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Abstract

The expanding genus Bartonella includes zoonotic and human-specific pathogens that can cause
a wide range of clinical manifestations. A productive infection allowing bacterial transmission
by blood-sucking arthropods is marked by an intraerythrocytic bacteremia that occurs exclu-
sively in specific human or animal reservoir hosts. Incidental human infection by animal-
adapted bartonellae can cause disease without evidence for erythrocyte parasitism. A better un-
derstanding of the intraerythrocytic lifestyle of bartonellae may permit the design of strategies
to control the reservoir and transmittable stages of these emerging pathogens. We have dis-
sected the process of Bartonella erythrocyte parasitism in experimentally infected animals using a
novel approach for tracking blood infections based on flow cytometric quantification of green
fluorescent protein—expressing bacteria during their interaction with in vivo—biotinylated
erythrocytes. Bacteremia onset occurs several days after inoculation by a synchronous wave of
bacterial invasion into mature erythrocytes. Intracellular bacteria replicate until reaching a stag-
nant number, which is sustained for the remaining life span of the infected erythrocyte. The
initial wave of erythrocyte infection is followed by reinfection waves occurring at intervals of
several days. Our findings unravel a unique bacterial persistence strategy adapted to a non-
hemolytic intracellular colonization of erythrocytes that preserves the pathogen for efficient
transmission by blood-sucking arthropods.

Key words:  Bartonella « erythrocyte parasitism * flow cytometry * GFP ¢ whole blood
biotinylation

The genus Barfonella comprises a unique group of faculta-
tive intracellular bacteria that employs hemotropism and ar-
thropod-mediated transmission as common parasitic strate-
gies. The widespread occurrence and diversity of these
bacteria has been increasingly recognized in recent years.
This resulted in a dramatic expansion of the genus Bartonella
to 16 currently described species, among which at least 7
have been associated with human disease (for reviews, see
references 1 and 2). Each Bartonella species (spp.) appears to
be highly adapted to one or few mammalian reservoir hosts,
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in which Bartonella causes a long-lasting intraerythrocytic
bacteremia as a hallmark of infection. In contrast, incidental
infection of a nonreservoir host does not seem to lead to
erythrocyte parasitism but can cause various clinical mani-
festations, as in the case of the zoonotic Bartonella henselae.
Cats are the natural reservoir of cat flea—borne B. henselae
and usually develop an asymptomatic intraerythrocytic bac-
teremia, which may persist for months or years (3). How-
ever, human infection with B. henselae via a cat bite or
scratch or the bite of an infected cat flea results in clinical
entities such as cat scratch disease, bacillary angiomatosis, or
endocarditis, without signs of erythrocyte parasitism (4).
Analogously, rat-adapted B. elizabethae, cat-adapted B. clar-
ridgeiae, and mouse-adapted B. grahamii are zoonotic patho-
gens that naturally cause a hemotropic infection in their
respective animal reservoirs, whereas incidental human in-
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fection has a different clinical outcome (5-8). Notably,
humans are the only known reservoir hosts for B. bacillifor-
mis and B. quintana. B. bacilliformis appears in endemic re-
gions of South America as the agent of Carrion’s disease
transmitted by the sandfly Lutzomyia verrucarum (9, 10). In
the acute phase of this biphasic disease, most erythrocytes
become infected, resulting in a hemolytic anemia with fever
(referred to as Oroya fever) that may cause up to 80% mor-
tality. After resolution, the chronic second phase (referred
to as Verruga Peruana) is characterized by hemangiomatous
eruptions of the skin as a result of vascular proliferation (11,
12; for a review, see reference 13). B. quintana became
known during World War I as the agent of trench fever,
which plagued more than one million soldiers at both front
lines in many European countries. Also known as five day
fever, this bacteremic disease was recognized because of the
periodic relapses of fever often associated with leg and back
pain (14). Today, in the Western hemisphere, homeless
people and individuals suffering from drug and alcohol ad-
diction with poor hygienic conditions are susceptible to in-
fection by B. quintana (15, 16), probably because they are
more likely to be infested by body lice that transmit the
pathogen from human to human.

While hemolytic activity in B. bacilliformis seems to be
unique among Bartonella spp. (17), prolonged courses of in-
tracellular erythrocyte parasitism appear to be a crucial as-
pect of the pathogenesis of all Barfonella spp. Investigating
the bacterial dynamics in the peripheral blood by using a
suitable experimental animal infection model would pro-
vide insight into the unique pathogenic strategy of erythro-
cyte parasitism employed by these emerging pathogens.

Recently, we have described the isolation of a new spe-
cies, B. tribocorum (Btr),! from the blood of wild rats (18).
Using a recombinant Bfr strain expressing a constitutive
level of green fluorescent protein (GFP; Btr—gfp), we per-
formed a detailed study of the hemotropic infection course
in experimentally infected rats. Fluorescent tracing of the
GFP-expressing bacteria by flow cytometry in combination
with whole blood biotinylation experiments revealed a
synchronous invasion of mature erythrocytes followed by a
short period of intraerythrocytic replication. Subsequently,
an extended period of intraerythrocytic colonization with
an essentially invariant number of intracellular bacteria
demonstrated for the first time bacterial persistence in
erythrocytes. Moreover, recurrent waves of erythrocyte in-
fection were found to occur in time patterns similar to the
feverish relapses of trench fever, establishing an experimen-
tal model for this human infection by B. quintana.

Materials and Methods

Bacterial Strains.  The Escherichia coli strain DH5a and SURE
were used for the cloning of plasmids. E. coli 32155 (19) served as
a mobilization strain in two parental matings. E. coli was grown at

! Abbreviations used in this paper: Btr, Bartonella tribocorum; d.p.i., days post-
inoculation; FL, fluorescence channel; GFP, green fluorescent protein;
TEM, transmission electron microscopy.
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37°C overnight in Luria-Bertani broth. When needed, Luria-
Bertani broth was supplemented with 50 mg/liter kanamycin, 10
mg/liter gentamicin or 100 mg/liter ampicillin, and 1 mM di-
aminopimelinic acid in the case of E. coli $2155. Btr 5067 (18)
and its derivative were grown routinely for 3-5 d on Columbia
agar containing 5% defibrinated sheep blood (CSB—agar) in a wa-
ter-saturated atmosphere with 5% CO, at 35°C. Btr transconju-
gants were selected using 30 mg/liter kanamycin.

Animals. Female Wistar rats were obtained at the age of 6 wk
from Harlan and Winkelmann. All animal studies were approved
by the authors’ institutional review boards.

Plasmids and Their Construction. DNA manipulations were
carried out using standard procedures (20). The gfp expression
vector pCD351 was constructed by insertion of a 773-bp
BamHI-HindIII fragment containing the gfp-mut3 gene (21) into
the corresponding restriction sites of the expression vector
pCD341 (22). Subsequently, the 1.62-kb Sspl fragment contain-
ing gfp-mut3 was excised from pCD351 and cloned into the Smal
site of pJQ200ucl (23) to yield the plasmid pCD360. Finally, a
1.65-kb Notl fragment from pCD360 was cloned into the Notl
site of Mini-Tn5-Km?2 (24), resulting in the gfp-transposon vec-
tor pCD361.

GFP-expressing Btr.  The plasmid pCD361, containing a
transposable kanamycin-gfp cassette, was introduced into Btr as
a suicide vector via two-parental mating as described (19).
Transconjugants displayed a light green colony phenotype, which
was stable during at least 10 subsequent passages in the absence of
antibiotics as demonstrated for the Btr—gfp clone 2 (data not
shown). Southern blot analysis of this clone revealed the integra-
tion of pCD361 into the chromosome of Btr by a single crossover
event rather than by transposition (data not shown). Btr—gfp clone
2 was used in all subsequent experiments reported in this study,
although similar results were obtained in preliminary experiments
with six additional Bfr—gfp transconjugants (data not shown).

Rat Infection with Btr—gfp. Bacteria harvested in PBS were in-
jected into rat tail veins in a volume of 0.3 ml containing ~3.5 X
107 CFUs. Venous blood samples were taken and diluted 9:1 in
PBS containing 3.8% sodium citrate. To lyse the erythrocytes for
blood cultures, citrate blood samples were subjected to freezing at
—80°C and, when needed, diluted in PBS before plating on
CSB—agar. CFUs were examined after 5-6 d of growth. Btr—gfp
recovered from the blood of individual rats displayed in up to
20% white and kanamycin-sensitive CFUs; this frequency was
stable during the entire bacteremic phase in each individual ani-
mal (data not shown).

In Vivo Whole Blood Biotinylation and Staining of Biotinylated
RBCs.  Whole blood biotinylation in rats was performed by in-
jecting 2.8-mg doses of N-hydroxysuccinimidyl-biotin into the
rat tail vein for three subsequent days as described previously for
mice (25). In brief, 2.8 mg N-hydroxysuccinimidyl-biotin
(Pierce Chemical Co.) was dissolved in 60 wl of dimethylforma-
mide at 50°C for 2 min before addition of 240 .l of PBS and in-
jection of the mixture into the rat tail vein. For staining of biotin-
ylated RBCs for flow cytometric analysis, 50 pl of peripheral rat
blood was washed once with PBS. RBCs were adjusted to 6 X
107 cells/ml PBS, and 980 .l of this dilution was incubated with
20 pl of PE-conjugated streptavidin (Becton Dickinson) for 30
min at room temperature. After staining, RBCs were washed
twice with PBS. Washes were performed by centrifugation at
1,400 g for 5 min.

Flow Cytometric Analysis. ~ Citrate blood samples were diluted
in PBS, and a total of 2 X 107 events was evaluated using a FAC-
Sort™ (Becton Dickinson) flow cytometer. Measurements were
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performed daily over a period of 31 d postinoculation (d.p.i.),
followed by weekly investigations. Data were analyzed using the
software WinMDI 2.8 developed by Joseph Trotter (http://
www.scripps.edu). For data presentation, all measurements of in-
fected erythrocyte numbers were normalized to 6 X 10° RBCs/
ml blood and expressed as the number of infected erythrocytes
per milliliter of blood.

Differential Intra- and Extracellular Staining of Btr—gfp. 50 pl of
infected peripheral rat blood was washed once in PBS before
RBCs were resuspended in 495 pl PBS and incubated for 30 min
at room temperature together with 5 pl of rat anti-Bfr immune
serum. The RBCs were washed twice with PBS, resuspended in
495 pl PBS, and incubated for 30 min at room temperature to-
gether with 5 pl of Cy5-conjugated goat anti—rat IgG (Jackson
ImmunoResearch Laboratories). RBCs were washed twice in
PBS and resuspended in decomplemented FCS to prepare smears.
‘Washes were performed by centrifugation at 1,400 ¢ for 5 min.

Confocal Microscopy. Smears of citrate blood or immunocy-
tochemically stained RBCs were viewed with a Leica TCS NT
confocal laser scanning microscope (Leica Lasertechnik) at origi-
nal magnification X100 with detection in channel 1 (GFP fluo-
rescence), channel 3 (Cy5 fluorescence), and the transmission
channel (differential interference contrast).

Gentamicin Protection Assay. Peripheral rat blood was washed
once in PBS. Cells were resuspended in PBS and split into two
equal aliquots. One aliquot was treated with 150 wg/ml genta-
micin sulfate, and the other remained untreated. After gentamicin
treatment for 2 h at 37°C, RBCs were washed once with PBS to
remove residual antibiotic. The PBS-diluted samples were frozen
at —80°C to achieve cell lysis; aliquots were subsequently plated
on CSB—agar to determine CFUs. As a control for the bacteri-
cidal effect of gentamicin, RBCs were lysed before incubation for
2 h at 37°C. Washing steps were performed by centrifugation at
2,100 ¢ for 5 min. All experiments were performed in triplicate.

Transmission Electron Microscopy. — Citrate blood was fixed in
4% formaldehyde and 2% glutaraldehyde and postfixed for 1 h in
PBS containing 1% OsO, (Science Service). After dehydration
through a graded series of ethanol, samples were embedded in
Durcupan ACM. Ultrathin sections, produced using an ultrami-
crotome (LBK), were stained with 2.5% uranyl acetate and lead
citrate. Samples were viewed using a ZEISS electron microscope

(model EM 109) at 80 kV.

Results

Construction of Btr—gfp for Tracking Bacterial Blood Infection
In Vivo. The insertion of a gfp expression cassette into the
chromosome of Btr resulted in constitutive GFP expres-
sion, which was stable during multiple in vitro passages
(>10) even in the absence of antibiotic selection for the
kanamycin gene physically linked to gfp. This prompted us
to explore the use of GFP-mediated fluorescence for track-
ing bacteria in the blood of experimentally infected rats.
Fluorescence detection and quantification by means of flow
cytometry and/or confocal microscopy were used to com-
plement bacterial quantification by the conventional blood
culture method employed in earlier studies of hemotropic
Bartonella spp. infections (26-31).

Experimental Btr—gfp Bacteremia in Rats Quantified by Con-
ventional Blood Culture. Blood cultures on petri dishes
were used to quantify CFUs of Btr—gfp in the peripheral
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Figure 1. Course of Btr—gfp bacteremia in experimentally infected rats.

The level of bacteremia of six rats was determined by counting CFUs on
CS—agar inoculated with dilutions of lysed blood.

blood of rats after intravenous injection of 3.5 X 107 bacte-
ria. All culturable organisms were cleared from the circulat-
ing blood within hours after inoculation (data not shown),
and blood remained sterile for 3—4 d (Fig. 1). Bacteremia
began at 4 or 5 d.p.i. and peaked between 10 and 14 d.p.i.
with up to 107 CFUs/ml blood. After a persistent bactere-
mic period with declining bacterial titers, the number of
hemotropic bacteria dropped in weeks 9 and 10 p.i. below
a detectable level (<100 CFUs/ml blood). The observed
bacteremia is indistinguishable from the infection course of
wild-type Bir 5067 (unpublished results) and appears to
correspond to the bacteremic course of other Bartonella spp.
in their respective animal reservoirs (26-31).

Dissection of the Course of Erythrocyte Parasitism by Btr—gfp
Using Flow Cytometry and Confocal Microscopy. During the
bacteremic phase as resolved by positive blood culture, Btr—
gfp could be detected at any time by flow cytometry of ci-
trate blood. The populations of both free bacteria and
erythrocyte-associated bacteria are fully separated in side
scatter (SSC) versus forward scatter (FSC) dot blots localiz-
ing to gate 1 or 2, respectively (Fig. 2 A). Events contained
in gates 1 and 2 were analyzed in fluorescence channel
(FL)-1 versus FL-2 dot blots (Fig. 2, B and C, respectively),
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Figure 2. Flow cytometric detection of free and erythrocyte-associ-

ated Btr—gfp in peripheral rat blood. (A) SSC versus FSC dot blot analysis
allowed the separation of populations of free bacteria (contained in gate
1) and RBC-associated bacteria (contained in gate 2). Dot blots of FL-1
versus FL-2 of events contained in gate 1 allowed distinction of free bac-
teria (gate 3) from debris (B), whereas (C) events in gate 2 could be sep-
arated into infected RBCs (gate 4), uninfected RBCs, and autofluores-
cent particles. The data presented were obtained with blood of rat no.

117 at 18 d.p.i.



which allowed distinction of fluorescence resulting from
GFP-expressing bacteria (positive in FL-1 but negative in
FL-2) from the few autofluorescent events inherently
present in blood (positive in both FL-1 and FL-2). Flow
cytometric analysis of the infected erythrocyte population
revealed an increase in the mean fluorescence on succeed-
ing d.p.i. (Fig. 3 B). Confocal microscopy of corresponding
blood smears demonstrated that this increase in RBC fluo-
rescence is a result of bacterial multiplication in association
with individual erythrocytes (Fig. 3 A). Daily quantification
of RBC-associated bacteria by confocal microscopy re-
vealed that bacterial replication started on either day 4 or 5
p.1., when infected erythrocytes appear in peripheral blood
as having one or two bacteria associated with each infected
erythrocyte. At day 11 or 12, a plateau with an average of
eight intracellular bacteria is reached (Fig. 3 C, @ with er-
ror bars), although individual erythrocytes may contain up
to 15 intracellular pathogens (data not shown). This growth
kinetic correlated well to the course of the mean fluores-
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Figure 3. Quantitative analysis of intraerythrocytic replication of Bti—

gfp by flow cytometry and confocal microscopy. (A) Confocal images of
representative infected erythrocytes and the mean * SD of bacteria
counted per infected erythrocyte (n > 20). Scale bars correspond to 10
pm. (B) Fluorescence intensity histograms (FL1-H) and mean fluores-
cence (mean) of the infected RBC population in 2 X 107 events. (C) The
mean fluorescences of the colonized RBCs (L) and the single bacteria re-
leased from lysed RBCs (A) were determined by flow cytometry. On the
same blood samples, the bacteria per colonized RBC (@) were enumer-
ated by confocal microscopy (17 > 20; mean * SD). The data presented
were obtained from rat no. 117.
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cence of infected erythrocytes measured by flow cytometry
(Fig. 3 C, UJ), while the fluorescence intensity of individual
bacteria released from infected RBCs was virtually invari-
ant during the entire course of infection (Fig. 3 C, A).
Thus, the mean fluorescence of the infected RBC popula-
tion determined by flow cytometry of 2 X 107 events (cor-
responding to ~103-10* infected erythrocytes) appears to
be an accurate measure for the mean number of accommo-
dated bacteria per erythrocyte. Simultaneously, this flow
cytometric analysis allowed the precise quantification of in-
fected erythrocytes in the total RBC population. Both of
these highly sensitive and statistically significant measures
enabled us to further dissect the course of erythrocyte para-
sitism (Fig. 4) to what had been concluded from conven-
tional blood cultures (Fig. 1).

After intravenous infection of rats with Btr—gfp, no bacte-
ria were detectable in blood during an eclipse phase of 3—4 d.
Fluorescent RBCs could first be observed on day 4 or 5
p-i., and their number had already peaked on the subse-
quent day, marking a highly synchronized onset of bactere-
mia. The number of infected erythrocytes per milliliter of
blood was in the range of 1.0-3.6 X 10° (0.017-0.059% of
total RBCs). The number of fluorescent RBCs decreased
from day 6 (Fig. 4, ®), while their mean fluorescence in-
creased because of replication of erythrocyte-associated
bacteria (Fig. 4, O). In consequence, the total number of
bacteria per milliliter of blood continued to increase until
the peak of bacteremia was reached around days 10-12 p.i.
(Fig. 1).

Interestingly, the otherwise steady decrease in the num-
ber of infected erythrocytes was interrupted by marked in-
creases that occurred at intervals of typically 3—6 d (Fig. 4,
A and B; marked by arrows). These periodic increases in
the number of infected erythrocytes indicated the existence
of recurrent infection waves after the initial infection wave
at day 5.

In addition to erythrocyte-associated bacteria, free bacte-
ria could be detected by flow cytometry during the entire
bacteremic phase (Fig. 2 B and data not shown). The aver-
age number of free bacteria fluctuated between 3 and 20%
of the total number of fluorescent events (corresponding to
infected erythrocytes and free bacteria) during the first 30
d.p.i., whereas no correlation of the dynamic changes of
colonized erythrocytes was observed in any of the six rats
analyzed. It is uncertain whether this rather small number
of free bacteria was released from erythrocytes or from a
different bacterial reservoir in vivo or resulted from the ly-
sis of colonized erythrocytes during blood collection and
handling.

Time Point of Invasion into RBCs. The antibiotic gen-
tamicin, which cannot penetrate intact eukaryotic cell
membranes, was used to determine the proportions of ex-
tra- versus intracellular Btr—gfp present during the course of
erythrocyte parasitism in two rats (nos. 166 and 167). Fluo-
rescent RBCs could be detected at the earliest on day 5
p-i., and gentamicin protection assays were performed from
this day on for four subsequent days (Fig. 5). While no sig-
nificant protection of bacteria (<5%) occurred during the
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Figure 4. Flow cytometric analysis of the course of erythrocyte colonization by Bfi—gfp. Kinetics of the number of infected erythrocytes () and their

mean fluorescence (O) of (A) rat no. 111 and (B) rats no. 123—126. The specification of axes in B is the same as in A. Note the temporal increases in the
number of infected erythrocytes resulting from recurrent reinfection waves (marked by arrows).

first three hemotropic days (5-7 d.p.i.), this changed dra-
matically on the fourth bacteremic day (day 8 p.i.), with 59
and 53% gentamicin-protected bacteria recovered from rats
no. 166 and 167, respectively. A similar proportion of pro-
tected bacteria was observed on the following days.

Immunocytochemical staining was used as a comple-
mentary approach to gentamicin protection assays to distin-
guish between epicellular and intraerythrocytic bacteria.
On the second bacteremic day (6 d.p.1.), approximately half
of the bacteria found in singular association to RBCs could
be stained (Fig. 6 A), suggesting that their extracellular lo-
calization or an intracellular localization associated with an
antibody-permeable state of the erythrocyte membrane.
On the third day of bacteremia (7 d.p.i.), most singularly
associated organisms (Fig. 6 B) and all replicating bacteria
(more than one bacterium per erythrocyte; Fig. 6 C) were
no longer stained by immunocytochemical methods and
thus appear to reside within the intracellular spaces of
erythrocytes. Ultrastructural analysis of Btr—gfp-infected rat
blood cells on day 14 p.i. by transmission electron micros-
copy (TEM) confirmed the intracellular localization of bac-
teria at this stage (Fig. 7 A). TEM analysis further indicated
that intraerythrocytic bacteria may reside within a vacuolar
compartment, which eventually may enclose several organ-
isms (Fig. 7 B; marked by an arrow).

Taken together, the gentamicin protection assays, differ-
ential immunocytochemical staining, and TEM analysis
consistently indicate a predominately intraerythrocytic life-
style for Btr—gfp during rat erythrocyte parasitism, with the
invasion process taking place shortly after infected RBCs
appear in the bloodstream. It should be noted that the ex-
periments described as of yet do not allow distinction be-
tween mature erythrocytes and reticulocytes as the initially
infected cell type.

Btr—gfp Invades Mature Erythrocytes. In vivo whole blood
biotinylation serves to trace aging erythrocyte popula-
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tions by the introduced biotin label without affecting the
life span of the labeled erythrocytes (25). This technique
should be ideal for addressing the following still elusive as-
pects of Bartonella erythrocyte parasitism: (a) a possible age
or differentiation stage specificity in the invasion process of
erythrocytes or erythroid precursor cells; and (b) the life
span of the infected erythrocytes in comparison to unin-
fected RBCs. For this purpose, rats were infected with Btr—
gfp before or after whole blood biotinylation. By staining
biotinylated blood cells with PE-conjugated streptavidin,
the population of biotinylated versus nonbiotinylated
erythrocytes could be separated in FL-2, while the erythro-
cyte-associated bacteria were quantified in FL-1 as outlined
before. Fig. 8 shows the data of two rats each subjected to
whole blood biotinylation on days 2, 3, and 4 p.i., which
represent infection courses with (Fig. 8, A and B, rat no.

70 4
° [] rat #167 - iysed RBC's
& 607
8 E rat #167
S o 507 Erat#ies
% a0
£ 8
3] ]
£ 5 30
3 207
3
o 10 1
O\e 0 J A N H

5 6 7 8 13 25
Days post-inoculation (d.p.i.)
Figure 5. Course of erythrocyte invasion by Bti—gfp in peripheral rat

blood analyzed by the gentamicin protection assay. Equal volumes of rat
blood drawn at various d.p.i. with Btr—gfp were incubated with and with-
out gentamicin and then washed, lysed, and plated on CBS—agar for the
determination of CFUs. The percentage of gentamicin-protected bacteria
is presented for rats no. 166 and 167. To verify the bactericidal effect of
gentamicin for intracellular bacteria, RBCs of rat no. 167 at 25 d.p.i.
were lysed before gentamicin treatment (rat no. 167, lysed RBCs).



Figure 6. Differential intra- and extracellular staining of erythrocyte-
associated Bfi—gfp. Intact RBCs from infected rat no. 167 were immuno-
cytochemically stained for extracellular bacteria by rat anti-Btr antiserum
and Cy5-conjugated anti—rat secondary antibodies. Stained RBC smears
were analyzed by confocal microscopy using GFP fluorescence (GFP) to
visualize bacteria, differential interference contrast (DIC) to visualize
RBCs, and Cy5 fluorescence to visualize adherent bacteria. An overlay of
all three channels is also shown. Representative infected erythrocytes ob-
tained from blood on day 6 (A and B) or day 7 p.i. (C) are shown. Arrows
indicate the position of RBC-associated bacteria. The scale bar corre-
sponds to 5 pwm.

191) or without (Fig. 8 C, rat no. 192) recurrent erythro-
cyte reinfection waves subsequent to the initial infection
wave. Fig. 8 A, top, shows a dot blot analysis (FL-1 versus
FL-2) of the RBC gate for several days in the infection
course with the representation of 10° events, which illus-
trates the continuous replacement of the aging biotinylated
RBC population (high in FL-2) by unlabeled RBCs result-
ing from erythropoesis (population low in FL-2; the per-
centages of both populations are given in the respective
sectors). Daily measurements of the percentages of biotiny-
lated RBCs are plotted in Fig. 8 B (O, left). Displaying 107
events in FL-1 versus FL-2 dot blots also illustrates the in-
tected RBC populations (Fig. 8 A, bottom). The initial
erythrocyte infection wave appears at 6 d.p.i. (correspond-
ing to 2 d after biotinylation) in gates R1 (biotinylated
RBCs) and R2 (nonbiotinylated RBCs). The level of
~95% biotinylation for the infected RBC population re-
flects the level of biotinylation of the total RBC population
at the day of bacteremic onset or shortly before. In subse-
quent days, this infected RBC population shifts because of
intracellular bacterial replication to gates R3 and R4, while
the percentage of biotinylation remains constant (~95% at
9 d.p.i.). As a result of a reinfection wave on day 11 p.i,, a
new population of infected erythrocytes appears at gates
R1 and R2 that is clearly distinguishable from the infected
RBC population of the initial wave localizing at gates R3
and R4. Strikingly, the percentage of biotinylation in this
newly infected RBC population (~~57%) is again represen-
tative of the percentage of biotinylation in the total RBC
population (~~59%) at the day of appearance, whereas the
percentage of biotinylation in the initial wave remained es-
sentially unchanged (~93%). Thus, Btr—gfp can invade ma-
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Figure 7. Electron micrographs of rat erythrocytes parasitized by Btr—gfp.
(A) Cross-section of an erythrocyte showing several intracellular bacteria.
Original magnification X12. (B) Two intracellular bacteria presumably sur-
rounded by one vacuolar membrane (arrows). Original magnification X30.
Scale bars correspond to 1 pm. Data presented were obtained with rat no.
111 at 14 dpi.

ture erythrocytes of different ages with similar efficiency.
This important observation has been further substantiated
in rats subjected to whole blood biotinylation several days
before infection in which invasion of aged RBCs has been
observed to have efficiency similar to the invasion of young
erythrocytes (data not shown).

The Intracellular Colonization of Erythrocytes by Bti—gfp Is
Nonhemolytic. In contrast to the prominent reinfection
wave in rat no. 191 (a graph of daily measurements for the
number of infected RBCs is plotted as B in Fig. 8 B, left;
arrows mark the recurrent infection waves), rat no. 192 did
not display any measurable reinfection after the synchro-
nous onset of bacteremia on day 5 p.i. (Fig. 8 C, left). This
is evident from both the graph of the number of infected
RBCs, which steadily slopes down after the initial infection
wave on day 5 p.i. (Fig. 8 C, W, left), and the constantly
high proportion of biotinylation in the infected RBC pop-
ulation (~99%, Fig. 8 C, A, left; compare with corre-
sponding graph of rat no. 191 in Fig. 8 B, which denotes a
reduction of the percentage of biotinylation of infected
RBC:s coincidentally with each reinfection wave). Thus, in
rat no. 192, the population of infected RBCs synchro-
nously appearing on day 5 p.i. could be traced during at
least 24 d without interference by subsequent reinfection
waves. Considering that ~99% of the infected RBCs were
biotinylated (Fig. 8 C, A, left) and the infected biotinylated
RBC population represents only a minority (<0.03%) of
the total biotinylated RBC population (data not shown),
we could compare the clearance of infected versus nonin-
fected RBCs by directly comparing the graphs for the
number of infected RBCs (Fig. 8 C, B, left) with the per-
centage of total RBCs (Fig. 8 C, O, left), respectively. In
the first days of bacteremia (5-7 d.p.i.), the clearance of in-
fected erythrocytes is elevated compared with uninfected
RBCs, whereas in subsequent days this early clearance of
infected RBCs appears to be compensated. Between days
19 and 30 p.., both graphs are essentially superimposable,
indicating that clearance of RBCs occurs at a similar level
regardless of infection (~90% of erythrocytes are cleared
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within 24 d in each case). No obvious difference in the life
span of infected versus noninfected RBCs could be de-
tected from this experiment, indicating that the intracellu-
lar colonization by Btr—gfp is innocuous for the infected
RBCs allowing bacterial persistence in this intracellular
niche.

Course of Intracellular Replication of Btr—gfp.  As the intra-
cellular space of erythrocytes is limited, a persistent intra-
cellular infection would require a control of bacterial repli-
cation. Indeed, the course of intracellular multiplication in
rat no. 192 demonstrated that after an initial rapid intracel-
lular multiplication, the number of intraerythrocytic bacte-
ria reaches a plateau (Fig. 8 C, [, right). However, similar
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courses of intracellular replication have also been observed
in animals displaying reinfection waves that may delay the
plateau (open symbols in Figs. 4 A and 8 B, right). In con-
clusion, after limited intracellular replication, intraerythro-
cytic Btr—gfp reaches a state of nonreplicated persistence.

Discussion

Previous studies aiming to characterize the course of he-
motropic Bartonella infections have employed blood culture
on petri dishes (to determine CFUs) and/or light micros-
copy or ultrastructural analysis of RBCs (3, 29, 30). These
established techniques revealed a typically prolonged course



of bacteremia in association with intraerythrocytic bacterial
inclusions. In this study, we have dissected the in vivo
course of Bartonella erythrocyte parasitism in considerable
detail by using an appropriate animal model in combination
with a novel approach for tracking blood infections. We
have used a GFP-expressing strain of the rat-adapted spe-
cies Btr (Btr—gfp) in an experimental rat infection model.
Importantly, the expression of GFP did not alter bacterial
infectivity (unpublished results) but enabled us to trace in-
dividual bacteria within the blood of infected rats by means
of flow cytometry. As validated by confocal microscopy
and conventional blood cultures, this powerful fluores-
cence-based in vivo detection method for bacterial infec-
tions allowed a precise quantification of both the number
of infected erythrocytes and the number of bacteria colo-
nizing individual erythrocytes. Moreover, in vivo whole
blood biotinylation before or after Btr—gfp infection allowed
(by staining with fluorescent streptavidin conjugates) to
trace the aging erythrocyte population for studying the
course of intraerythrocytic replication and the resulting ef-
fect on the life span of infected erythrocytes. A model of
erythrocyte colonization by Bartonella as deduced from
these extensive studies is depicted in Fig. 9.

After intravenous inoculation, Bt—gfp was rapidly cleared
(within a few hours) from circulating blood, which thereaf-
ter remained sterile for 3—4 d. This eclipse phase indicates
the colonization of a primary niche by Bfr—gfp before the
onset of hemotropic infection. Given the marked tropism
of bartonellae for vascular endothelial cells (12, 15; for a re-
view, see reference 13), we could speculate that this cell
type may represent the primary niche without discounting
the possibility that other cell types or organs may also con-
tribute. Eventually, the competence for the erythrocyte in-
vasion process that follows has to be acquired by an adap-
tation process (i.e., via transcriptional reprogramming)
during infection of this primary niche.

The bacteremic phase of Bf—gfp synchronously began at
4-5 d.p.i. with a single bacteria found in association with
circulating RBCs. In vivo biotinylation experiments al-
lowed us to demonstrate without ambiguity that infected
and subsequently invaded cells are mature erythrocytes.
This finding is remarkable considering that in contrast to

Transmission by
blood-sucking arthropods

Infection of
primary niche
E.

. H
» .’

. -
1'.“I

Seeding to blood
at ~5-day intervals

5dpi  6dpi 7dpi  14dpi >28d.p.i

Binding Invasion Replication / Persistence

Figure 9. Model of erythrocyte parasitism by Bartonella spp.
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erythroid precursor cells, the mature erythrocyte is devoid
of any endocytic activity, thus leaving the active part of cell
entry to the invading bacterium.

To test for the time point of erythrocyte invasion, we
have used in parallel two complementary assays based on
the impermeability of the intact erythrocyte membrane to
either antibodies (differential immunocytochemical stain-
ing) or the antibiotic gentamicin (gentamicin protection as-
say). Both assays indicate an extracellular localization of
erythrocyte-associated bacteria at the onset of bacteremia.
However, by differential immunocytochemical staining,
the invasion process was completed within 2 d, while in
gentamicin protection assays bacteria required an additional
day before becoming gentamicin protected. Based on ultra-
structural analysis, a pore-like structure has been described
for B. henselae—invaded cat erythrocytes (3). Moreover, it
has been suggested that the partially characterized lipophilic
erythrocyte membrane—deforming protein deformin se-
creted by B. bacilliformis and B. henselae can insert itself as a
pore-like structure into the erythrocyte membrane (32,
33). This presumable pore may account for the observed
differential permeability for antibodies and gentamicin dur-
ing erythrocyte invasion.

Invasion into mature erythrocytes is immediately pro-
ceeded by intracellular replication. TEM indicated that the
replicating bacteria are surrounded by a presumable vacu-
olar membrane. A similar observation has been reported for
the invasion of human erythrocytes by B. bacilliformis (34).
Interestingly, bacterial replication slowed after several days,
reaching a plateau at approximately eight intracellular bac-
teria on average per infected erythrocyte. This plateau was
maintained for the remaining life span of the infected
erythrocytes. Cessation of bacterial replication may result
from the deprivation of either essential nutrients or growth
factors or may indicate an active mechanism of growth
control (i.e., by quorum sensing; for a review, see reference
35). Strikingly, whole blood biotinylation in a rat devoid of
any reinfection wave revealed that during the period of in-
vasion and intracellular replication, the clearance of the in-
fected erythrocytes was moderately increased compared
with uninfected erythrocytes. However, after cessation of
bacterial replication, clearance of infected erythrocytes was
indistinguishable from that of uninfected erythrocytes. To
our knowledge, we provide the first example of a pathogen
capable of persistently colonizing the limited intracellular
spaces of erythrocytes (until the infected cells are cleared by
normal turnover), which is clearly distinguished from the
typically hemolytic infection cycle of other erythrocytic
parasites, such as the malaria parasite Plasmodium (for a re-
view, see reference 36). Bartonellae thus persist for weeks
within the immunologically privileged intracellular niche
of erythrocytes, thereby increasing their chances for trans-
mission by blood-sucking arthropods. This unique patho-
genic strategy certainly contributes to the remarkable epi-
demiological success of bartonellae in their reservoir hosts
with prevalences of bacteremia typically ranging from 15 to
95% (for reviews, see references 1 and 2). While most
known bartonellae may behave similarly to Bfr—gfp in their
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respective reservoir hosts, the human-adapted species B. ba-
cilliformis appears to provide an exception, as it can trigger
massive hemolysis after intraerythrocytic infection (11, 12).
A contact-dependent hemolytic activity has been identified
recently in B. bacilliformis (17), which may account for this
striking difference in the course of erythrocyte infection.

After the synchronous onset of erythrocyte-associated
bacteremia on day 4 or 5 p.i. (<10° afflicted cells/ml of
blood), the number of infected erythrocytes decreased on
subsequent days due to erythrocyte turnover. However, in
the majority of infected animals we noticed recurrent
erythrocyte infection waves of variable amplitude that had
not been detected before by any other method. The recur-
rence of these reinfection waves typically ranged from 3 to
6 d, which is in accordance with the variable time intervals
of the feverish relapses in human trench fever (five day fe-
ver) caused by B. quintana (14). B. quintana bacteremia in
humans may have an asymptomatic course as well (14, 15),
like erythrocyte infection waves observed in our rat model,
which were not associated with fever nor any other obvi-
ous clinical manifestations (data not shown). Experimental
infection of cats as the reservoir host of B. henselae indicated
that, depending on the bacterial strain used for inoculation,
the clinical outcome of bacteremia ranged from no symp-
toms to fever in conjunction with other manifestations (28,
29, 37). While the principle process of intraerythrocytic
Bartonella infection may occur similarly in any infected res-
ervoir host, the severity of clinical presentations may in-
versely reflect the level of adaptation of the pathogen to its
specific reservoir host, eventually allowing Bartonella to
cause an extended, high-titer bacteremia with little or no
harm.

While the synchronous “lytic” erythrocytic cycle of Plas-
modium liberates parasites, causing the subsequent eryth-
rocyte infection wave, the recurrent infection waves by
Btr—gfp should be of a difterent origin, considering the non-
hemolytic erythrocyte infection process by these bacteria.
We propose that the recurrent erythrocyte infection waves
are seeded from the same primary niche as the initial infec-
tion wave (Fig. 9). The observed recurrence may result
from a lytic infection cycle that lasts ~5 d in this primary
niche, liberating bacteria that coincidentally infect erythro-
cytes as well as reinfect this primary niche (Fig. 9).

It will be intriguing to identify the yet elusive primary
niche of bartonellae in the reservoir hosts and to study how
the recurrent intraerythrocytic infection waves are seeded.
A molecular understanding of the mechanisms of forced
entry into mature erythrocytes and of growth control al-
lowing the persistent intraerythrocytic colonization will be
both scientifically compelling and important for developing
strategies to control or prevent human infection by bar-
tonellae as important emerging pathogens.
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