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Abstract

Mediterranean spotted fever due to infection by Rickettsia
conorii, is characterized by a general vasculitis. This vasculi-
tis is thought to be due to a direct injury to endothelial cells
induced by R. conoryi However, production and activity of
cytokines on endothelial cells is an important pathway in
inflammation, and part of the underlying mechanism of vas-
culitis. In the present studies, human umbilical vein endo-
thelial cells (HUVEC) infected with R. conorii actively se-
crete high levels of IL-8 and IL-6 (P < 0.002, and P < 0.03,
respectively, compared with uninfected cells). IL-la, IL-
1j3, or TNFa were not detected in the culture supernates.
Nevertheless, IL-6 and IL-8 production was due, in a large
part, to a cell-associated form of IL-la expressed on R.
conorii-infected HUVEC, since production of these cyto-
kines was suppressed by 80% (P = 0.0001) and 85% (P
< 0.04) by the addition of IL-1 receptor antagonist, or anti-
IL-la antibodies (60% inhibition, P < 0.01 and 65% inhibi-
tion, P < 0.05, respectively) and IL-la was measured after
lysis of R. conorii-infected HUVECbut not in uninfected
cells (P < 0.01). Rickettsial lipopolysaccharide does not
seem to be involved, since polymyxin B did not reduce cytok-
ine secretion. On the contrary, infection by intracellular R.
conorii appears to be necessary to induce IL-la and subse-
quently IL-8, since formalin-fixed R. conorii did not induce
cytokine production. These observations demonstrate that
R. conorii-infected HUVECsecrete IL-6 and IL-8 via the
induction of cell-associated IL-la, providing a possible
mechanism for the vasculitis observed in Mediterranean
spotted fever. (J. Clin. Invest. 1995. 96:2839-2844.) Key
words: Mediterranean spotted fever * Rickettsia conorii
vasculitis * IL-8 * IL-I

Introduction

Vasculitis constitutes an excellent example of disease due to an
inflammatory reaction, characterized by the local accumulation
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of leukocytes and fluid at an extravascular site of injury ( 1).
These phenomena are likely the result of pluripotent soluble
mediators, and the subsequent expression of adhesion molecules
on the surface of leukocytes and endothelial cells (1). Among
these mediators, the cytokines IL-la, IL-1,6, TNFa, and IL-8
appear to play a major role. IL- I and TNFa increase the expres-
sion of adhesion molecules on both leukocytes and endothelial
cells, and also induce the production of other cytokines, such
as IL-6 and IL-8 (2, 3). IL-6 increases the secretion of acute
phase proteins, stimulates B cell, and induces IL-2 secretion
and IL-2 receptor (p 55) expression, leading to proliferation
and differentiation of T cells (4). IL-8 is a member of the
chemokine family, a group of structurally related proteins with
pro-inflammatory properties (5). IL-8 is a potent chemotactic
agent for polymorphonuclear cells (PMN) in vivo (6, 7), and
for lymphocytes in vitro (8). 11L-8 activates PMNfunctions and
favors their migration across the endothelial cells monolayer
(9-11).

Spotted fevers due to rickettsioses are characterized by gen-
eralized vasculitis (12). Among these diseases, Mediterranean
spotted fever (MSF)' and Rocky Mountain spotted fever
(RMSF) are closely related. MSFis due to infection by Rick-
ettsia conorii, whereas RMSFis due to Rickettsia rickettsii
(13). The first description of MSFwas made in Tunisia, and
this disease is also endemic in the south of France (12, 14).
MSF is clinically characterized by fever, rash, and a lesion
around the entry site called "tache noire" (12, 15). MSFlike
RMSFcan be complicated in some patients and lead to death
(12, 16). Histological examination of biopsies of MSF and
RMSFreveals a vasculitis with increased vascular permeability,
accumulation of PMN, followed by an infiltration of monocytes
and lymphocytes (17, 18). Indeed, both R. conorii and R. rick-
ettsii enter and proliferate in endothelial cells inducing cell
death. This endothelial injury is thought to increase vascular
permeability, and believed to be the underlying mechanism of
R. conorii-induced vasculitis (19). In vitro, endothelial infec-
tion by R. conorii induces changes in cell behavior such as
increased vascular permeability (20), the release of von Wille-
brand factor and expression of tissue factor (21-23), alteration
of the tissue plasminogen activator-plasminogen activator inhib-
itor ratio (24), and increased platelet adhesion (25, 26). More-
over, the ability of R. rickettsii to induce E-selectin expression
and PMNadhesion on endothelial cells has been recently re-
ported (27). These effects could be mediated by cytokines;

1. Abbreviations used in this paper: HUVEC, human umbilical vein
endothelial cell; MSF, Mediterranean spotted fever; RMSF, Rocky
Mountain spotted fever.
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however, there is no study on the putative effects of rickettsial
endothelial infection on cytokine production. In the present
studies, we asked whether infection of endothelial cells by R.
conorii results in the production of inflammatory cytokines,
especially IL-8, IL-1 and TNFa.
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Methods

Materials. The following materials were purchased: M199 culture me-
dium (Flow Laboratories, ICN, Orsay, France); RPMI 1640 culture
medium and L-glutamine (Bio-Whittaker, Fontenay sous Bois, France);
penicillin G, streptomycin, bovine skin gelatin, trypsin-EDTA, endothe-
lial supplement growth factor from bovine pituitary gland, polymyxin
B sulfate, sodium azide (NaN3), PMSF, NP-40 (Sigma Chemical Co.,
Coger, Paris, France); FCS (Eurobio, Les Ulis, France); human recom-
binant IL-la, rabbit anti-human IL-1f3 polyclonal antibody (Genzyme,
Dako, Le Perray en Yvelines, France). For inhibition experiments, a
rabbit anti-human IL-la polyclonal antibody was used as previously
described (28). IL-l receptor antagonist (IL-IRa) was a gift of Dr. D.
E. Tracey (Upjohn Co, Kalamazoo, MI).

Cell cultures. Human umbilical vein endothelial cells (HUVEC)
were obtained as previously described (29), and used on passage 2.
Cells were grown until confluent in 24-well plates coated with 1%
gelatin. The cells were then cultured in RPMI containing 10% heat-
inactivated FCS, 100 U/ml penicillin G, 100 Mg/ml streptomycin. Before
each experiment, endothelial growth factor was withheld for 48 h and
the cells cultured in the same medium containing 5% FCS for 24 h.
HUVECwere then washed twice in RPMI containing 10% heat-inacti-
vated FCS without antibiotics or endothelial growth factor, and incu-
bated with 200 MI of the R. conorii inoculum for 1 h, at 370C. HUVEC
were then washed three times in antibiotic-free RPMI 10% heat-inacti-
vated FCS, and 500 sl of the same medium were added to each well.
In some experiments, either IL-IRa at various concentrations, polyclonal
antibodies against IL-la (10 pg/ml final dilution) or IL-I/3 (40 jig/ml
final dilution), were added to the culture. After different culture times,
the supernatant from each well was collected, centrifuged, and stored
at -75°C before assay. To solubilize the cell membranes, in some
experiments, HUVECwere lysed using a solution containing PBS, 100
mMNP-40, 10 mMNaN3, 10 mMPMSF, pH 7.5.

R. conorii preparation. R. conorii ("7" strain VR617 from the
American Type Culture Collection, Rockville, MD) were grown in Vero
cells (kidney, African green monkey) as previously described (22).
When Vero cells were highly infected, they were harvested using glass
beads, and used to inoculate HUVEC. The titer of infectivity of the
inoculum was determined on serially diluted cultures by an indirect
immunofluorescence technique using an anti-R. conorii rabbit antibody
( 1/200 in PBS) and goat anti-rabbit antibody conjugated to fluorescein
isothiocyanate (FITC, 1/200 in PBS) (Immunotech, Marseille, France).
Titers ranged from 8 x 104 to 5 x 105. In some experiments, infection
was performed with formalin-fixed R. conorii. Fixation was accom-
plished by incubating infected Vero cells in antibiotic-free RPMI 10%
heat-inactivated FCS culture medium containing 0.1% formaldehyde
during 24 h. The fixative was removed by three successive washes. As
a negative control, HUVECwere cultured in the presence of uninfected
Vero cells harvested using the same procedures and materials as those
used for the inoculum.

Cytokine assays. IL-8 was measured using a specific ELISA (Biotra,
Amersham, Les Ulis, France); IL-la and IL-6 were measured using an
ELISA from Immunotech (Marseille, France). IL-1,3 and TNFa were
measured using specific RIAs (IRMA, Medgenix, ERIA Pasteur, Paris,
France).

Statistical analysis. Cytokine levels were expressed as the
mean±SEMof results obtained from 3 to 6 individual experiments.
In each experiment, duplicate wells were assayed separately for each
condition for cytokine production. The data were compared using paired
Student's t test.
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Figure 1. Kinetics of R. conorii-infected HUVECcytokine secretion.
(A) IL-8 and (B) IL-6. HUVECwere infected with R. conorii (filled
squares) and IL-8 and IL-6 were measured after different times of
culture. As a negative control, HUVECwere cultured with lysed unin-
fected Vero cells (open squares). Results are expressed as the
mean±SEMof six experiments (* P < 0.03, ** P < 0.002, *** P
< 0.0001, compared with the negative control).

Results

R. conorii-infected HUVECsecrete IL-8 and IL-6. Infection of
HUVECby R. conorii induced the secretion of nanogram
amounts of IL-8 (Fig. 1 A), compared with the negative control
(*P < 0.03, **P = 0.002, ***P = 0.0001, respectively).
Culture of HUVECwith lysed uninfected Vero cells was chosen
for a negative control since R. conorii were grown in Vero cells
and lysates of Vero cells were therefore present in R. conorii-
infected HUVECculture. Under these conditions, production
of a low but significant amount of IL-8 (Fig. 1 A) was observed,
compared with HUVECcultured in medium alone (data not

shown). IL-8 secretion by R. conorii-infected HUVECwas

time-dependent, reaching significance after 6-8 h of culture,
and consistently increasing until 48 h. Similarly, R. conorii-
infected HUVECproduced large amounts of IL-6 (Fig. 1 B).
This IL-6 secretion was time-dependent and became significant
after 24 h of culture (*P = 0.03, compared with the negative
control).

Endothelial IL-8 and IL-6 production is blocked by IL-iRa.
To identify a possible role of IL-I in endothelial production of
IL-8 and 1L-6 induced by R. conorii infection, R. conorii-in-
fected HUVECwere cultured in the presence of IL-IRa (Fig.

2840 Kaplanski et al.



A 80-

C
0

.)

4)c)

C._4
0

C)

0o

0 0.001 0.01 0.1 1 1 0

Concentration of IL-1 Ra (microgram/ml)

Figure 2. Inhibitory effect of IL-lRa on IL-8 and IL-6 production by
R. conorii-infected HUVEC. HUVECwere infected with R. conorii,
then cultured in the absence (100%) or in the presence of various
concentrations of IL-IRa. IL-8 (open bars, n = 6) and IL-6 (filled bars,
n = 3) were measured after 24 h culture. Results are expressed as
percentage of the cytokines produced when R. conorii-infected HUVEC
are cultured in the absence of IL-IRa, 100% (* P < 0.05, ** P
< 0.01, ***P < 0.001, compared with 100%).

2). Both IL-8 (open bars) and IL-6 (filled bars) production by
R. conorii-infected HUVECwere inhibited by IL-IRa in a dose-
dependent fashion reaching a maximumof 80%for IL-8 produc-
tion (P = 0.0001, n = 6) and 85% for IL-6 production (P
= 0.04, n = 3) with IL-IRa at 10 1tsg/ml (* P < 0.05, ** P
< 0.01, * * * P < 0.001 compared with R. conorii-infected HU-
VECwithout IL-lRa, 100%)

IL-6 and IL-8 production are blocked by anti-IL-la, but
not anti-IL-1/3 antibodies. IL-8 (Fig. 3 A) and IL-6 (Fig. 3 B)
secretion by R. conorii-infected HUVECwere inhibited by anti-
IL-la antibodies (60% inhibition, *P < 0.01 and 65% inhibi-
tion, **P < 0.05, respectively). On the contrary, anti-IL-l
antibodies had no significant effect on both R. conorii-infected
HUVECIL-8 secretion (Fig. 3, RC= 65+3 ng/ml; RC+ anti-
IL-1,6 Ab = 61+7 ng/ml, P = ns, n = 3) and IL-6 secretion
(RC = 33±4 ng/ml, RC + anti-IL-lP Ab = 35±1 ng/ml, P
= ns, n = 3).

Detection of IL-la in infected-HUVEC lysates using an
ELISA. To understand the mechanisms of reducing IL-6 and
IL-8 production by IL-lRa, we measured IL-I levels in the
cultures of R. conorii-infected HUVEC. IL-1,3 and TNFa were
not detected in the supernatant of R. conorii-infected HUVEC,
at different times of culture (levels below the assay detection
limits, i.e., 50 pg/ml for IL-1p; 5 pg/ml for TNFa). Similarly,
no significant IL-la was found in the supernatant (Vero
= 15+15 pg/ml, RC = 35±15 pg/ml after 24 h, P = ns, n
= 6, assay detection limit: 15 pg/ml). On the other hand, after
cell-membranes were solubilized in a solution containing a de-
tergent and anti-protease, a significant amount of IL-la was
found from cells infected with R. conorii, but not in control
HUVECcultured with Vero cells (323±30 pg/ml after 24 h,
* P = 0.01, Fig. 4). The expression of cell-associated IL-la
on HUVECwas time-dependent, increasing during the first 24
h (Fig. 4).

IL-la induces IL-8 secretion by HUVEC. We studied the
amount of exogenous IL-la necessary to induce the same 24 h
production of IL-8 by HUVECas R. conorii-infected HUVEC.
As shown in Fig. 5, > 500 pg/ml of IL-la were necessary to
induce amounts of IL-8 comparable in magnitude to those ob-
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Figure 3. Effects of anti-IL-la and anti-IL-l1, antibodies on IL-8 and
IL-6 secretion from R. conorii-infected HUVEC. HUVECwere infected
with R. conorii, then cultured in the absence (RC) or in the presence
of anti-IL-13 antibodies at 40 tzg/ml final dilution (RC + anti-IL-
I#) or anti-IL-la antibodies (RC + anti-IL-la) at 10 tzg/ml final
antibody dilution. IL-8 (A) and IL-6 (B) were measured after 24 h
culture. Vero represents the negative control. Results are expressed as
the mean±SEMof three different experiments (* P < 0.01, ** P
< 0.05, compared with RC).

tained with R. conorii-infected HUVEC(* P < 0.05, *P*
< 0.01 compared with HUVECcultured without IL-la).

IL-la and IL-8 production are not due to R. conorii LPS,
but require live R. conorii. To assess the role of rickettsial
LPS in endothelial IL-8 secretion, we infected HUVECin the
presence of polymyxin B. Under these conditions, no significant
decrease in either IL-8 secretion (9% reduction compared with
RCwithout polymyxin B, Fig. 6) or IL-6 secretion (8% reduc-
tion, data not shown) could be detected. Moreover, formalin-
fixed R. conorii were not able to induce IL-la nor IL-8 produc-
tion by HUVEC. (P < 0.003 in comparison with unfixed RC,
i.e., 100%, Fig. 6; and data not shown).

Discussion

To date, the vasculitis associated with MSFwas thought to be
due to a direct endothelial injury induced by R. conorii. In this
study, we showed that HUVECinfected by R. conorii actively
secrete large amounts of IL-8 and IL-6 via an IL-1 dependent
pathway. There was an 80% reduction in IL-8 secretion and an
85% reduction in IL-6 secretion when HUVECwere treated
with IL-IRa or anti-IL-la antibodies. Cell-associated IL-la, but
not IL- 1,6 appears to be responsible for IL-8 and IL-6 induction.
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Figure 4. Detection of cell-associated IL-la in R. conorii-infected HU-
VEC lysates using an ELISA. HUVECwere either cultured with Vero
cells (open bars) or infected with R. conorii (hatched bars) for different
times. Cells were lysed and membranes solubilized in presence of deter-
gent and antiprotease before being assayed for IL-lla. Results are ex-
pressed as the mean±SEMof three experiments (* P < 0.05, *P*
< 0.01 compared with HUVECcultured with Vero).

Numerous reports studying the effects of Rickettsia infection
have failed to demonstrate a role for soluble factors such as
cytokines, mainly because the supernatants of Rickettsia-in-
fected HUVECshowed no stimulatory activity when added to
uninfected cells (21, 27). However, almost all changes in cell
behavior observed after HUVECR. conorii or R. rickettsii infec-
tion, such as tissue factor induction (22), von Willebrand factor
release (21, 22) or E selectin expression (27) might be due to
IL-1 or TNFa (30, 31). The inhibitory effect of IL-lRa on
infected HUVECIL-8 and IL-6 production demonstrates that
IL-1 plays the major role as the inducer, whereas TNFa, al-
though secreted by monocytes infected with R. conorii (32),
does not seem to be involved. Neither IL-1p3, nor IL-la, how-
ever, could be found in the supernatants of HUVEC, in
agreement with previous reports (21, 27). When R. conorii-
infected HUVECmembranes, however, were solubilized, a sig-
nificant amount of IL-la was measured. Using western blotting,
we found that a 23-kD immunoreactive IL-la, possibly repre-
senting only partially processed form of the biologically active
IL-la precursor (33), was induced in R. conorii-infected HU-
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Figure 5. IL-la induces IL-8 secretion by HUVEC. Increasing concen-
trations of IL-la were added to HUVECand IL-8 was measured in the
supernatants after 24 h. Results are expressed as the mean±SEMof
three experiments (* P < 0.05, * * P < 0.01, compared with HUVEC
cultured without IL-la).
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Figure 6. Effect of formalin-fixed R. conorii or polymyxin B treatment
on IL-8 secretion from HUVEC. HUVECwere infected with either
unfixed R. conorii, then cultured in absence (RC) or presence of poly-
myxin B (RC + poly B); or with R. conorii previously fixed in formal-
dehyde (fixed-RC). The dashed line indicate levels of IL-8 secretion
obtained with the negative Vero control (uninfected HUVECwith lysed
Vero cells). IL-8 is expressed as percentage secretion of HUVECin-
fected with unfixed R. conorii in absence of polymyxin B (RC, 100%)
(* P < 0.003).

VEC but not in Vero control (data not shown). In addition,
cytokine production by R. conorii-infected HUVECwas de-
creased by anti-IL-la, but not by anti-IL-1,6 antibodies, clearly
supporting IL-la production in these cultures.

IL-la produced by HUVECremains associated with the
cells (34). Although intracellular IL-la precursor can be trans-
ported in the nucleus of endothelial cells, and still be active
(35), in the present studies, the effects of IL-la are not likely
due to nuclear localization, since IL-IRa blocked IL-6 and IL-
8 production by R. conorii-infected HUVEC. Hence IL-lRa is
blocking endothelial surface IL-1 receptors. Therefore, while
not completely ruling out a role for intracellular IL-la, these
results suggest that IL-1 is most likely acting outside the cell.

IL-la precursor can be secreted by HUVECand immedi-
ately bound to the type I IL-1 receptor (36). Thus, IL-la can
act as an autocrine factor on HUVEC, without being detectable
in the supernatant (36) and this could account for the effects
of IL-1 in our experiments. Alternatively, IL-la can be active
without being secreted. In LPS-stimulated monocytes the 31-
kD precursor of IL-la and also a 23-kD partially processed
form of the IL-la precursor are acylated (33, 37 ) and associated
with the cell membrane in a biologically active form. An active
form of IL-la precursor has been reported on HUVECmem-
branes (38). The activity of one cell's membrane-associated
cytokine towards a target cell has been described for such mole-
cules as transforming growth factor a, fibroblast growth factor,
and platelet activating factor under the name of juxtacrine (39-
41). Werecently demonstrated that IL-la fixed on monocyte
surface membranes can induce IL-8 secretion by HUVEC(42).
Usually, cells involved in a cell-cell interaction are heterophilic
(for example leukocytes and endothelial cells) (41), in the case
of endothelial cells, it is conceivable that the producer and the
target cells are adjacent endothelial cells, since these cells grow
in monolayers. IL-1 could then be said to act as a "juxtacrine-
like" factor. A similar observation has been previously reported
for IL-la on the surface of smooth muscle cells which can
induce IL-6 secretion by contact with other smooth muscle cells
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(43). From the present study however, we do not know which
mechanism or whether both mechanisms are taking place.

Since LPS is a potent stimulus of IL-I and other cytokines,
we asked whether bacterial LPS was involved in our experi-
ments. Rickettsial-derived LPS could not have accounted for
cytokine production, since polymyxin B did not affect the pro-
duction of IL-8 or IL-6. In addition, formalin-fixed R. conorii,
which have lost their ability to enter and proliferate in HUVEC
(44), did not induce IL-8 secretion. Although fixation might
have changed the conformation of some components on R. con-
orii surface, fixed-Rickettsia are still able to adhere to HUVEC
(44). Our observations thus suggest that adherence of R. conorii
to the cell membrane is not sufficient to signal these events.
This is in agreement with the fact that R. conorii is an obligate
intracellular organism, and with other reports showing for exam-
ple, that prostaglandin secretion by infected HUVEC, does not
occur when Rickettsia are fixed (44).

IL-8 and IL-6 secreted by R. conorii-infected HUVECmight
play a role in the development of the vasculitis of MSF. IL-8
is a potent chemotactic agent for PMNand lymphocytes at
nanomolar and picomolar concentrations, respectively (5-8).
IL-8 stimulates PMNsecretion and transendothelial migration
(9-11), but does not seem to have any effect on endothelial
cells (45, 46). Biopsies of patients with MSFshow that this
vasculitis is mainly composed of T lymphocytes and monocytes.
In animals, however, where biopsies are made early in the
course of the disease, necrotic vasculitis with PMNinfiltration
is observed during the first 3 d after infection (18). Later,
lymphocytes and monocytes become predominant. This relative
discrepancy between the animal and the human lesion is proba-
bly due to the fact that patients are biopsied late after the onset
of the disease, usually not before the fourth day (15). Indeed,
in human volunteers, 6 h after intradermal injection of R. prowa-
zekii, skin biopsies show the presence of a PMNinfiltrate (17).
Moreover, there is a potential role of PMNin the vasculitis
associated with RMSF, a disease closely related to MSF. HU-
VEC infected with R. rickettsii, the agent of RMSF, express
high levels of E-selectin molecules, leading to a significant
increased adhesion of PMNto HUVEC(27). Our results sug-
gest that after this first step of adhesion molecules expression
on HUVEC, for which IL-8 is not responsible (46), IL-8 might
be active in enhancing PMNadhesion, favoring transendothelial
PMNmigration in vessels.

IL-6 also secreted by R. conorii-infected HUVECmay me-
diate the acute phase protein production associated with MSF
(4, 12). Furthermore, after the first days of infection, mononu-
clear cells, especially T lymphocytes, predominate in the peri-
vascular infiltrate, and may participate in the control of infection
(17, 18, 47). IL-6 might be implicated in the local differentia-
tion and proliferation of T lymphocytes, through its effects on
IL-2 and IL-2 receptor in T cells (48).

Weconclude from this study that the vasculitis associated
with R. conorii infection may be due to an active secretion of
cytokines. Wepropose that after the tick-bite, R. conorii induces
IL-la production by HUVEC,which in turn, induces the expres-
sion of adhesion molecules and the secretion of chemoattrac-
tants, such as IL-8 via an autocrine mechanism. Each of these
conditions are required for PMNadhesion to the infected endo-
thelial cells, and development of the necrotic neutrophilic vascu-
litis, observed in the first days of R. conorii infection. In a
second step, a monocyte and lymphocyte response could appear
in order to control the infection; IL-6 production might play an

important role through its effects on T cells proliferation and
differentiation.
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