminobenzidine) de-
tection kit (Ventana, Tucson, AZ). For immunofluorescent staining, goat
anti-human IgG–FITC (1:200) (H10101C; Thermo Fisher Scientific,
Braunschweig, Germany), donkey anti-mouse antibody–Alexa Fluor 555
(1:300) (A31570; Thermo Fisher Scientific, Braunschweig, Germany),
donkey anti-rabbit antibody–Alexa Fluor 555 (1:300) (A31572; Thermo
Fisher Scientific, Braunschweig, Germany), goat anti-rat antibody–Alexa
Fluor 568 (1:300) (A11077; Thermo Fisher Scientific, Braunschweig, Ger-
many), and anti-Alexa Fluor 488 FITC-conjugated antibody (1:1,000; Sig-
ma-Aldrich, Munich, Germany) were used as secondary antibodies. Nu-
clei were stained with DAPI (1:1,000; Sigma-Aldrich, Munich, Germany).
Sections were covered with Tissue-Tek embedding medium (Sakura
Finetek, Staufen, Germany). Images were taken with a BZ9000 Keyence
microscope (Keyence, Neu-Isenburg, Germany).

Quantification of serum GPT. Serum glutamate pyruvate transami-
nase (GPT) content was quantified with Reflotron GTP (ALT) strips
(10745138; Roche Diagnostics, Mannheim, Germany) with a Reflotron
plus apparatus (Roche Diagnostics, Mannheim, Germany). The strips
were incubated with 32 �l of serum diluted 1:3 in PBS.

Detection of plasma cytokines by bead-based LEGENDplex assay.
Plasma cytokines were detected by using the bead-based LEGENDplex
assay (Biolegend, London, United Kingdom) according to the manufac-
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turer’s protocol. Amounts of 12.5 �l of plasma from EDTA blood samples
were used diluted 1:2 in assay buffer.

Statistical analysis. Statistical analysis was performed with GraphPad
Prism 5 software (GraphPad Software, Inc., La Jolla, CA). Student’s t test,
the Mann-Whitney U test, or two-way ANOVA followed by the Tukey test
were performed as indicated in the figure legends.

RESULTS
C57BL/6 RAG1�/� mice survive the initial phase of R. typhi in-
fection. T and B cell-deficient C57BL/6 RAG1�/� mice (26) have
been shown to be highly resistant to infection with spotted fever
group (SFG) rickettsiae, e.g., R. conorii (27). To analyze whether
C57BL/6 RAG1�/� mice are more susceptible to R. typhi (typhus
group [TG]) than to R. conorii, which belongs to the phylogeneti-
cally different SFG rickettsiae, we infected C57BL/6 RAG1�/�

mice either s.c. or i.v. and followed the course of infection by R.
typhi-specific qPCR, clinical scoring, and quantification of gluta-
mate pyruvate transaminase (GPT) serum levels as a measure of
liver damage. Similar to the observations described for the infec-
tion with SFG rickettsiae, C57BL/6 wild-type mice, as well as
C57BL/6 RAG1�/� mice, did not develop any signs of illness and
had no detectable bacterial load in various organs (data not
shown), indicating early and quick elimination of R. typhi by in-
nate immune mechanisms. Only C57BL/6 RAG1�/� mice that
were infected with R. typhi i.v. showed temporary and mild symp-
toms of disease, as indicated by a low clinical score (Fig. 1A, left).
Mild disease was also reflected by slightly elevated GPT serum
levels, indicating mild liver damage (Fig. 1A, right). Here, GPT
levels peaked on day 7 and normalized until day 14. In the end, all

FIG 1 C57BL/6 RAG1�/� mice develop only mild disease and survive the initial phase of R. typhi infection. (A) C57BL/6 RAG1�/� mice were infected with 2 �
106 SFU R. typhi either i.v. (n 	 13) or s.c. (n 	 16). The course of disease was evaluated by clinical scoring (left, y axis) and quantification of serum GPT levels
(right, y axis) at the indicated points in time postinfection (x axis). All mice survived. (B) C57BL/6 wild-type (open symbols, n 	 5 to 7) and C57BL/6 RAG1�/�

mice (black symbols, n 	 5 to 7) were infected with 2 � 106 SFU R. typhi s.c., and plasma cytokine levels (y axes) were quantified with the bead-based
LEGENDplex assay at the indicated points in time postinfection (x axes). Serum levels of IFN-�, IL-6, TNF-
, IL-12p70, and MCP-1 are depicted. Combined
results from two independent experiments are shown. Error bars show standard error of the mean (SEM). Statistical analysis was performed with the two-tailed
Mann-Whitney U test. Asterisks indicate statistically significant differences compared to naive mice (day 0) (*, P � 0.05; **, P � 0.01).
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mice recovered and survived independent of the route of R. typhi
infection, indicating that innate immune mechanisms are suffi-
cient to control R. typhi in the C57BL/6 strain.

IFN-� dominates early systemic inflammatory response to R.
typhi in C57BL/6 mice. To assess the immune response against R.
typhi during the course of infection, we next analyzed the plasma
cytokine profiles of s.c.-infected C57BL/6 wild-type and C57BL/6
RAG1�/� mice. Cytokines were quantified in plasma samples
from days 3, 7, and 15 postinfection by employing the bead-based
LEGENDplex assay. C57BL/6 RAG1�/� mice but not C57BL/6
wild-type mice produced significantly enhanced amounts of mono-
cyte chemoattractant protein 1 (MCP-1)/CCL2 exclusively on day 3
postinfection (358.563.1 � 163.842 pg/ml, versus 23.107 � 1.880

pg/ml in PBS-treated control mice) (Fig. 1B). In addition, very low
although significantly enhanced levels of systemic interleukin-6
(IL-6) and tumor necrosis factor alpha (TNF-
) were detectable
in C57BL/6 RAG1�/� mice. Here, IL-6 was detectable only on day
3 postinfection, while low levels of TNF-
 were still present on day
7 (Fig. 1B). Both cytokines were virtually absent in C57BL/6 wild-
type mice. IFN-� was clearly the dominant cytokine in both
C57BL/6 wild-type and C57BL/6 RAG1�/� mice. It was released
by C57BL/6 RAG1�/� and C57BL/6 wild-type mice exclusively on
day 3 postinfection and, thus, clearly preceded the onset of adap-
tive immunity. However, significantly higher levels of IFN-� were
observed in C57BL/6 RAG1�/� mice (583.1 � 247.4 pg/ml) than
in C57BL/6 wild-type mice (61.88 � 12,59 pg/ml). IFN-� was no

FIG 2 Depletion of NK cells does not affect the course of disease in C57BL/6 RAG1�/� mice upon R. typhi infection. (A) C57BL/6 RAG1�/� mice were treated
with anti-asialo GM1 antibody (Anti-a.GM1) or control serum every 5 days starting 1 day prior to infection with 2 � 106 SFU R. typhi s.c. The percentages of
NKp46� NK cells in blood and plasma levels of IFN-� were assessed by LEGENDplex assay. Representative results for the staining of blood cells from a naive
mouse and R. typhi-infected mice that received either control serum or anti-asialo GM1 antibody are shown in the scatter plots (day 3 postinfection). Graphs
show statistical analysis of the percentages of NKp46� cells (y axis) and IFN-� plasma levels (y axis) at indicated points in time postinfection (x axis). Each symbol
represents the result for a single mouse; bars and whiskers show the mean and SEM. Statistical analysis was performed with the Kruskal-Wallis test. Asterisks
indicate statistically significant differences (**, P � 0.01; ***, P � 0.001). SSC, side scatter. (B) Bacterial loads were determined by qPCR of prsA in spleen, lung,
and brain tissues. R. typhi prsA copy numbers (y axis) at indicated points in time (x axis) are depicted. Each symbol represents the result for a single mouse. (C
and D) The course of disease was evaluated by clinical scoring (n 	 5 for each group) (y axis) (C) and quantification of GPT in the serum (n 	 3 for each group)
(y axis) (D) at the indicated points in time (x axes). Error bars show SEM.
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longer detectable on day 7 in either group (Fig. 1B). Surprisingly,
IL-12p70, which is considered the main IFN-�-inducing cytokine
for NK cells and T cells (30), was not significantly increased in
C57BL/6 RAG1�/� mice at any point in time (Fig. 1B). Collec-
tively, these data demonstrate an early and temporary inflamma-
tory immune response which is terminated within the first 7 days
after R. typhi infection in both C57BL/6 wild-type and C57BL/6
RAG1�/� mice.

Early IFN-� may be produced by NK cells, which have been
implicated in innate host defense against R. conorii (27) and R.
typhi in C57BL6 RAG1�/� mice (20, 31). To demonstrate a po-
tential protective role of NK cells against R. typhi, we depleted NK
cells in C57BL/6 RAG1�/� mice by repeated application of anti-
asialo GM1 antibody. Treatment with anti-asialo GM1 antibody
almost completely eliminated NK cells from the blood for at least
3 days (Fig. 2A) and was repeated every 5 days. On day 3 postin-
fection, however, IFN-� was still detectable at comparable
amounts in NK cell-depleted mice and control mice (Fig. 2A).
Furthermore, the absence of NK cells did not lead to detectable

bacterial loads in lung and brain. Only the spleens of 2 out of 4 NK
cell-depleted mice showed the presence of bacteria on day 15
postinfection (Fig. 2B). None of the animals, however, developed
symptomatic disease (Fig. 2C). In addition, GPT serum levels,
used as an indicator for liver damage, were not significantly en-
hanced (Fig. 2D). In the end, all NK cell-depleted mice (n 	 5)
survived the infection until day 30 (data not shown). These results
indicate rapid bacterial clearance and protection against R. typhi
by innate immune mechanisms independent of NK cells in mice
of the C57BL/6 strain lacking T and B cells.

Reappearance of R. typhi in the CNS of C57BL/6 RAG1�/�

mice induces lethal CNS inflammation months after infection.
Our results presented above, as well as the observations described
in the literature (20, 27), indicate that rickettsial infections, in-
cluding R. typhi, can be controlled and cleared by the efficient
innate immune response of C57BL/6 mice in the absence of T and
B cells. For the first time, we here followed R. typhi-infected
C57BL/6 RAG1�/� mice for several months. Surprisingly, R. ty-
phi-infected mice suddenly developed neurological disorders 3 to

FIG 3 R. typhi-infected C57BL/6 RAG1�/� mice develop lethal neurological disorders and bacteria are present in the brain 3 to 4 months postinfection. C57BL/6
RAG1�/� mice were infected with 2 � 106 SFU R. typhi either i.v. (n 	 10) or s.c. (n 	 10). Control mice received PBS i.v. instead (n 	 10). Beyond day 80, R.
typhi-infected mice developed neurological disorders, often beginning with stroke-like symptoms and resulting in lethal paralysis. (A) Photographs of two
representative mice in the early phase (left) and late phase (right) of disease are shown. (B) The percentage of survival (y axis) was assessed for each group at the
indicated points in time postinfection (x axis). (C) At the time of death, bacterial loads (y axis) of R. typhi-infected C57BL/6 RAG1�/� mice that had been infected
either i.v. or s.c. were assessed in the indicated organs by qPCR (x axis). SC, spinal cord. Each symbol represents the result for a single mouse. Statistical analysis
was performed with the Kruskal-Wallis test. Bars and whiskers show the mean and SEM. Asterisks indicate statistically significant differences (**, P � 0.01). (D)
Brains from two mice that were infected with R. typhi s.c. were isolated at the time of death and lysed. Lysates were used to inoculate L929 cells. Cells were
incubated for 5 days, and supernatants of these cultures were then used to inoculate L929 cells seeded into chamber slides. Three days later, cells were stained for
R. typhi with serum from a patient, anti-human IgG–FITC, and FITC–Alexa Fluor 488-conjugated antibody (green). Nuclei were stained with DAPI (blue).
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4 months after infection. The majority of the mice showed stroke-
like symptoms in the beginning of disease, e.g., the head hanging
to one side, tremor, or unsteadiness. Thereafter, the severity of
symptoms rapidly progressed within 5 to 7 days, resulting in
ataxia, paralysis, and/or dramatic weight loss. Figure 3A shows
representative photographs of a mouse in the early (left) and late
(right) phases of disease. Video S1 in the supplemental material
presents three mice at different stages of disease. Essentially, 100%
of the R. typhi-infected C57BL/6 RAG1�/� mice died between day
80 and day 120 independently of the route of infection (Fig. 3B),
while control mice that received PBS were healthy. Interestingly,
at the time of death, high numbers of R. typhi were detectable by
qPCR, predominantly in the brains of the animals, whereas other
organs, such as the spleen, liver, and lung, were hardly affected. On
average, 20 ng of organ DNA contained 19.93 � 5.402 R. typhi
prsA copies in the spleen, 13.96 � 5.606 copies in the lung, and
6.356 � 2.455 copies in the liver, while 511.8 � 75.32 copies were
detectable in the brain. In addition, only small amounts of R. typhi
were detectable in the spinal cord (4.588 � 3.932 copies per 20 ng
DNA) (Fig. 3C).

To further demonstrate the presence of living bacteria in the
brain, we inoculated L929 cells with lysates from homogenized
brains taken from two R. typhi-infected mice at the time of death.
Both cultures were highly infected after 5 days of incubation. The
bacteria were detectable by qPCR in large amounts (data not

shown). In addition, R. typhi was detected by immunofluorescent
staining in the cytosol of L929 cells seeded in chamber slides and
inoculated with supernatant from these cultures. Clusters of pro-
liferating bacteria were visible in the cytosol, while some cells also
showed filamentous arrangements of R. typhi (Fig. 3D). These
data demonstrate that living bacteria are present in the brain of R.
typhi-infected C57BL/6 RAG1�/� mice.

To gain insight into the processes in the brain, we further pro-
duced sagittal sections of brains taken from R. typhi-infected
C57BL/6 RAG1�/� mice at the time of death. Serial sections were
stained for R. typhi, iNOS, active caspase 3 as a marker for apop-
totic cell death, the granulocyte marker Ly-6G, and IBA1 (ionized
calcium binding adapter molecule 1). IBA1 was used as it is exclu-
sively expressed by macrophages and, in the brain, by microglia.
In addition, IBA1 is upregulated in microglia following nerve in-
jury and activation (32), as well as in macrophages and neutro-
phils in response to IFN-� (33). Figure 4 shows an overview of
IBA1 staining of the brain from a PBS-treated C57BL/6 RAG1�/�

control mouse (Fig. 4A) at 2-fold magnification (left) and staining
for IBA1, iNOS, and caspase 3 at 20-fold magnification (right). In
the healthy brain, IBA1-positive (IBA1�) microglia were equally
distributed in the parenchyma and showed a ramified morphol-
ogy that is characteristic of inactive microglia. As expected, iNOS�

and caspase 3� cells were not detectable in the brains of control
mice. In contrast to healthy brains, the brains of R. typhi-infected

FIG 4 Accumulation of IBA1� cells in the brains of C57BL/6 RAG1�/� mice. (A and B) Sagittal brain sections taken from a PBS-treated C57BL/6 RAG1�/�

control mouse (A) and a C57BL/6 RAG1�/� mouse previously infected with 2 � 106 SFU R. typhi (B) at the time of death were stained for IBA1, a marker for
microglia and macrophages, as well as iNOS and caspase 3, as indicated. Overview pictures were taken at 2-fold magnification. The three panels at the top right
show IBA1, iNOS, and caspase 3 staining of the brain of the control mouse at 20-fold magnification. (B) The numbered boxed areas in the brain sections of the
R. typhi-infected mouse were analyzed by further staining, images of which are shown in Fig. 5 and discussed in its legend.
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C57BL/6 RAG1�/� mice at the time of death showed a massive
accumulation of IBA1� cells all over the brain which was already
visible at 2-fold magnification (Fig. 4B). In some areas (Fig. 4B,
areas 1, 2, and 3), iNOS-expressing cells were observed. Figure 5

shows images of the boxed areas in Fig. 4 with further staining for
Ly-6G, iNOS, caspase 3, and R. typhi at 20-fold and 100-fold mag-
nification. R. typhi particles were detectable in all three areas (Fig.
5A to C). In area 1 (Fig. 5A), the majority of IBA1� cells morpho-

FIG 5 Detection of R. typhi particles and IBA1�, Ly-6G�, CD31�, NeuN�, apoptotic, and iNOS-expressing cells. (A to C) The three numbered boxed areas in
the brain sections of the R. typhi-infected mouse shown in Fig. 4 were further stained for IBA1, iNOS, and caspase 3, as well as for R. typhi, employing human
patient serum. Stained serial sections are shown for area 1 (A), area 2 (B), and area 3 (C) of Fig. 4B. (D) R. typhi was further detected in brain sections by
immunofluorescent staining with serum from a human patient (green). In addition, sections were stained for IBA1, CD31 (endothelial cells), or NeuN (neurons)
(red). Nuclei were stained with DAPI (blue).
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logically resembled activated microglia rather than infiltrating
macrophages. Apart from IBA1� cells, few Ly-6G� granulocytes
were also detectable. In addition, the presence of caspase 3� apop-
totic bodies indicated neuronal cell death in this area. Surpris-
ingly, IBA1� cells in area 1 did not express detectable amounts of
iNOS (Fig. 5A), which is usually associated with microglia-medi-
ated neuronal damage (34, 35), as well as with bactericidal activity
(36, 37). In contrast to area 1, iNOS-expressing cells were ob-
served in areas 2 (Fig. 5B) and 3 (Fig. 5C). Here, IBA1� cells
morphologically resembled infiltrating macrophages rather than
microglia. In addition, a few infiltrating Ly-6G� granulocytes
were also detectable. Interestingly, despite iNOS expression (Fig.
4B, right, and 5B and C), caspase 3� apoptotic cells were absent in
these areas (Fig. 5B and C). The brains were further stained for
IBA1, CD31 as a marker for endothelial cells, and NeuN, which is
exclusively expressed in neuronal nuclei (38), in addition to R.
typhi for immunofluorescent detection. Surprisingly, R. typhi was
not detectable in CD31� endothelial cells and was also absent in
NeuN� neurons but was exclusively found in accumulating
IBA1� cells, most likely infiltrating macrophages (Fig. 5D).

Next, we further elucidated the activation status of microglia

and infiltrating macrophages and performed flow cytometric
analysis of cells from the brains taken from R. typhi-infected
C57BL/6 RAG1�/� mice at the time of death. To discriminate
resident microglia and infiltrating macrophages, the cells were
stained for CD11b, a commonly used surface marker for both cell
populations (39, 40), and for CD45, which is expressed at lower
levels on the surface of microglia than on other immune cells (39,
41–43). According to this staining protocol, we defined microglia
as CD45low CD11b� cells and infiltrating macrophages as
CD45high CD11b� and further stained for intracellular R. typhi
and iNOS. The results depicted in Fig. 6 show that both cell pop-
ulations were significantly increased in the brains of R. typhi-in-
fected mice compared to their levels in control mice (Fig. 6A and
C, left), demonstrating microglial expansion and macrophage in-
filtration. Interestingly, R. typhi was detectable exclusively in
CD45high CD11b� infiltrating macrophages and not in CD45low

CD11b� microglia. Moreover, only CD45high CD11b� macro-
phages expressed iNOS and, thus, showed an inflammatory phe-
notype and bactericidal activity (Fig. 6B and C). In line with the
qPCR results, which revealed only small amounts of bacteria in
other organs than the brain, R. typhi was not detectable in the

FIG 6 Expansion of microglia and infiltration of R. typhi-harboring inflammatory macrophages. (A) C57BL/6 RAG1�/� mice were infected with 2 � 106 SFU
R. typhi s.c. At the time of death, brain cells were stained for CD45 (x axis) and gated on CD45low (blue gate) and infiltrating CD45high cells (black gate) for further
analysis. Representative results of staining for CD45 on brain cells from a control C57BL/6 RAG1�/� mouse that received PBS and an R. typhi-infected C57BL/6
RAG1�/� mouse are depicted in the scatter plots. (B) Cells were further stained for CD11b (y axis), R. typhi (top, x axis), and iNOS (bottom, x axis).
Representative results for brain cells gated on the CD45low and CD45high population from a control and an R. typhi-infected C57BL/6 RAG1�/� mouse are shown.
(C) CD45low CD11b� cells were defined as microglia and CD45high CD11b� as infiltrating macrophages (M�). Total numbers (y axis) of microglia and M� were
assessed in the brains of control and R. typhi-infected C57BL/6 RAG1�/� mice, as indicated on the x axis (left). The percentages of R. typhi� cells (middle, y axis)
and iNOS� cells (right, y axis) were determined among both populations, as indicated on the x axis. Each symbol represents the result for a single mouse.
Combined results from two independent experiments are shown; bars and whiskers show the mean and SEM. Statistical analysis was performed with the
Kruskal-Wallis test. Asterisks indicate statistically significant differences (**, P � 0.01; ***, P � 0.001).
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spinal cord or in the blood or spleen by flow cytometry. In addi-
tion, iNOS-expressing inflammatory macrophages were not ob-
served in the periphery. In the spinal cord, however, low numbers
of iNOS-expressing macrophages were detectable in some mice
(Fig. 7). These results demonstrate that R. typhi-induced inflam-
mation is restricted to the CNS in C57BL/6 RAG1�/� mice and
that R. typhi resides in macrophages.

Inflammatory response and neuronal cell loss in the spinal
cord. Although the bacteria were hardly detectable in the spinal
cord by qPCR, we observed iNOS-expressing macrophages in this
part of the CNS. Therefore, we performed histological staining of
the lumbar spinal cord. Compared to the results for control mice
that received PBS instead of R. typhi, we also observed a massive
accumulation of IBA1� cells in the spinal cord (Fig. 8A and B).
These cells were found in the gray as well as in the white matter,
most likely representing microglia with a contracted activated
phenotype. Some of these cells appeared to cluster around neu-
rons. In addition, focal accumulations of infiltrating IBA1� cells
were detectable in R. typhi-infected mice in peripheral regions of
the spinal cord in the pia mater and subarachnoid space. Only in
these areas and not in the gray and white matter were there also

iNOS-expressing IBA1� cells, as well as R. typhi bacteria, detect-
able (Fig. 8A and B). As observed in the brain, the bacteria were
found in infiltrating IBA1� macrophages but not in CD31�

endothelial cells as detected by immunofluorescent stainings
(Fig. 8B).

We finally asked whether R. typhi infection would lead to neu-
ronal damage in the spinal cord. Therefore, we further stained the
spinal cords of control mice that had been treated with PBS and R.
typhi-infected mice for neurons with an antibody against NeuN.
This staining revealed significant neuronal cell loss in R. typhi-
infected C57BL/6 RAG1�/� mice in the ventral horn and to some
extent also in the dorsal horn (Fig. 9), clearly demonstrating neu-
ronal damage.

R. typhi infection leads to temporary brain inflammation in
C57BL/6 wild-type mice. Having shown that R. typhi persists in
immunocompromised mice, causing severe CNS inflammation,
we next asked whether the brains of C57BL/6 wild-type mice
might also be affected by R. typhi infection. To that end, C57BL/6
mice were infected with R. typhi i.v. and sagittal brain sections
were taken 8 days postinfection to perform histological staining
for T cells (CD3), macrophages/microglia (IBA1), iNOS, and R.

FIG 7 Inflammatory macrophages are not detectable in the periphery. (A) Cells from the spinal cords of the same control and R. typhi-infected C57BL/6
RAG1�/� mice described in the legend to Fig. 6, taken at the time of death, were gated on CD45� cells and further stained for CD11b, R. typhi, and iNOS as
indicated (scatter plots). The graphs show the statistical analysis of these measurements. Each symbol represents the result for a single mouse; bars and whiskers
show the mean and SEM. (B) In a similar manner, blood and spleen cells (as indicated on the right) from the same mice were stained for CD11b, R. typhi (left),
and iNOS (iNOS). Representative results of staining for one mouse are depicted.
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typhi. Figure 10 shows overview photographs at 2-fold magnifica-
tion. Here, several foci of accumulating IBA1� cells in the paren-
chyma of the brains of R. typhi-infected C57BL/6 wild-type mice
were obvious (Fig. 10A). Twentyfold magnifications of the rele-
vant areas (Fig. 10A, boxed areas 1 and 2) are depicted in Fig. 10B
and C, respectively. Generally, intact R. typhi particles were no
longer detectable at this time. However, IBA1� cells and CD3� T

cells had accumulated around blood vessels where R. typhi antigen
was present (Fig. 10B). Furthermore, infiltrating IBA1� cells and
CD3� T cells were observed in the brain parenchyma where R.
typhi antigen was also detectable (Fig. 10C), indicating the previ-
ous presence of the bacteria. IBA1� cells in the brains of R. typhi-
infected C57BL/6 wild-type mice generally did not express iNOS
and, thus, did not show characteristics of inflammatory microglia/

FIG 8 Detection of R. typhi, IBA1�, CD31�, and iNOS-expressing cells in the spinal cord. (A and B) Sections of spinal cords from control mice that received PBS
(A) and R. typhi-infected C57BL/6 RAG1�/� mice (B) at the time of death were stained for IBA1, iNOS, and R. typhi. For immunofluorescent detection, sections
of spinal cords from R. typhi-infected C57BL/6 RAG1�/� mice were stained for either IBA1 or CD31 (red), in addition to R. typhi (green) and DAPI (blue).
Representative spinal cord sections from a group of five mice are depicted. Arrows indicate accumulating IBA1� cells in association with neurons.

FIG 9 Neuronal cell loss in the spinal cords of R. typhi-infected C57BL/6 RAG1�/� mice. Sections of the spinal cords from control mice that received PBS and
R. typhi-infected C57BL/6 RAG1�/� mice at the time of death were stained for NeuN. Representative sections of the spinal cords from a control and an R.
typhi-infected mouse are shown. NeuN� neurons were counted with ImageJ software, creating binary pictures as shown below. The graph shows statistical
analysis of NeuN� neurons per mm2 (y axis) in the ventral and dorsal horns of the spinal cord. Each symbol represents the result for a single mouse; bars and
whiskers show mean and SEM. Statistical analysis was performed with the Mann-Whitney U test. Asterisks indicate statistically significant differences (*, P �
0.05).
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macrophages (Fig. 10B and C). These data demonstrate that R.
typhi enters the brain of C57BL/6 wild-type mice, leading to tem-
porary focal T cell and macrophage infiltration.

R. typhi persists in C57BL/6 and BALB/c wild-type mice. The
results presented so far show that R. typhi infection affects the
brain of C57BL/6 wild-type mice and persists in immunocompro-
mised C57BL/6 RAG1�/� mice, causing lethal CNS inflammation
after months of latency. At present, R. prowazekii, the closest rel-

ative of R. typhi, is the only rickettsial bacterium that is known to
persist, and it can cause the so-called Brill-Zinsser disease years to
decades after primary infection (44–47). Therefore, we finally
asked whether wild-type mice are indeed capable of completely
eliminating R. typhi. To clarify this question, we analyzed different
organs from wild-type mice by immunofocus assay, as described
in Materials and Methods and shown in Fig. 11A. In this assay,
small amounts of bacteria that may be present in different organs

FIG 10 Cellular infiltrates and detection of R. typhi in the brains of C57BL/6 wild-type mice in the initial phase of infection. (A) C57BL/6 wild-type mice were
infected with 2 � 106 SFU R. typhi i.v. Brain sections were prepared on day 8 postinfection and stained for IBA1 and CD3, as indicated. (B and C) The numbered
boxed areas in panel A were further analyzed by staining of serial sections for IBA1, CD3, iNOS, and R. typhi, employing anti-R. typhi antibody (clone BNI52).
(B) Area 1; (C) area 2.
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but are not detectable by qPCR or other direct methods grow in
cell cultures inoculated with organ lysates and overlaid with semi-
solid medium. After 8 to 10 days, the bacteria become detectable as
spots of infected cells if they have been replicating. Employing this
assay, we show that R. typhi can be reisolated from the lung,
spleen, and brain of infected C57BL/6 mice even 1 year after in-
fection (Fig. 11B) in the absence of any immunosuppression. In a
second approach, we used BALB/c mice, which have also been
described as being resistant to R. typhi infection (18, 19). Again, R.
typhi could be recultivated from the same organs 6 months after
infection (Fig. 11C).

For the first time, these results provide clear evidence that R.
typhi persists in immunocompetent hosts and can be reisolated
from different organs.

DISCUSSION

This is the first report demonstrating persistence of R. typhi in
different organs and different immunocompetent mouse strains

(BALB/c and C57BL/6) that are considered to be resistant to this
infection. Moreover, R. typhi can be controlled for several months
by innate immune mechanisms in mice of the C57BL/6 strain,
while adaptive immunity is required to permanently prevent re-
crudescence. In C57BL/6 RAG1�/� mice where adaptive immu-
nity is missing, R. typhi shows a clear neurotropism and reappears
months after primary infection, predominantly in the CNS. This
reappearance of R. typhi is associated with severe CNS inflamma-
tion and neuronal cell loss, resulting in lethal paralysis. Because
control mice that received the buffer instead of R. typhi remained
healthy, we conclude that reappearing R. typhi bacteria are re-
sponsible for the CNS inflammation and disease.

In contrast to C3H/eN mice, which have been described as
being susceptible to rickettsial infections, other mouse strains,
such as BALB/c and C57BL/6, are normally resistant (17, 20, 21).
The resistance of C57BL/6 mice to rickettsial infections is in part
ascribed to the robust innate immune response of this strain, as

FIG 11 R. typhi persists in the lungs, spleens, and brains of resistant C57BL/6 and BALB/c wild-type mice. (A) Persistence of R. typhi was analyzed by
immunofocus assay as schematically depicted. Organs from infected mice 6 to 12 months postinfection were smashed and cultured with irradiated L929 cells in
semisolid medium. R. typhi was detected 8 to 10 days later by staining with anti-R. typhi antibody (clone BNI52). (B) Top, representative spots of R. typhi-
containing cells after culture of L929 cells with lysates from lung, spleen, and brain from a C57BL/6 mouse 1 year after s.c. infection with 2 � 106 SFU R. typhi
are shown. Bottom, organs from a naive mouse were used as a control. (C) In the same manner, organs taken from a BALB/c mouse 6 months after s.c. infection
with 2 � 106 SFU R. typhi were analyzed. The results are representative for two mice for each experiment.
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C57BL/6 RAG1�/� mice that lack adaptive immunity have been
shown to clear and survive infection with R. conorii until day 20
(27). In line with these observations, C57BL/6 RAG1�/� mice
developed only mild disease and survived R. typhi infection not
only for 20 days but for several months. The mechanisms mediat-
ing control of R. typhi for such a long period of time are com-
pletely unclear. In the case of R. conorii infection, it has been dem-
onstrated that IFN-� plays an important role in protection, as
neutralization of this cytokine resulted in fatal disease (22). We
observed enhanced systemic IFN-� release very early on day 3
after R. typhi infection in C57BL/6 wild-type and C57BL/6
RAG1�/� mice, while the cytokine was no longer detectable on
day 7. Thus, this response clearly preceded the adaptive immune
response.

In R. conorii-infected C3H/HeN mice, increased NK cell activ-
ity has been observed very early on day 2 postinfection. Moreover,
depletion of NK cells enhanced the susceptibility of C3H/HeN
mice to R. conorii infection (20), indicating the involvement of NK
cells in protection. In contrast, depletion of NK cells in C57BL/6
RAG1�/� mice did not result in significantly enhanced bacterial
load or symptomatic disease upon R. typhi infection, and all mice
survived. Thus, NK cells might not be essential for the control of R.
typhi in C57BL/6 RAG1�/� mice, while other cells, such as mac-
rophages, may play a dominant role. The observation that suscep-
tible C3H/HeN mice show delayed activation of macrophages
compared to the time of macrophage activation in resistant
BALB/c mice upon Orientia tsutsugamushi infection in vivo (48)
indicates the involvement of these cells in protection against rick-
ettsial infections. Moreover, early IFN-� expression that was ob-
served on day 3 after R. typhi infection did not derive from NK
cells, indicating other cellular sources of this cytokine. These may
include macrophages, which are generally capable of producing
IFN-� (49, 50) and release this cytokine in response to infection
with intracellular pathogens, such as Mycobacterium tuberculosis,
although in small amounts (51–53). Furthermore, cytokines like
IL-12 and IL-18 can induce IFN-� production in macrophages
(54, 55), and IL-12 synergizes with intracellular bacteria, such as
mycobacteria, in the induction of IFN-� in in vitro-infected mac-
rophages (53). Finally, IFN-� induces its own expression in mac-
rophages (56). Cytokines other than IFN-� that were detectable in
the plasma of R. typhi-infected C57BL/6 RAG1�/� mice were IL-6
and TNF-
, as well as the chemokine MCP-1/CCL2. IL-6 and
TNF-
 are mainly produced by macrophages and dendritic cells
(DCs) (57–61). In addition, monocytes/macrophages also repre-
sent the major cellular source for MCP-1/CCL2 (62, 63), suggest-
ing a strong contribution of these cells to the early response
against R. typhi.

In infected C57BL/6 RAG1�/� mice, R. typhi predominantly
reappeared in the brain, and this was independent of the infection
route. How R. typhi enters the brain, however, is not clear. It has
been shown that R. conorii passes the blood-brain barrier if ad-
ministered systemically by i.v. injection (64). Generally, direct in-
vasion via endothelial cell infection is considered to be the main
mechanism by which intracellular bacteria that target endothelial
cells, such as rickettsiae and Listeria monocytogenes, enter the brain
(65). Our observation that T cells and macrophages accumulate
around blood vessels in the brain of C57BL/6 wild-type mice after
i.v. challenge with R. typhi may also argue for this hypothesis. In
addition to endothelial cell damage that is mediated by the bacte-
ria themselves, inflammatory cytokines (TNF-
, IL-1, and

IFN-�) that are induced to protect against rickettsial infections
have been demonstrated to contribute to enhanced microvascular
permeability and, thus, could facilitate bacterial entry (66). This is
in part mediated by the induction of NO production in endothe-
lial cells (67–70). However, another mechanism for CNS invasion
is via infected phagocytes. It has, for example, been shown that L.
monocytogenes parasitizes circulating phagocytes and that these
can establish CNS infection and induce meningoencephalitis even
under antibiotic treatment (71). Such “shuttle” service has also
been demonstrated for viruses, such as simian immunodeficiency
virus (SIV) in a macaque model of neuropathogenic human
immunodeficiency virus (HIV) (72), and is discussed for O. tsut-
sugamushi (65). With regard to the infection of C57BL/6
RAG1�/� mice with R. typhi, the following different scenarios are
conceivable. (i) R. typhi enters the brain in the initial phase of
infection via damaged endothelial cells. In the brain, the bacteria
can then be controlled for a relatively long period of time, perhaps
with the help of NK cells, or the bacteria achieve a dormant status
or latency before growing again. (ii) Alternatively, R. typhi persists
in the periphery and enters the brain via parasitized phagocytes,
similarly to L. monocytogenes. This could be a mechanism to evade
efficient protective immune mechanisms that are active in the
periphery but missing in the special immune situation in the
brain.

At present, we cannot answer the question of which scenario of
persistence is true. We observed infiltrating CD45high CD11b�

macrophages that, in contrast to microglia, contained R. typhi and
expressed iNOS in the brain and spinal cord. Moreover, intact R.
typhi particles were detectable in the areas of macrophage infiltra-
tion by histological staining, indicating bacterial replication and
incapability of these cells to kill R. typhi. In line with these findings,
R. typhi has been shown to survive and to replicate in murine and
human macrophages (73, 74), which is also true for other rickett-
siae, such as O. tsutsugamushi (18, 19) and Rickettsia akari (75).
Therefore, it is not clear whether these cells are recruited to the
CNS for defense against R. typhi by phagocytosis and killing of
intracellular particles or whether they may serve as a kind of shut-
tle. The observation that R. typhi was not detectable in endothelial
cells but exclusively in infiltrating macrophages may be taken as a
hint that these cells are capable of shuttling R. typhi into the CNS.
These R. typhi-harboring cells mainly appeared at the ventricle
borders in the brain and in the pia mater and subarachnoid space
in the spinal cord, indicating bacterial distribution via the liquor
that is produced in the ventricles and maintained in the subarach-
noid space. On the other hand, immune responses take place in
the brain already in the initial phase of infection. Together with
the fact that R. typhi can be recultivated from the brain of wild-
type mice months after infection, this indicates that R. typhi also
enters the brain at early points in time and persists at low numbers
in this organ. The fact that R. typhi was not detectable in the brain
of C57BL/6 RAG1�/� mice by qPCR before day 70 postinfection
(data not shown), however, indicates a sudden expansion of R.
typhi rather than continuous bacterial growth.

Microglia and astrocytes are considered to act in concert as the
intrinsic immune system of the CNS (76). Microglia share many
characteristics with macrophages and are key players in the initi-
ation of the inflammatory response (77). Similarly to peripheral
macrophages, they can be activated by various stimuli, including
the recognition of microbes by Toll-like receptors (TLR) like
TLR4 and proinflammatory cytokines like IFN-� (37). Microglia
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act as phagocytes and acquire cytotoxic function upon activation.
This is usually associated with the production of inflammatory
cytokines and iNOS-mediated NO production (36, 37). In the
brain, as well as the spinal cord, of C57BL/6 RAG1�/� mice, we
observed massive expansion and accumulation of CD45low

CD11b� and IBA1� microglia. In the brain, apoptotic bodies were
detectable in the areas of microglial accumulation, indicating neu-
ronal cell death. Moreover, clusters of microglia were observed in
association with neurons in the spinal cord, where neuronal cell
loss was clearly detectable. In CNS infections and inflammatory
and degenerative CNS diseases, microglia have been implicated in
neuronal apoptosis, which is strongly associated with NO release
(34, 35). Microglia in R. typhi infection, however, did not express
iNOS and, thus, did not acquire bactericidal function. Further-
more, they did not harbor R. typhi, suggesting that these cells do
not directly recognize and act against R. typhi. Apart from medi-
ating inflammatory responses, microglia also function as sensor
cells that detect abnormalities in the brain and migrate to a site of
injury to exert neuroprotective and neurotrophic functions (78).
This activity has been associated with a non-classically activated
phenotype (79–84) that these cells may also achieve in R. typhi
infection. If this is true, it is unclear how neuronal cell death is
then induced. One possible explanation is that R. typhi directly
infects neuronal cells. It has been shown that R. rickettsii efficiently
infects neurons, causing neuronal apoptosis (85). If this is true for
R. typhi, the bacterium might not be directly accessible for micro-
glia but could induce neuronal damage, leading to the recruitment
of neuroprotective microglia. However, R. typhi was not detect-
able in neuronal cells in the brain or spinal cord, where the bacte-
ria did not appear in the gray matter at all. In addition, bacterial
content was generally low in the spinal cord. These findings argue
against direct infection of neurons by R. typhi and strongly suggest
that neuronal damage is an immunopathological effect mediated
by activated microglia by yet-unknown mechanisms rather than
by the bacteria themselves.

In wild-type mice, T cells, especially CD8� cytotoxic T cells
that can directly attack infected cells, are mainly responsible for
protection against infections with intracellular pathogens, such as
the rickettsiae (86). Cytotoxic activity of CD8� T cells, together
with IFN-� production, has been demonstrated to be essential for
protection against SFG rickettsiae (22–25). Moreover, T cells have
been shown to confer cross-protection between SFG and TG rick-
ettsiae in susceptible C3H/HeN mice (87). In line with these ob-
servations, immunocompetent C57BL/6 wild-type mice are capa-
ble of controlling R. typhi. Nevertheless, we demonstrate for the
first time that R. typhi persists in different organs, including the
spleen, lung, and brain, in these mice. Our results suggest that R.
typhi may also persist in humans, possibly dependent on the im-
mune status of a patient. So far, R. prowazekii, the closest relative
of R. typhi and causative agent of epidemic typhus, is the only
rickettsial bacterium that is known to persist latently in humans
and to reappear years to decades after the primary infection, caus-
ing the so-called Brill-Zinsser disease. Meningitis and neurologi-
cal symptoms, including stupor, confusion, delirium, and coma,
are common in epidemic typhus (88, 89), as well as in Brill-Zinsser
disease (44–47). It is suggested that stress or waning immunity can
reactivate R. prowazekii (90); e.g., corticosteroids, such as dexa-
methasone, can trigger the recurrence of R. prowazekii in mice
(91). This may also be true for R. typhi, although recurrence of R.
typhi in humans has not been described as yet. Reactivation of R.

prowazekii can occur irrespective of antibiotic treatment. Mice
treated with doxycycline during primary infection with R. prowa-
zekii developed rickettsemia after the administration of dexa-
methasone, although at lower levels than mice that had not been
treated with doxycycline (91). Thus, the risk of reappearance of
rickettsiae may depend on proper timing of antibiotic therapy
during primary infection.

The observation that R. typhi reappears predominantly in the
CNS of C57BL/6 RAG1�/�mice and can also be found in the brain
of R. typhi-infected wild-type mice demonstrates a neurotropism
for R. typhi. In line with these findings, several cases of meningitis
and encephalitis in R. typhi patients have been reported (92–96).
In some cases, delayed or prolonged neurologic manifestations
have been observed (92, 94). Moreover, R. typhi was found to be
an important cause of CNS infections in Laos, where endemic
typhus is common (97). Furthermore, it has been demonstrated
that the CNS is affected in MSF caused by R. conorii (98) and in the
late phase of RMSF caused by R. rickettsii (4, 99) and other rick-
ettsial infections (100). Symptoms include ataxia, paresis, and pa-
ralysis (100) and resemble those observed in R. typhi-infected
C57BL/6 RAG1�/� mice.

Collectively, our data demonstrate for the first time a neuro-
tropism and the persistence of R. typhi, suggesting that these bac-
teria should be taken under consideration in cases of undifferen-
tiated CNS inflammatory diseases, especially in low-income
countries where R. typhi is common.
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