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Q fever is an infectious disease caused by Coxiella burnetii, an obligate intracellular bacterium that replicates

in macrophages. As cell-mediated immune response to microbial pathogens requires signals mediated by T-cell
receptors and costimulatory molecules such as CD28, we wondered if CD28 is involved in protection against
C. burnetii infection. CD28-deficient (CD28/~) mice were inoculated with C. burnetii by intraperitoneal and
intravenous routes. With both wild-type and CD28 ™/~ mice, C. burnetii organisms were detected exclusively in
spleen and liver. The antibody response against C. burnetii was impaired in CD28™'~ animals, but, surpris-
ingly, the lack of CD28 decreased C. burnetii burden in the infected tissues, whatever the manner of inoculation
of bacteria. The CD28 deficiency had no effect on either granuloma formation, which reflects cell-mediated
immunity against C. burnetii, or the production of gamma interferon and tumor necrosis factor, two cytokines
known to be involved in granuloma formation. On the other hand, the production of interleukin-10 (IL-10) by
peritoneal macrophages was highly impaired in CD28 /'~ mice. The results suggest that CD28 initiates a signal

that favors C. burnetii replication through the modulation of the IL-10 pathway.

Q fever is a zoonosis caused by Coxiella burnetii, an obligate
intracellular microorganism that replicates in myeloid cells. In
the primary infection, a minority of patients present acute
symptoms such as isolated fever, hepatitis, or pneumonia (36).
Q fever may become chronic in patients with valve lesions,
arterial aneurysm, or arterial prosthesis, and the most frequent
clinical manifestation consists of culture-negative endocarditis
(7, 13, 31). The control of Q fever depends on host immune
response, as manifested by granuloma formation, and systemic
immune response with marked proliferative response to C.
burnetii antigen and antigen-stimulated gamma interferon
(IFN-vy) production (22, 23, 26, 32). However, immune re-
sponse does not lead to C. burnetii eradication, and relapses
may occur when cell-mediated immunity is depressed (17, 31).
In chronic Q fever, cell-mediated immunity is defective, asso-
ciated with lack of granulomas, impaired antigen-mediated
lymphoproliferation and microbial killing, and cytokine dys-
function (10, 15, 21).

The innate immune response is not sufficient for host pro-
tection against C. burnetii infection since the lack of Toll-like
receptor 4 does not modify the clearance of C. burnetii (20).
The development of a protective immune response against
intracellular microorganisms, including C. burnetii, requires an
adaptive immune response. Indeed, severe combined immu-
nodeficient mice suffer from persistent infection with C. bur-
netii and finally succumb (1). Besides the signal delivered by a
peptide antigen after T-cell receptor engagement, T-cell acti-
vation requires a second signal provided by costimulatory mol-
ecules (24). Among them, CD28 plays an essential role since
functional inactivation or clonal anergy of T cells is found
without its engagement (30). CD28 ligands, the CD80 and
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CD86 molecules, are expressed by antigen-presenting cells;
their expression is upregulated by the interaction of antigen-
presenting cells with infectious pathogens (4). The role of
CD28 in immune responses, including protection against in-
tracellular pathogens, has been assessed using mice treated
with CD28-specific antibodies (Abs) or CD28-deficient mice,
but it remains elusive. CD28 '~ mice infected with influenza
virus or vesicular stomatitis virus are unable to mount specific
antibody responses or to develop specific CD8" T cells (6).
CD28 '~ mice infected with herpesvirus clear the infection
despite impaired humoral response (2). CD28/~ mice in-
fected with Mycobacterium bovis control bacterial growth and
mount cell-mediated immune response (19). Similarly, a lack
of CD28 did not interfere with the clearance of Listeria mono-
cytogenes in models of primary and secondary infection (34). In
contrast, CD28 '~ mice are susceptible to Salmonella enterica
serovar Typhimurium and Trypanosoma cruzi (35). CD28™/~
mice were unable to resist to Leishmania major infection ac-
cording to some authors (9), but the lack of CD28 did not
affect the response against L. major in other reports (8).

As CD28 is likely critical for T-cell activation in bacterial
infections, we investigated its role in a murine model of C.
burnetii infection. We show that CD28 '~ mice exhibited lower
C. burnetii burden in tissues than wild-type (wt) mice and
impaired specific IgG switch but that the lack of CD28 had no
effect on granuloma formation. Whereas the production of
inflammatory cytokines was not affected by the lack of CD28,
the production of interleukin-10 (IL-10) was decreased. These
results suggest that CD28 initiates a signal that favors C. bur-
netii replication, likely through the modulation of the IL-10
pathway.

MATERIALS AND METHODS

C. burnetii preparation. C. burnetii organisms (Nine Mile strain) were cultured
as previously described (12). BALB/c mice were injected intraperitoneally (i.p.)
with 10® organisms. Ten days later, mice were sacrificed, and their spleens were
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homogenized. Spleen homogenates were added to 1.929 cells, and cultures were
maintained in antibiotic-free Eagle minimal essential medium supplemented
with 4% fetal bovine serum and 2 mM L-glutamine (Invitrogen, Eragny, France)
for two passages. Infected cells were sonicated, and the sonicates were centri-
fuged at 8,000 X g for 10 min. Bacteria were layered on 25 to 45% linear
Renografin gradient, and the gradients were centrifuged. Purified bacteria were
then collected, washed, and suspended in serum-free Hank’s balanced salt solu-
tion (Invitrogen) before being stored at —80°C. The concentration of organisms
was determined by Gimenez staining, and the bacterial viability was assessed
using a LIVE/DEAD BacLight bacterial viability kit (Molecular Probes, Eugene,
Oreg.), as recently described (16). Only C. burnetii preparations containing more
than 90% of viable organisms were used. In some experiments, C. burnetii
organisms were inactivated by a 100°C treatment for 2 h.

Bacterial infection of mice. The experimental protocol was approved by the
Institutional Animal Care and Use Committee of the Université de la Méditer-
ranée. CD28/~ mice were purchased from the Jackson Laboratories (Bar Har-
bor, Maine). CD28 /™ mice were backcrossed to C57BL/6 mice for 12 genera-
tions, as described elsewhere (38). Female wt C57BL/6 and CD28 ™/~ mice were
infected i.p. or intravenously (i.v.) with 5 X 10° C. burnetii organisms. All of the
infections were done at the same time, and the clinical status of mice was
recorded daily. Mice were serially killed before infection (day 0) and after
different infection times. As a control, CS7BL/6 and CD28 /™ mice were infected
i.p. with 5 X 10*to 5 X 10° C. burnetii organisms, and the infection was measured
at day 7 by real-time PCR. In another set of experiments, mice were infected, and
reinfection with 5 X 10° C. burnetii organisms was done 30 days after the initial
infection. Mice were killed until 21 days after reinfection. Blood was collected by
retroorbital puncture at the time of sacrifice. Spleen and liver were aseptically
excised. Tissue samples were fixed or not with 10% formalin and then embedded
in paraffin. Spleens were dilacerated, and splenocytes were recovered after lysis
of erythrocytes. Peritoneal macrophages were obtained after washing of the
peritoneal cavity of mice with 10 ml of warm phosphate-buffered saline (PBS).

Histologic analysis and immunohistologic detection of C. burnetii. All of the
slides were coded and read in a blinded manner. The 5-pum sections of paraffin-
embedded tissues were stained with hematoxylin-eosin-saffron to assess the pres-
ence of granulomas, defined as collections of 10 or more macrophages and
lymphocytes within the organs. Their number was determined after whole optical
examination of at least three tissue sections of each organ. They were quantified
using the image analyzer SAMBA 2005 (SAMBA Technologies, Alcatel TITN,
Grenoble, France) (29). The results are expressed as the number of granulomas
found per surface unit (mm?). Formalin-fixed, paraffin-embedded tissue sections
were deparaffinized in xylene, rehydrated in graded alcohol for 2 min each, and
rinsed in PBS for 5 min. Each tissue section was incubated with rabbit Abs to C.
burnetii (diluted at 1:200) for 60 min, as previously described (27). Bacteria were
revealed using an Immunostain-Plus kit (Zymed, CliniSciences, Montrouge,
France) according to the manufacturer’s instructions. Briefly, slides were incu-
bated with biotin-conjugated Abs directed against rabbit immunoglobulins, fol-
lowed by peroxidase-labeled streptavidin with amino-ethylcarbazole as the sub-
strate. Slides were counterstained with Mayer hematoxylin for 10 min. Negative
controls were performed using normal rabbit serum. The bacteria were num-
bered by optical examination, and the tissue area was determined by image
analysis. The results are expressed as the number of bacteria found per mm? of
tissue.

Tissue detection of C. burnetii by real-time PCR. DNA was extracted from
spleens and livers from mice infected with different doses of C. burnetii at day 7
postinfection by using a QTAamp DNA MiniKit (QIAGEN, Hilden, Germany).
The tissues were weighed (10 mg and 25 mg for the spleen and the liver,
respectively), dilacerated, and incubated with 180 pl of detergent lysis buffer and
20 pl of proteinase K for 3 h at 56°C. The extraction protocol was followed as
recommended by the manufacturer. Quantitative PCR (qPCR) was performed
using a LightCycler FastStart DNA SYBR green system (Roche, Mannheim,
Germany) and carried out with the primers FAF216 (5'-GCACTATTTTTA
GCCGGAACCTT-3') and RAF290 (5'-TTGAGGAGAAAAACTGGATGA
GA-3"), which amplify a 74-bp fragment of the C. burnetii com1 gene (GenBank
accession no. AF318146) and are highly conserved among C. burnetii strains (42).
The specificity of PCR products was confirmed by sequencing. In each qPCR
run, a standard curve was generated using serial dilution ranging from 10% to 10*
copies of the intergenic spacer region as described previously (14) and calculated
by LightCycler software (LC-Run version 5.32; Roche).

Antibody determination. Blood was allowed to clot at room temperature and
centrifuged at 700 X g for 10 min. The resulting serum was stored at —20°C until
it was analyzed for the presence of anti-C. burnetii Abs. Slides with smears of
formaldehyde-inactivated organisms were incubated with serial dilutions of se-
rum for 30 min. After being washed in PBS, the bacteria were labeled with
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fluorescein-conjugated goat Abs directed against mouse immunoglobulin G
(IgG) (Beckman Coulter, Villepinte, France) and rat Abs against mouse IgG1,
1gG2a, IgG2b, 1gG3, and IgM (BD Pharmingen, Le Pont de Claix, France) at a
1:100 dilution for 30 min. The slides were then washed in PBS and examined by
fluorescence microscopy. The starting dilution for the serum sample was 1:25,
and titers of samples were determined to end point as previously described (39).

Cytokine determination. Splenocytes and peritoneal cells from wt and
CD28/~ mice were incubated in RPMI 1640 containing 25 mM HEPES, 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen). All media were checked for the absence of endotoxins
with Limulus amebocyte lysate (Cambrex Bioscience, Emerainville, France).
Splenocytes (2 X 10° cells in 1 ml) were incubated in flat-bottomed, 24-well
culture plates (Nunc, PolyLabo, Strasbourg, France) with heat-inactivated C.
burnetii (10 organisms per cell) for 24 h at 37°C. Once collected, supernatants
were stored at —80°C until IFN-y measurement. Peritoneal cells (10° cells/assay)
were incubated in 24-well culture plates for 1 h and washed to eliminate non-
adherent cells. Adherent macrophages were stimulated by heat-inactivated C.
burnetii (10 organisms per cell) for 24 h at 37°C, and cell supernatants were tested
for the presence of tumor necrosis factor (TNF) and IL-10. Cytokine production
was measured by immunoassay kits. IFN-y (detection limit, 37 pg/ml) and IL-10
(detection limit, 37 pg/ml) assay kits were provided by Endogen (BioAdvance,
Emerainville, France). TNF (detection limit, 23.4 pg/ml) assay kits were provided
by R&D Systems (Abingdon, United Kingdom). The intra- and interspecific
coefficients of variation were less than 10%.

Statistical analysis. Results, given as the means * standard deviations (SD),
were compared by Student’s ¢ test. Differences were considered significant when
P was <0.05.

RESULTS

Role of CD28 in C. burnetii infection. We wondered if the
lack of CD28 affects the susceptibility of mice towards C.
burnetii. Wild-type and CD28 '~ mice were injected i.p. with
5 X 10° organisms, and the infection was recorded. Mortality
and morbidity were not observed with wt and CD28~/~ mice
up to 42 days, suggesting that the lack of CD28 did not modify
the resistance of mice towards C. burnetii. Increasing injected
doses to 5 X 10° C. burnetii organisms did not change mortality
and morbidity of wt and CD28 '~ mice. The course of cellular
infection was assessed by immunodetection of C. burnetii in
tissues. C. burnetii organisms were detected only in the spleens
and the livers from wt and CD28 /" mice; they appeared as
coarse or fine intracellular grains inside granulomas and were
never found outside granulomas (Fig. 1A). They were detected
after 4 days in the spleens from wt and CD28~/~ mice. Bac-
terial load reached a peak at day 7 postinfection, and bacteria
were undetectable after 14 days for wt mice. For CD28 '~
mice, bacterial load was very low during the course of the
experiments and was significantly lower (P < 0.02) than that
for wt mice at day 7 (Fig. 2A). In the liver, C. burnetii organ-
isms were detected after 4 days for wt and CD28~/~ mice.
Bacterial load steadily decreased from day 4 to day 21, and no
organism was detected thereafter. The bacterial load was sig-
nificantly lower (P < 0.05) in CD28 /™ mice than in wt mice at
days 4, 7, and 14 (Fig. 2B). When mice were infected i.v. with
C. burnetii, the results were emphasized. With wt mice, C.
burnetii organisms were detected only at day 7 in the spleen
(Fig. 2C) and at days 4 and 7 in the liver (Fig. 2D). In the
spleens (Fig. 2C) and the livers (Fig. 2D) of CD28 /" mice,
bacteria were detected only at day 7. We also wondered if the
lack of CD28 affects resistance to C. burnetii during reinfection.
Mice were infected with C. burnetii organisms for 30 days, and
they received a second i.p. injection with 5 X 10° organisms.
This resulted in the presence of low amounts of bacteria in the
spleens and in the livers of wt mice. For CD28 /™ mice, C.
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burnetii organisms were never found in spleen or liver (data not
shown). In order to assess the role of inoculum size on C.
burnetii infection, wt and CD28 /™ mice were injected i.p. with
different doses of C. burnetii organisms (5 X 10* to 5 X 10°
organisms), and the tissue infection was measured by qPCR.
With wt mice, the bacterial DNA copy number steadily in-
creased in liver and reached a plateau in spleen in response to
5 X 10° and 5 X 10° organisms. With CD28 /" mice, the
bacterial DNA copy number steadily increased when C. bur-
netii doses varied from 5 X 10* to 5 X 10° organisms. It was

E.

FIG. 1. C. burnetii and granulomas in tissues. Wild-type and CD28 '~ mice were infected i.p. with 5 X 10° C. burnetii organisms and killed at
day 7. (A) Bacteria were revealed by immunostaining of the spleen and the liver. (B) Granulomas were revealed by histochemical analysis of the
spleen and the liver. Representative micrographs are shown.
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significantly lower (P < 0.002) than that for wt mice for all
tested doses of bacteria (Fig. 2E and F). Taken together, these
results show that the lack of CD28 decreases C. burnetii burden
in the spleens and the livers of infected mice.

Role of CD28 in Ab response to C. burnetii infection. C.
burnetii-specific Abs were measured in sera from wt and
CD28 /" mice infected with 5 X 10° C. burnetii organisms.
During primary infection, specific IgM were detected after 7
days, reached maximum titers after 21 days, and were unde-
tectable thereafter (Fig. 3A). C. burnetii-specific IgG were de-
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FIG. 2. C. burnetii loads for CD28/~ and wt mice. (A to D) Wild-type and CD28 /" mice were infected i.p. (A and B) or i.v. (C and D) with
5 X 10° C. burnetii organisms and killed at different times. Bacteria were revealed by immunostaining and were numerated by image analysis. The
results are expressed as the number of bacteria per square millimeter of spleen (A and C) and liver (B and D) and are the means = SD from five
mice/time point. %, P < 0.05; represents the difference between CD28/~ mice and wt mice. (E and F) Wild-type and CD28 '~ mice were infected
i.p. with increasing doses of C. burnetii organisms and killed at day 7. The bacterial DNA copy numbers in the spleen (E) and the liver (F) were

determined by qPCR.

tected after 14 days, and their titers remained high thereafter
(Fig. 3B). During secondary infection, the titers of specific IgG
increased to reach a plateau after 5 days (Fig. 3C). For
CD287/~ mice, the titers of specific IgG were significantly
lower than those of wt mice at each time point during primary
(Fig. 3B) and secondary (Fig. 3C) infection. The differences in
the titers of specific IgG in wt and CD28 '~ mice did not
depend on the doses of infecting C. burnetii organisms. Indeed,
the titers of specific IgG varied with the doses of infecting
organisms for wt mice but remained low when C. burnetii
inoculum increased for CD28 '~ mice (Fig. 3G). The study of

specific subclasses of IgG was performed with wt and CD28 "/~
mice during secondary infection, since their titers were below
detection threshold during primary infection (data not shown).
With wt mice, specific IgG1 were not detected. Specific IgG2a
were detected from day 0 to day 14, with a sharp peak at day
7 (Fig. 3D). Specific IgG2b levels were maximal at day 3 and
decreased thereafter (Fig. 3E). Specific IgG3 were detected at
day 0, and their levels increased to reach a plateau from day 3
to day 14 and decreased thereafter (Fig. 3F). For CD28 /'~
mice, specific IgG1 (data not shown), IgG2a (Fig. 3D), and
IgG2b (Fig. 3E) were never detected. Only specific IgG3 levels
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FIG. 4. Granuloma expression in CD28 '~ and wt mice. Wild-type (open bars) and CD28 /™ (filled bars) mice were infected i.p. (A and B)
or i.v. (C and D) with 5 X 10° C. burnetii organisms and killed at different times. Granulomas were revealed by histochemical analysis. Their
numbers in the spleen (A and C) and the liver (B and D) were determined microscopically. The results are expressed as the number of granulomas
per square millimeter of tissue and are the means = SD from five mice/time point.

were found 3 days after reinfection, and they remained low
until day 21 (Fig. 3F). Taken together, these results show that
the lack of CD28 affects IgG responses during primary infec-
tion and most markedly during secondary infection by C. bur-
netii.

Role of CD28 in granulomatous response to C. burnetii in-
fection. As granuloma formation reflects host ability to mount
a protective immune response, we investigated granuloma for-
mation in C. burnetii-infected mice. In wt and CD28/~ mice,
granulomas were mainly composed of macrophages, lympho-
cytes, and few polymorphonuclear leukocytes and were de-
tected in liver lobules, portobiliary spaces, and splenic red pulp
(Fig. 1B). Granulomas were detected in the spleens of wt and
CD28 '~ mice 4 days after i.p. infection; their numbers be-
came maximal at day 7 and steadily decreased thereafter to be
undetectable after 21 days (Fig. 4A). In the liver, granulomas
were detected after 4 days; they reached maximum numbers at
day 7, and their numbers markedly decreased thereafter to

remain residual after 21 days in wt and CD28 '~ mice (Fig.
4B). For wt and CD28 '~ mice infected i.v., granulomas were
detected in the spleen (Fig. 4C) and the liver (Fig. 4D) at day
7, and their numbers dropped thereafter. With secondary in-
fection, a low number of granulomas was detected in spleen
and liver and there was no difference between wt and CD28 ™/~
mice (data not shown). These results show that lack of CD28
has no effect on granuloma formation in primary and second-
ary infections.

Role of CD28 in cytokine production during C. burnetii in-
fection. IFN-y, TNF, and IL-10, known to be involved in host
response to C. burnetii (12, 15, 16, 21), were measured in
supernatants from C. burnetii-stimulated spleen cells and peri-
toneal macrophages from i.p. infected mice. IFN-y was de-
tected in splenocyte supernatants at day 4 postinfection, and its
amounts moderately increased to reach the highest values at
day 14 with both wt and CD28 '~ mice (Fig. 5A). A similar
pattern of IFN-y production was observed with splenocytes

FIG. 3. Ab response in CD28 /" and wt mice. (A to F) Wild-type and CD28 "/~ mice were infected i.p. with 5 X 10° C. burnetii organisms
(primary infection) and reinfected after 30 days (secondary infection). Serum was collected at different times of infection or reinfection. The
presence of IgM, IgG, and IgG subclasses directed against C. burnetii was assessed by immunofluorescence using inactivated C. burnetii. The results
as titers are expressed as means = SD from five mice/time point. (G) Wild-type and CD28 '~ mice were infected i.p. with increasing doses of C.
burnetii organisms and killed at day 14. The presence of specific IgG was assessed by immunofluorescence. The results as titers are expressed as

means = SD from five mice.
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FIG. 5. Cytokine production in CD28 '~ and wt mice. Splenocytes
(A) and peritoneal macrophages (B and C) from wt and CD28 '~ mice
were isolated from uninfected (day 0) and C. burnetii-infected mice.
Cells were incubated with inactivated C. burnetii (10:1 bacterium-to-
cell ratio) for 24 h. The amounts of IFN-y (A), TNF (B), and IL-10
(C) contained in cell supernatants were determined by immunoassays.
Results are expressed as pg/ml and represent the means * SD from
three experiments.

from wt and CD28 /" mice infected i.v. (data not shown). TNF
was detected in macrophage supernatants at day 4; its
amounts reached maximum values at day 7 and steadily
decreased thereafter for wt and CD28 '~ mice infected i.p.
(Fig. 5B). After i.v. infection, the TNF amounts were high at
day 4 and decreased thereafter for both types of mice (data
not shown). In contrast with IFN-y and TNF, IL-10 amounts
released by peritoneal macrophages were different for wt
and CD28/~ mice. Indeed, they were high (520 * 180
pg/ml) at day 0, reached a peak value (about 3,000 pg/ml) at
day 7, and markedly decreased thereafter for wt mice. For
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CD28 /" mice, they were low (less than 50 pg/ml) at day 0
and increased moderately (about 1,000 pg/ml) at day 7 be-
fore returning to low values. IL-10 amounts were signifi-
cantly lower (P < 0.01) for CD28 '~ mice than for wt mice
at days 4, 7, and 14 (Fig. 5C). Similar results were obtained
when an i.v. route was used instead of an i.p. route (data not
shown). We also investigated the production of Th2 cyto-
kines such as IL-5. IL-5 was not detected in supernatants
from wt and CD28 '~ spleen cells (data not shown). Taken
together, these results show decreased production of IL-10
in CD28 /" mice.

DISCUSSION

Converging results from animal models of C. burnetii infec-
tion and patients with Q fever demonstrate the major role of
T-cell-mediated adaptive immunity in protection against C.
burnetii (1,21, 22, 26, 32). Here, we reported that CD28 favors
C. burnetii infection. Indeed, the lack of CD28 resulted in the
decrease of C. burnetii load in spleen and liver independently
of the route of infection (i.p. or i.v.) and the type of infection
(primary versus secondary infection). Although C. burnetii in-
fection depended on the size of bacterial inoculum in wt mice,
increasing C. burnetii inoculum did not induce bacterial repli-
cation in CD28 '~ mice. The role of CD28 in C. burnetii
infection is distinct from several infectious models. Indeed, S.
enterica serovar Typhimurium load is increased in the livers of
CD28~/~ mice at early times following i.v. infection, and the
organisms persist in livers and spleens of CD28 '~ mice, thus
establishing chronic infection (33). Similarly, during primary
and secondary i.v. infection with L. monocytogenes, the lack of
CD28 is associated with elevated bacterial loads at initial times
postinfection (34). The control of Mycobacterium bovis growth
and the clearance of lymphocytic choriomeningitis virus are
maintained in the absence of CD28 (2, 19). Our findings may
be related to L. major infection of CD28 /™ mice that control
the infection more efficiently than wt mice (11).

The role of CD28 in the generation of Abs specific for C.
burnetii strengthens the statement that Abs are not associated
with protection. Indeed, the titers of specific IgG and IgG
subclasses were decreased during primary and secondary in-
fection of CD28 '~ mice. This confirms that Abs directed
against C. burnetii are not protective since their decrease in
CD28 /™ mice is associated with increased bacterial clearance.
The alteration of humoral response in CD28-deficient mice has
been previously reported. In S. enterica serovar Typhimurium-
infected CD28 '~ mice, specific IgG3 levels were reduced and
IgG1 and IgG2a were undetectable (33). This is related to the
direct role of CD28 in Ab response, since CD28 '~ mice fail to
develop germinal centers and have decreased levels of Ab
isotypes (28). Under our conditions, we did not find decreased
formation of the germinal centers in the draining lymph nodes
(data not shown).

The decreased C. burnetii burden within the spleens and the
livers of CD28 /" mice was not associated with alteration of
the granuloma formation, which reflects the efficient cell-me-
diated immune response towards C. burnetii. This finding is
consistent with the report of Hogan et al., in which granulomas
were found to be formed during M. bovis infection despite the
absence of CD28 (19). The lack of CD28 or its ligands, CD80
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and CDS86, has no effect on granuloma formation in response
to Schistosoma mansoni, a model of Th2 granuloma (18, 25).
IFN-y and TNF are two cytokines known to be involved in the
formation of granuloma (24). In accordance with the lack of
effect of CD28 on granuloma formation, we found that the
production of IFN-y and TNF was not affected in C. burnetii-
infected CD28 /" mice. Our results are distinct from other
reported data. The production of IFN-y by S. enterica serovar
Typhimurium-stimulated splenocytes is impaired in CD28 '~
mice (33). It is also depressed in response to influenza virus (6)
and T. cruzi (35). The frequency of IFN-y-producing cells was
decreased in CD28 /" mice infected with L. monocytogenes
(34). In contrast to these reports, our results agree with two
other reports. CD86 /"~ mice, in which CD28 signaling is partly
affected, exhibit an increased IFN-y production and a higher
resistance to L. major (9). Mice lacking CD28 display increased
IFN-y expression during Pneumocystis carinii infection (5).
Sustained production of IFN-y may account for granuloma
formation and for the clearance of C. burnetii, since the re-
sponse to C. burnetii infection was not associated with changes
in T-cell polarization. Although it has been reported that
CD28 signaling is linked to the initiation of Th2 differentiation
(3), we did not detect any changes of IL-4 and IL-5 production
in the presence or the absence of CD28, suggesting that a
Th1/Th2 shift does not occur in C. burnetii infection.

The lack of CD28 was associated with a decreased IL-10
production by peritoneal macrophages. This suggests that
CD28 limits the development of an efficient microbicidal re-
sponse to C. burnetii by inducing IL-10 and, consequently, by
impairing Thl immune response. We have previously shown
that IL-10 promotes bacterial replication and is associated with
microbicidal defect of chronic Q fever (15). Two different
reports are in agreement with our results that CD28 acts
through IL-10. CD28 ™/~ mice control the lesions induced by L.
major, whereas wt mice develop progressive nonhealing infec-
tions; their resistance to L. major is characterized by reduced
number of parasites, increased IFN-y expression, and de-
creased expression of IL-4 and IL-10 (11). In the murine model
of septic shock, the administration of agonistic anti-CD28 Abs
prevents animal death via the induction of IL-10; the protec-
tive effect of CD28 ligation is prevented with anti-IL-10 Abs
(41). It is likely that the lack of CD28 affects C. burnetii clear-
ance by altering IL-10-producing cell subsets. Indeed, it has
been reported that the population of regulatory T cells ex-
pressing CD4 and CD25 is severely depleted in CD28 ™/~ mice
(37). Macrophage function may also be affected by the alter-
ation of the CD28/B7 pathway. Alteration of CD28-CD80/
CDS6 interactions leads to the generation of alternatively ac-
tivated macrophages able to suppress mixed lymphocyte
reaction (40). Finally, it is likely that decreased IL-10 produc-
tion associated with maintained IFN-y production improves
microbicidal competence of macrophages by relieving the in-
hibitory effect of IL-10.

In this report, we studied the role of CD28 costimulation in
C. burnetii infection. CD28 initiates an activation program,
which leads to decreased microbicidal competence of macro-
phages via the modulation of IL-10 production. This finding
suggests another role for CD28 that is usually associated with
development of T-cell-mediated immune protection. CD28
may be involved in the persistence of C. burnetii infection
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despite the development of efficient cell-mediated immune
response.
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