
INFECTION AND IMMUNITY,
0019-9567/01/$04.00�0 DOI: 10.1128/IAI.69.10.5974–5980.2001

Oct. 2001, p. 5974–5980 Vol. 69, No. 10

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Interaction of Bartonella henselae with the Murine Macrophage Cell
Line J774: Infection and Proinflammatory Response

TIZIANA MUSSO,1* RAFFAELE BADOLATO,2 DANIELA RAVARINO,1 SARAH STORNELLO,1

PATRIZIA PANZANELLI,3 CHIARA MERLINO,1 DIANELLA SAVOIA,4 ROSSANA CAVALLO,1

ALESSANDRO NEGRO PONZI,1 AND MARIO ZUCCA4

Department of Public Health and Microbiology,1 Department of Anatomy, Pharmacology, and Forensic Medicine,3

and Department of Clinical and Biological Sciences,4 University of Turin, Turin, and
Department of Pediatrics, University of Brescia, Brescia,2 Italy

Received 12 March 2001/Returned for modification 4 May 2001/Accepted 10 July 2001

Bartonella henselae is the causative agent of cat scratch disease (CSD), a self-limiting condition characterized
by a subacute regional lymphadenopathy that may develop into disseminated bartonellosis in immunocom-
promised subjects. Mice experimentally infected with B. henselae display typical liver and spleen granulomas
rich in T cells and macrophages. So far there are no data on the interaction between bartonellae and macro-
phages. In order to clarify this topic, we investigated the interaction of B. henselae with J774, a mouse mac-
rophage cell line. Analysis of bacterial uptake by functional assays and transmission electron microscopy
indicates that bartonellae can enter and survive inside J774. Entry occurred within 30 min postinfection and
reached a plateau at 160 min. Infection of J774 was followed by a dose-dependent release of the proinflam-
matory cytokines tumor necrosis factor alpha, interleukin 1� (IL-1�), and IL-6. Bartonellae persisted intra-
cellularly without loss of viability for at least 8 h, and their number slightly decreased 24 h postinfection.
Gamma interferon (IFN-�) treatment of J774 significantly decreased the number of recoverable bacteria at 8
and 24 h. This enhancement of macrophage bactericidal activity was associated with nitric oxide (NO) release
and was prevented by the addition of the competitive inhibitor of NO synthesis NG-monomethyl L-arginine.
These findings suggest that IFN-�-mediated activation of macrophages may be important for the clearing of
B. henselae infection and that anti-B. henselae microbicidal activity of IFN-�-activated macrophages is mediated
to a large extent by NO production.

In recent years the number of Bartonella species identified,
as well as the spectrum of their associated clinical manifesta-
tions, has expanded dramatically (25). B. henselae, a small,
fastidious gram-negative bacterium endemic among domestic
cats, is considered an emerging pathogen that can be transmit-
ted to humans occasionally, causing about 24,000 cases per
year in the United States (18). In immunocompetent hosts the
disease is characterized by a self-limiting subacute regional
lymphadenopathy associated with low-grade fever, anorexia,
and malaise, known as cat scratch disease (CSD) (12). In
normal patients there is no bacteremic phase, as B. henselae is
usually isolated from lymph nodes but not from blood (20).
However, in patients with impaired cell-mediated immune re-
sponse bacteremia may occur, and the spreading of bartonella
from lymph nodes to liver, spleen, and cutaneous tissues causes
bacillary peliosis hepatis and/or bacillary angiomatosis (BA),
both initially observed as AIDS-related diseases. Bacillary pe-
liosis hepatis and BA consist of nongranulomatous angiopro-
liferative lesions, appearing as Kaposi-like nodular formations
in skin and blood-filled spaces of the liver and spleen (22, 36).
It has been shown that B. henselae attaches to and enters hu-
man epithelial and endothelial cells, stimulating their migra-
tion and proliferation in vitro, which may account for the
angioproliferative lesions observed in vivo (7, 24, 26, 33).
Granulomas rich in T cells and macrophages appear in the
liver of BALB/c mice within 3 days of an intraperitoneal in-

jection of B. henselae (34). These lesions expand in the follow-
ing weeks due to the recruitment of CD4� T cells and epithe-
lioid cells, but their further evolution results in complete tissue
healing and full recovery of the animals. Granulomas in liver
and lymph nodes have been also detected in cats experimen-
tally infected with bartonellae (17). Following systemic infec-
tion, mice develop a positive delayed-type hypersensitivity, and
a T-helper-1 cytokine response has been observed upon in
vitro stimulation of splenocytes (21). These findings point to a
key role of CD4� cells and macrophages in the immune re-
sponse against B. henselae. Clearance of macrophage-invading
microorganisms, such as mycobacteria and leishmaniae, de-
pends on the production of gamma interferon (IFN-�) by ac-
tivated T cells, resulting in inducible nitric oxide synthase ex-
pression by macrophages and thereby the release of highly
toxic reactive nitrogen intermediates (RNI) (2, 6, 29, 30).
In the present study we investigated the interaction of B. hen-
selae with the murine macrophage cell line J774 and the con-
comitant production of proinflammatory cytokines. Bacterial
uptake was analyzed by plate counting of viable intracellular
bacteria and transmission electron microscopy. Finally, in or-
der to clarify whether cytokines may affect the survival of pha-
gocytosed bacteria, we studied the effect of IFN-�-treatment of
macrophages on intracellular or extracellular killing and the
sensitivity of B. henselae to RNI.

MATERIALS AND METHODS

Cells. J774, a murine macrophage cell line, was maintained in Dulbecco’s
modified Eagle medium (Life Technologies Italia) supplemented with 10% heat-
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inactivated fetal calf serum (HyClone Laboratories, Logan, Utah) and 2 mM
L-glutamine (Life Technologies), at 37°C in a humidified 5% CO2 atmosphere.

Bacteria. B. henselae Houston I strain (ATCC 49882), a generous gift from
Tarcisio Not (University of Trieste, Trieste Italy), was grown on 5% sheep blood
Columbia agar plates (BioMerieux, Lyon, France) in anaerobic conditions (can-
dle jar) at 37°C for 7 days. Bacteria were harvested under a laminar-flow hood by
gently scraping colonies off the agar surface, suspended in SPG (sucrose, 74.4
g/liter; KH2PO4, 0.4 g/liter; K2HPO4, 1.23 g/liter; glutamic acid, 0.7 g/liter) and
stored at �80°C in 1-ml aliquots. The number of CFU recoverable from a
cryovial was 3 � 108. For biological assays, a stock suspension of frozen bacteria
was thawed and washed three times with saline buffer, and the bacteria were
added to cell culture wells at the indicated bacteria-per-cell ratio. Killed bar-
tonellae used in the cytokine release experiments were obtained by heating
thawed bacteria to 56°C for 30 min in a water bed, as described (24). We verified
that this treatment achieved complete inhibition of growth.

Reagents. Mouse recombinant IFN-� (rIFN-�) was purchased from Life Tech-
nologies. Monoclonal anti-mouse tumor necrosis factor alpha (TNF-�) antibody
was purchased from Endogen (Woburn, Mass.). Lipopolysaccharide (LPS) (phe-
nol-extracted and chromatographically purified from Escherichia coli serotype
0111:B4), sulfanilamide, naphthylendiamine dihydrochloride, diethylamine-NO,
and sodium nitrate were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Phosphoric acid was from Fischer Scientific (Fair Lawn, N.J.), N-monomethil-
L-arginine (L-NMMA) was from Calbiochem Co. (La Jolla, Calif.), and genta-
micin was from Schering-Plough (Essex Italia).

Invasion and survival assays. B. henselae penetration and survival inside J774
were assessed as previously described with minor modifications (39). Briefly,
J774 cells were seeded into 96-well flat-bottom Falcon microtiter plates at 105

cells per well in 0.1 ml of medium and incubated overnight at 37°C. Then, the
medium was replaced with 50 �l of fresh medium and cell monolayers were
infected with approximately 106 bartonellae. To perform invasion assays the
cultures were incubated for 30 to 240 min before gentamicin (250 �g/ml) was
added to kill extracellular bacteria. After 2 h, cultures were washed twice with
phosphate-buffered saline (PBS) to remove gentamicin, and cells were lysed with
distilled water (200 �l/well) (27, 31) and sonicated for 1 min 30 s. The number
of viable intracellular bartonellae was determined by quantitative plating of
serial dilutions of the lysates on sheep blood Columbia agar. Plates were cultured
in candle jars at 37°C for 10 days, after which the colonies were counted. To
assess the intracellular survival, J774 cells were exposed to bartonellae for 2 h,
and the number of CFU was determined at different times after gentamicin
selection. Where indicated, IFN-� (500 U/ml) and/or 500 �M L-NMMA were
added to macrophage cultures for 16 h before infection and were present
throughout the culture period. To assess extracellular killing by IFN-�-treated or
untreated J774 in the absence of gentamicin, extracellular bacteria were plated
after a 24-h coincubation.

Nitric oxide assay. NO production was estimated as the amount of NO2
�

released in the culture medium. Cells were pretreated with IFN-� (500 U/ml) for
16 h and then exposed to B. henselae as indicated for the invasion assay. Where
indicated, monoclonal antibody (MAb) anti-TNF-� or an irrelevant control was
added to the cultures at a concentration of 10 �g/ml. After gentamicin selection
the medium was replaced, and 50-�l aliquots of culture supernatants were
collected after 8, 24, and 48 h of incubation and mixed with an equal volume of
Griess reagent in a 96-well flat-bottom Falcon microplate. The A570 was moni-
tored with a microplate reader (Behring ELISA Processor II) with background
subtraction at A650, as described (1). Quantitative analysis was performed by
comparison with standard solutions of NaNO2.

Cell-free bactericidal assay. To assess the bactericidal activity of NO in a
cell-free system, 106 bartonellae were incubated in the presence of different
concentrations of DEA-NO. Inactive DEA-NO used as control was decomposed
in phosphate buffer for 30 min before addition to bacteria as described (8). NO
release from DEA-NO was measured by using the Griess reagent. Following
exposure to each compound, bacteria were centrifuged and resuspended in
phosphate buffer for CFU quantitation.

Electron microscopy. Samples of Bartonella-infected J774 were centrifuged at
400 � g for 15 min. Pelleted cells were fixed for 2 h in 4% paraformaldehyde in
0.1 M PBS, washed extensively in PBS, and postfixed in 1% osmium tetroxide in
cacodylate buffer. Cells were then dehydrated in acetone and embedded in Epon
812 (Fluka, Seelze, Germany). Ultrathin sections were cut, stained with uranyl
acetate and lead citrate, and observed in a Philips EM 410 electron microscope.

Measurement of cytokines in cell culture supernatants. J774 cells were treated
with different stimuli: LPS (1 �g/ml), IFN-� (500 U/ml), LPS plus IFN-�, and live
or heat-killed bartonellae at the indicated bacteria/macrophage ratios for 24 and
48 h. Cell-free supernatants were collected and assayed for TNF-�, interleukin
1� (IL-1�), and IL-6 production by commercial enzyme-linked immunosorbent

assay (ELISA) kits according to the manufacturer’s instructions (Amersham
Pharmacia Biotech Italia).

Statistical analysis. Comparison among treatments was performed by Stu-
dent’s t test or by analysis of variance, as appropriate. When a potential differ-
ence among multiple treatments was found, the Newman-Keuls multiple-com-
parison test was used to identify which of the means were significantly different
from the others at the 0.05 significance level.

RESULTS

Kinetics of Bartonella uptake by J774. To monitor uptake,
bartonellae were allowed to invade J774 cells for 30 to 240 min,
and then extracellular bacteria were killed with gentamicin and
the number of internalized bartonellae was determined by
plating. Results are shown in Fig. 1. The number of recover-
able intracellular CFU sharply increased from 30 to 160 min,
whereas from 160 to 240 min the increase in CFU number was
almost undetectable, indicating saturation of the uptake pro-
cess around 160 min. Based on these observations, the exper-
iments on intracellular survival were performed allowing a
minimum invasion time of 2 h to get optimal internalization.
The presence of bartonellae inside macrophages was con-
firmed by transmission electron microscopy (Fig. 2). Long mi-
crovilli can be observed in close association with the invading
bacteria. Bartonellae are enclosed in membrane-bound vacu-
oles (arrows).

B. henselae infection induces the production of proinflam-
matory cytokines by J774. To determine whether B. henselae
infection could induce the secretion of proinflammatory cyto-
kines, J774 cells were incubated with live or heat-killed B. hen-
selae at a 10:1 bacteria/macrophage ratio, and supernatants
from 24- and 48-h cultures were tested by ELISA for TNF-�.
Cell culture medium and LPS (1 �g/ml) were used as negative
and positive controls, respectively. Very little TNF-� was pres-
ent in supernatants from uninfected cells. J774 treated with

FIG. 1. Kinetics of B. henselae entry in J774 cells. Bartonellae were
allowed to invade cells for the indicated times. Gentamicin (250 �g/ml)
was added to kill extracellular bacteria, cells were lysed, and the num-
ber of internalized bartonellae was determined by serial dilution and
agar plating. All results are expressed as CFU recovered per microtiter
well (mean � standard deviation [error bars] obtained from triplicate
cultures of a representative experiment out of three performed).

VOL. 69, 2001 B. HENSELAE-J774 INTERACTION 5975



live or heat-killed B. henselae produced significantly greater
amounts of TNF-� compared with uninfected or LPS-treated
cells. TNF-� concentration in supernatants from live or heat-
killed B. henselae-treated cultures peaked at 24 h and de-

creased upon further incubation through 48 h (Fig. 3A). To
determine whether TNF-� production correlated with the con-
centration of bartonellae, macrophages were exposed to the
bacteria at the bacteria/macrophage ratios of 1:1, 5:1, 10:1, and
100:1, and supernatants from 24-h cultures were tested. This
experiment showed a dose-dependent response (Fig. 3B). J774
supernatants were also assayed for IL-1� and IL-6 production.
Untreated J774 did not produce detectable levels of IL-1� and
IL-6. Treatment with live or heat-killed B. henselae markedly
increased both IL-1� and IL-6 protein levels, with a progres-
sive accumulation peaking at 48 h (Fig. 4). The amount of IL-
1� and IL-6 induced by live or heat-killed B. henselae in J774
was not significantly different from that obtained with LPS
(1 �g/ml).

Intracellular survival of bartonellae in nonactivated and
IFN-�-activated J774. To monitor the intracellular survival of
B. henselae, J774 cells were exposed to bacteria for 2 h and
lysed at different time points after gentamicin selection. Re-
sults show that up to 8 h postinfection, the number of viable
bacteria inside nonactivated J774 cells remained almost con-
stant (Fig. 5). A slight decrease was observed between 8 and
24 h. In order to test the effect of IFN-� on bartonella survival,
J774 were incubated with IFN-� (500 U/ml) for 16 h before the
challenge. Immediately after infection the same number of
bacteria could be found inside treated and untreated cells,
suggesting that IFN-� did not affect the infection rate. Begin-
ning at 8 h postinfection, significantly lower numbers were
recovered from IFN-�-treated cells (Fig. 5).

Production of NO by J774 after infection with B. henselae. As
NO has been implicated in the IFN-�-induced antimicrobial
action of macrophages (30), we assessed NO production by
IFN-�-treated, bartonella-infected J774. Cells were pretreated
with IFN-� (500 U/ml) for 16 h and then exposed to B. hen-
selae. At 8, 24, and 48 h after gentamicin selection, superna-
tants were collected and the amount of nitric oxide was mea-
sured as NO2

� production. As shown in Table 1, NO2
� release

was not detectable in the supernatants of untreated J774.
IFN-� alone did not enhance NO2

� production, whereas a
significant increase was observed in B. henselae-infected cul-
tures. However, the maximal NO2

� levels were produced
by IFN-�-activated J774 infected with B. henselae. L-NMMA
(2 mM), an arginine analog which inhibits NO production,
markedly reduced the production of nitrite by IFN-�-activated
J774 infected with B. henselae. In our hands, 2 mM L-NMMA
was the minimum concentration able to diminish NO2

� accu-
mulation (data not shown). Given the reported role of TNF-�
as a cofactor in NO production by macrophages, we examined
the effect of the addition of anti-TNF-� MAb. As reported in
Table 1, anti-TNF-� MAb induced a partial but significant
reduction of NO production.

Bactericidal activity of NO towards B. henselae. NO is one of
the primary mediators of the host cell defense against many
intracellular and extracellular bacteria, parasites, and fungi
(23). We investigated the effect of exogenous NO on B. hen-
selae in order to examine its susceptibility to RNI-mediated
bactericidal mechanisms. Bacteria were exposed to the NO-
donating compound DEA-NO for 2 h in a macrophage-free
system, and bacterial survival was measured by plating. As
shown in Fig. 6 the number of CFU was markedly and dose-
dependently reduced in the presence of DEA-NO. Inactive

FIG. 2. Transmission electron micrographs of J774 cells infected
with B. henselae. (A) Initial contact of bartonellae with the macro-
phage surface. Long microvilli (arrowheads) are in close association
with the invading bacteria (arrows). Scale bar, 0.4 �m. (B) Macro-
phage containing intracellular bacteria (arrows) within membrane-
bound vacuoles 2 h postinfection. Scale bar, 0.3 �m.
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DEA-NO did not affect bacteria viability (data not shown).
These results suggest that B. henselae is very susceptible to the
bactericidal effects of RNI.

To examine whether NO mediated the decreased intracel-
lular survival of B. henselae observed in IFN-�-activated J774,
we tested the effects of 2 mM L-NMMA on the killing of
intracellular bartonellae by IFN-�-activated J774. IFN-�-acti-
vated J774 were incubated with 2 mM L-NMMA or plain
medium and infected 16 h later with bartonellae at 10:1 mul-
tiplicity. As shown in Fig. 7, the reduction in the number of live
bacteria inside macrophages observed following IFN-� treat-
ment was markedly inhibited by the addition of 2 mM L-
NMMA. To assess the effect of IFN-� on the extracellular
killing we determined the number of CFU following 24-h in-
cubation of bartonellae on IFN-�-treated or untreated J774
monolayers in the absence of gentamicin. In IFN-�-treated
cocultures we observed a 35% reduction of CFU [(2.7 �
0.32) � 106 versus (4.1 � 0.2) � 106; P 	 0.05].

DISCUSSION

We report that B. henselae is rapidly internalized in vitro, in
the absence of opsonins, by the murine macrophage cell line
J774. Phagocytosis of B. henselae by unstimulated murine mac-
rophages reached complete saturation within 4 h; the process
is characterized by the formation of endocytic vacuoles, as
documented by functional phagocytosis assays and electron
microscopy. B. henselae uptake by macrophages is paralleled by
the secretion of large amounts of proinflammatory cytokines:
we observed that viable and heat-killed bartonellae induced
essentially the same cytokine response. TNF-� production
peaked at 24 h, whereas IL-6 and IL-1 peaked at 48 h. The
decrease of TNF-� levels at 48 h has been observed by other
authors (5, 16). The transient accumulation of TNF-� could be
explained by consumption due to an autocrine process. The
secretion by phagocytizing cells of proinflammatory cytokines
accounts for CSD-characteristic granuloma formation. Cyto-

FIG. 3. Induction of TNF-� by B. henselae. (A) TNF-� production by J774 treated with viable or heat-killed B. henselae at the 10:1
bacteria/macrophage ratio and cultured for the indicated times. Cell culture medium was used as a negative control and, LPS (1 �g/ml) was used
as a positive control. (B) Dose-response of TNF-� secretion in culture supernatants of J774 infected with viable B. henselae at different
bacteria/macrophage ratios. Cultures were incubated for 24 h, and supernatants were tested for TNF-�. The data represent the means � standard
errors/error bars) from three independent experiments. Asterisks indicate significant increase of cytokine production compared to unstimulated
cells (P 	 0.05).

FIG. 4. IL-1� (A) and IL-6 (B) production by J774 cells treated with viable or heat-killed B. henselae at a 10:1 bacteria/macrophage ratio and
cultured for the indicated times. Culture medium was used as a negative control, and LPS (1 �g/ml) was used as a positive control. The data
represent the means � standard errors (error bars) from three independent experiments. Asterisks indicate significant increase of cytokine
production compared to unstimulated cells (P 	 0.05).
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kine concentrations were comparable to those detected after
macrophage stimulation with other live microorganisms or
LPS. TNF-� produced by macrophages following exposure to
gram-negative bacteria is considered the main factor respon-
sible for septic shock observed in animal models of bacterial
proliferation in the bloodstream (37). Together with IL-1,
TNF-� could account for the acute-phase response symptoms
such as fever and lethargy observed in cats experimentally
infected with B. henselae (17). In humans, a similar clinical
response characterized by fever and asthenia has been ob-
served a week after infection in children with CSD (40). These

symptoms are usually of low severity, which is in agreement
with the experimental finding that intravenous injection of
B. henselae does not induce lethal septic shock in mice, prob-
ably because of the slow proliferation rate of these bacteria
and of their rapid clearance from the bloodstream (21, 34).
Immunocompetent CSD patients do not typically develop a
bacteremic phase, and most isolates derive from lymph node
biopsies of infected individuals (20). The investigation of in-
tracellular bacterial survival in the first 48 h after J774 infection
demonstrated that a significant number of viable microorgan-
isms was detectable within 24 h, but their number steadily
decreased after this time point. These results suggest that in
the first 48 h the killing rate is higher than the replication rate,
in contrast to what has been reported for other intracellular
pathogens such as brucella, listeria, or salmonella (4, 9, 13).

FIG. 5. Intracellular survival of B. henselae in J774. A total of 105

cells were incubated with (closed circles) or without (open circles)
IFN-� (500 U/ml) for 16 h and then infected with approximately 106

B. henselae cells. The number of CFU was determined at different
times after gentamicin selection. Each data point represents the
mean � standard deviation (error bars) obtained from triplicate cul-
tures of a representative experiment out of three performed. Asterisks
indicate significant decrease of CFU number compared to unstimu-
lated cells (P 	 0.05).

TABLE 1. NO2
� release by J774 macrophages infected

with B. henselaea

Treatment
NO2

� release (�M)

8 h 24 h 48 h

Medium 0.57 (0.2) 1.14 (2.4) 3.4 (2.1)
IFN-� (500 U/ml) 2.5 (1.5) 1.5 (0.9) 3.4 (3)
B. henselae (10:1) 2 (0.9) 5.8 (1.8) 13 (4.9)
B. henselae (10:1) � IFN-� 16 (2.2)c 52 (3.6)c 73 (6.2)c

B. henselae (10:1) � IFN-� �
L-NMMA (2 mM)

1.1 (1)d 3 (4.2)d 12 (2.8)d

B. henselae (10:1) � IFN-� �
anti-TNF-� MAbb

NDe 24 (3.2)d ND

B. henselae (10:1) � IFN-� �
rat IgGb

ND 58 (4) ND

a NO2
� release was analyzed after culture of J774 macrophages for 8, 24, and

48 h performed in triplicate; numbers in parentheses are standard deviations.
The experiment shown is representative of five performed.

b Anti-TNF-� MAb and rat immunoglobulin G (IgG) were used at 10 �g/ml.
c Significant NO2

� release compared to medium (P 	 0.05).
d Significant inhibition of NO2

� release in comparison to macrophages treated
with B. henselae and IFN-� (P 	 0.05).

e ND, not determined.

FIG. 6. Susceptibility of B. henselae to NO. Bartonellae (106) were
incubated in medium in the absence or in the presence of different
concentrations of DEA-NO. After 2 h the number of CFU (left y axis)
and the concentration of nitrite released by DEA-NO in the superna-
tants (right y axis) were determined. The data represent the mean �
standard deviation (error bars) obtained from triplicate cultures of a
representative experiment out of three performed.

FIG. 7. Effect of L-NMMA on the intracellular survival of B. hen-
selae. J774 were treated with IFN-� (500 U/ml) for 16 h in the presence
or absence of 2 mM L-NMMA and then incubated with B. henselae.
The number of viable bacteria in macrophage lysates was determined
by agar plating. The data represent the mean � standard deviation
(error bars) obtained from triplicate cultures of a representative ex-
periment out of three performed. Asterisks indicate significant differ-
ence in CFU number compared to IFN-�-treated cells (P 	 0.05).
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This is not surprising, as bartonellae are known for growing
very slowly in vitro. However, as far as we know, there are no
data on their intracellular replication rate, and follow-up for
more prolonged periods of time is required to establish the
percentage of long-term intracellular survival.

The kinetics of phagocytosis and killing of B. henselae by
macrophages observed in vitro could reflect the fate of B. hen-
selae in vivo. A murine model of B. henselae infection showed
that following an intraperitoneal challenge, bacteria were de-
tectable by PCR in liver and mesenteric lymph nodes as early
as 6 h postinfection (21, 34). Our results provide further sup-
port to the theory that the rapid relocation of bacteria in lymph
nodes and liver after intraperitoneal inoculation may depend
on the capacity of tissue-resident macrophages to phagocytize
injected microorganisms. Bacteria may persist intracellularly in
tissues since bartonellae have been cultured from organ ho-
mogenates within a 24-h harvest period, while no viable organ-
isms were recovered by 48 h, as reported by Karem et al. (21).
Similarly, Regnath et al. did not detect any B. henselae survival
72 h after challenge (34). Therefore, B. henselae seems inca-
pable of maintaining viability in mice for extended time and
the recovery of viable bacteria at 24 to 72 h might be due to
residual organisms from the inoculum rather than to in vivo
growth. Absence of bacteremia and rapid clearance of cultur-
able bacteria seem to indicate resistance of immunocompetent
mice to B. henselae, which in the light of our results could be
mediated by activated macrophages. Despite the absence of
viable organisms in the tissues, microbial DNA can be detected
by PCR up to 3 months after infection (21). It is uncertain
whether the detection of bacterial DNA in tissues for pro-
longed periods of time reflects microorganism persistence in
the host. It can be hypothesized that a low number of viable
microorganisms persisting inside infected cells without repli-
cating can account for relapses in susceptible animals. Persis-
tent infection of liver and spleen by B. henselae may occasion-
ally be observed in some immunocompetent CSD patients,
mostly children, and may require up to 6 months for complete
recovery (11, 40). Cats, which are the natural host of B. hen-
selae, may harbor the microorganism for at least 18 months,
suggesting that some bacteria probably survive inside macro-
phage or endothelial cells. Difference in virulence among
strains may also account for different outcomes of bartonella
infections: experimental infection of cats with the strain LSU16
of B. henselae resulted in a more severe clinical syndrome
characterized by prolonged bacteremia (32, 35). The mecha-
nism of bacterial survival for such prolonged periods of time is
unclear, but it is likely that the microorganism escape the
immune response by persisting inside macrophages or in other
cell types. Recent findings by Munana et al. (28) indicate that
B. henselae can survive for at least 4 weeks inside cat microglia
without replicating. Infected macrophages might serve as a
vehicle for transmission to other organs and tissues, including
the central nervous system, while endothelial and microglial
cells might constitute the bacterial reservoir.

It is likely that the complete clearance of intracellular sur-
vivors is performed by activated macrophage-mediated killing
following the engagement of the specific immune response.
Interaction of macrophages with gram-negative bacteria re-
sults in the production of proinflammatory cytokines, such as
IL-1 and TNF-�, that enhance phagocytosis and microbial

killing. However, macrophages may not be capable of elimi-
nating microorganisms without further stimulation by cyto-
kines released by antigen-activated CD4� lymphocytes. It has
been shown that IFN-�, the most-powerful enhancer of mac-
rophage antimicrobial activities mainly secreted by Th1 cells, is
produced upon specific stimulation by splenocytes of barto-
nella-infected mice and is involved, together with CD4� cells,
in mediating a delayed-type hypersensitivity response after re-
exposure of animals to bartonella antigens (21). Our observa-
tion that IFN-� treatment of J774 results in a significant en-
hancement of B. henselae killing suggests that this cytokine may
contribute to the development of protective cell-mediated im-
munity against this microorganism.

We show that in bartonella-infected J774 cells IFN-� in-
duced the release of large amounts of NO. This finding is in
agreement with inducible nitric oxide synthase protein detec-
tion in granulomatous tissues from patients with CSD (14).
The inhibitory effect of anti-TNF-� MAb indicates that endog-
enous TNF-� is involved in NO release by infected J774. We
also demonstrate that bartonellae are sensitive to NO gener-
ated in cell-free conditions, being killed within 30 min of ex-
posure to DEA-NO. Similarly, Turco et al. observed that Rick-
ettsia prowazekii is very sensitive to NO, and NO-mediated
damage to rickettsiae is responsible for the inhibition of infec-
tion in L929 and RAW cells (38). The contribution of NO to
microbicidal activity is not uniform for all pathogens: Staphy-
lococcus aureus or Burkholderia pseudomallei survive a 2-h ex-
posure to NO but are killed by a 24-h exposure (19, 27). Some
bacteria such as E. coli or Salmonella enterica serovar Typhi-
murium are much more sensitive to peroxynitrite, a product of
the reaction of NO with superoxide, and are killed by peroxy-
nitrite-generating compounds but not by NO-generating com-
pounds (3, 10). Recent data on the intracellular killing of
Rickettsia conori by human cells indicate that RNI mediate
killing by hepatocytes and endothelial cells (15).

Synthesis of NO by IFN-�-activated J774 may be relevant
not only for the extracellular killing of bartonellae; a specific
role of NO in intracellular killing of phagocytized bacteria in
IFN-�-activated macrophages can be postulated on the basis of
the effect of the competitive inhibitor of the L-arginine-depen-
dent production of NO radicals, L-NMMA. We present evi-
dence that L-NMMA treatment is effective in decreasing both
NO production and intracellular killing of bartonellae, suggest-
ing that induction of NO synthase could represent an impor-
tant mechanism of elimination of intracellular microorganisms
by IFN-�-activated murine macrophages. The role of IFN-� in
macrophage activation is well known, and this cytokine is con-
sidered one of the main mediators of healing from intracellular
pathogen infections. It has been shown that it is mainly pro-
duced by NK cells during primary infections and by antigen-
specific CD4� T cells in secondary infections (31). In patients
with impaired CD4� T-cell functions, secondary production
does not occur, and unrestrained intracellular replication of
bacteria causes lesions typical of chronic infections (peliosus
hepatis and BA) with the concurrency of bacterial angiogenic
factors. This hypothesis is supported by the evidence that B. hen-
selae produces some soluble factor(s) which induce human
umbilical vein endothelial cell proliferation (24).

Taken together, our results suggest that in a murine exper-
imental system IFN-�-mediated activation of macrophages is
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important for the resolution of B. henselae infection and that
anti-B. henselae microbicidal activity of IFN-�-activated mac-
rophages is mediated to a large extent by NO production. Since
the most quantitatively relevant source of IFN-� is constituted
by antigen-activated T cells, it can be hypothesized that con-
ditions characterized by a reduced production of IFN-� or a
low number of CD4� cells, as observed in immunodeficient
subjects, may result in increased susceptibility to B. henselae. In
these cases, therapeutic use of the cytokine might become an
additional tool for the management of these patients.
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