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EFFECT OF BLOCKING THE CXCL9/10-CXCR3 CHEMOKINE SYSTEM IN THE
OUTCOME OF ENDOTHELIAL-TARGET RICKETTSIAL INFECTIONS

GUSTAVO VALBUENA anp DAVID H. WALKER
Department of Pathology, University of Texas Medical Branch, Galveston, Texas

Abstract.

Rickettsiae cause systemic infections such as Rocky Mountain spotted fever and boutonneuse fever. The

main cellular target of these obligately intracellular bacteria is the endothelium. T lymphocytes are the most important
effectors of immunity, and the CXCR3 ligands CXCL9 and CXCL10 may play an important role in the T cell-mediated
clearance of rickettsiae from the infected vasculature as suggested by recent expression studies. Here we showed that
antibody-mediated neutralization of CXCL9 and CXCL10, and CXCR3 gene knockout, had no effect on survival or
bacterial loads of mice infected with rickettsiae. We also demonstrated that rickettsiae triggered the endothelial ex-
pression of intercellular adhesion molecule 1 and vascular cell adhesion molecule 1 in vivo. These findings suggested that
antigenic presentation by endothelial cells together with an endothelial inflammatory phenotype induced by the rick-
ettsial infection may be sufficient to arrest T cells and trigger their anti-rickettsial effector mechanisms without the need

for chemokines.

INTRODUCTION

Rickettsiae of the spotted fever group are gram-negative,
obligately intracellular bacteria, transmitted mainly by ticks.
Their primary cellular targets are endothelial cells, and they
spread from cell to cell through stimulation of directional
actin polymerization.'™ They cause acute, potentially lethal
diseases with systemic multi-organ involvement such as
Rocky Mountain spotted fever (RMSF caused by Rickettsia
rickettsii), and boutonneuse fever (caused by R. conorii).> If
not treated early with appropriate antibiotics, these diseases
(particularly RMSF) can be fatal. The initial symptoms are
those of a flu-like syndrome. With delayed treatment or no
treatment, severe manifestations can develop including de-
lirium, seizures, coma, noncardiogenic pulmonary edema/
adult respiratory distress syndrome, interstitial pneumonia,
acute renal failure, hemorrhagic phenomena, peripheral
edema, and hypovolemic hypotension due to leakage of in-
travascular fluid into the extravascular space.®

In animal models CD8+ T lymphocytes and their effector
mechanisms, interferon-y (IFN-y) production and cytotoxic-
ity, are required for an effective anti-rickettsial immune re-
sponse.”® In humans, similar mechanisms are likely to oper-
ate as suggested by the presence of perivascular infiltration of
CDS8+ T cells in skin lesions of patients with spotted fever
group rickettsioses.” One important aspect of the anti-rickett-
sial immune response that remains unknown is the mecha-
nism(s) whereby T cells localize and focalize their effector
functions to infected endothelial cells. We hypothesize that
chemokines play a crucial role, particularly inflammatory
chemokines that specifically target activated T cells. In this
regard, we recently found that the CXCR3 ligands, CXCL9
(Mig) and CXCL10 (IP-10), are expressed at much higher
levels than other T cell-targeting chemokines in a mouse
model of spotted fever group rickettsioses.!? In the present
work, we investigated the possible functional role of CXCL9
and CXCL10 in the immune response against spotted fever
group rickettsiae.

MATERIALS AND METHODS

Rickettsiae. Rickettsia conorii (Malish 7 strain) is a human
isolate from South Africa with an unknown number of pas-
sages in the yolk sacs of embryonated chicken eggs. For all the
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experiments described in this study, a stock of R. conorii was
produced by cultivation in specific pathogen-free embryo-
nated chicken eggs. Yolk sacs from infected eggs with dead
embryos were homogenized in a Waring blender, diluted to a
10% suspension in sucrose-phosphate-glutamate buffer
(SPG; 0.218 M sucrose, 3.8 mM KH,PO4, 7.2 mM K,HPO,,
4.9 mM monosodium L-glutamic acid, pH 7.0) and aliquoted
for storage at -80°C after discarding the pellet produced by
low speed centrifugation (200 x g for 10 minutes). Rickettsial
content of this stock was quantified by plaque assay (5.5 x 107
plaque-forming units [pfu]/mL),"* and the 50% lethal dose
(LDs,) was determined experimentally in C3H/HeN mice
(1 LDy, = 1.65 x 10* pfu/mL) according to the method of
Reed and Muench.'? Rickettsia australis (Cutlack strain) was
a gift from C. Pretzman (Department of Health Laboratory,
Columbus, OH) and was passaged three times in Vero cells
(ATCC CCLS81; American Type Culture Collection, Manas-
sas, VA) and five times in embryonated chicken yolk sacs
in our laboratory. The LDs, of the egg yolk sac suspension of
R. australis in 10% SPG buffer (2 x 10° pfu/mL) was deter-
mined experimentally in C57BL/6 mice (1 LD, = 1 x 10*
pfu/ml).

Animal models. We used two mouse models of endothelial-
target spotted fever group rickettsioses. One model, R. conorii
infection of C3H/HeN mice, has been well characterized.!®
The other is R. australis infection of C57BL/6 mice.®'* All
mice were housed in a biosafety level 3 facility and were
inoculated intravenously (through the tail vein) with different
doses as indicated in the results. For antibody neutralization
experiments, mice received 0.6 mg of purified rabbit IgG
(0.3 mg each of anti-CXCL9 and anti-CXCL10, or 0.6 mg of
control IgG) intraperitoneally starting 24 hours before inocu-
lation with rickettsiae and then subsequently every other day
for a total of four doses. The CXCR3 gene knockout mice
were generously provided by Bao Lu and Craig Gerard (Perl-
mutter Laboratory, Children’s Hospital and Harvard Medical
School, Boston, MA). They were bred according to protocols
of the Animal Resource Center of the University of Texas
Medical Branch.

Antibodies. Rabbit polyclonal antibodies to CXCL9 and
CXCL10 were produced by Biosynthesis (Lewisville, TX) us-
ing synthetic peptides selected from the respective protein
sequences coupled to carrier keyhole limpet hemocyanin
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(KLH) as described previously.">~!” Antibodies against these
peptides neutralize CXCL9 and CXCL10.">~"7 The IgG frac-
tion was purified with protein A columns (Pierce Biotechnol-
ogy, Rockford, IL).

Endothelial cell line. The C3H/HeN mouse endothelial cell
line SVEC4-10 was kindly provided by Dr. M. Edidin (Johns
Hopkins University, Baltimore, MD).'® This cell line was cul-
tivated in Dulbecco’s modified minimal essential medium
(DMEM) (Gibco Life Technologies, Carlsbad, CA) contain-
ing 2% fetal bovine serum (Hyclone Inc, Logan, UT). The
cells were passaged twice a week.

T cell lines. A single cell suspension was produced from
aseptically extracted spleens of R. conorii-immunized mice;
2 x 107 splenocytes were seeded in each well of a six-well
plate containing formalin-fixed R. conorii-infected, histocom-
patible endothelial cells (SVEC4-10 cells). A monolayer of
the endothelial cells had been infected with R. conorii two
days earlier and fixed with 2% formalin in phosphate-buff-
ered saline for 20 minutes at 4°C. The excess formalin was
blocked with lysine solution (1 part 0.4 M L-lysine, pH 7.4,
and one part DMEM with 10% bovine calf serum) for 30
minutes and subsequently washed four times with DMEM
containing 10% bovine calf serum (Gibco Life Technologies)
before adding the immune splenocytes. One week later, dead
cells were separated from live cells by density gradient cen-
trifugation in NycoPrep 1.077A (Axis-Shield, Oslo, Norway).
Live immune cells were then mixed with irradiated spleno-
cytes (2,300 rad) from naive mice in a proportion of 1:5 and
added to formalin-fixed, infected SVEC4-10 cells in the pres-
ence of 10 units/mL of recombinant human interleukin-2
(IL-2) (Roche, Indianapolis, IN). The T cells were re-stimu-
lated every week in the same manner.

Quantitative real-time polymerase chain reaction
(PCR). This was performed using the iCycler (BioRad, Her-
cules, CA). The rickettsial load was determined by a real-time
PCR (with Tagman® probes [Biosearch Technologies, No-
vato, CA] for R. conorii and SYBRgreen® [Stratagene, La
Jolla, CA] for R. australis) of the Rickettsia-specific outer
membrane protein B (rompB) gene. For these experiments,
the substrate of amplification was DNA purified from frozen
samples using the Dneasy Tissue kit from Qiagen (Valencia,
CA). The results were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in the same sample and
expressed as copy number per 10° copies of GAPDH (stan-
dard curves with more than 94% efficiency and linear ampli-
fication from 1 to 10°~107 copies were used to obtain the copy
number of the samples). The sequences of the primers and
probes are R. conorii rompB forward, 5'-ACACATGCTGC-
CGAGTTACG-3'; R. conorii rompB reverse, 5'-AATTGT-
AGCACTACCGTCTAAGGT-3'; R. conorii rompB probe,
5'-CGGCTGCAAGAGCACCGCCAACAA-3'; R. australis
rompB forward, 5'-GCCGAGTTACGTTTAGGAAATG-3;
R. australis rompB reverse, 5'-CGGTAATTGTAGCACTT-
CCATCT-3"; GAPDH forward, 5'-CAACTACATGGTC-
TACATGTTC-3'; GAPDH reverse, 5'-CTCGCTCCTGGA-
AGATG-3'; and GAPDH probe, 5'-CGGCACAGTCAAG-
GCCGAGAATGGGAAGC-3'. The R. conorii rompB probe
was labeled with FAM and Black Hole Quencher 1™
(BHQ1), and the probe for GAPDH was labeled with
TAMRA and Black Hole Quencher 2™ (BHQ?2) (Biosearch
Technologies).

Immunohistochemistry. Sections from zinc-fixative con-
taining tissues (4-6 wm) were examined for the presence of
CD3+ T cells with a rat anti-mouse CD3 monoclonal antibody
(Clone CD3-12; Serotec, Raleigh, NC) as primary antibody,
biotinylated F(ab’), fragments of mouse-absorbed, mouse
anti-rat IgG (Jackson Immunoresearch, West Grove, PA) as
a secondary reagent, avidin-biotin complex (ABC) peroxi-
dase as the third reagent, and 3,3’-diaminobenzidine (DAB)
as a substrate (Vector Laboratories, Burlingame, CA).

RESULTS

Survival and rickettsial load of naive mice receiving neu-
tralizing anti-CXCL9/10 antibodies. We administered neu-
tralizing antibodies against CXCL9 and CXCL10 to mice in-
fected with a sublethal inoculum (0.25 LDs,) of R. conorii to
determine if this chemokine system played a role in the clear-
ance of rickettsiae from the vascular endothelium. The anti-
bodies were made against peptides that had been shown to
stimulate the production of neutralizing antibodies,”>™'” and
the dose of R. conorii was determined in a pilot experiment in
which infectious doses lower than expected caused death of
mice receiving rabbit IgG. Rabbit IgG by itself did not pro-
duce any effect. In two separate experiments, there was no
difference in survival between R. conorii-infected mice re-
ceiving anti-CXCL9/10 and control animals receiving purified
rabbit IgG (Table 1). Furthermore, when rickettsial loads
were determined in lung and liver by a quantitative real-time
PCR, we found that there were no statistically significant dif-
ferences between mice receiving the chemokine-neutralizing
antibodies and those receiving control rabbit IgG (Figure 1).

Survival and rickettsial load of naive mice receiving neu-
tralizing anti-CXCL9/10 antibodies and adoptively trans-
ferred anti-R. conorii T cells. Since it is possible that the con-
sequences of neutralizing CXCL9 and CXCL10 is not appar-
ent in mice receiving a sublethal inoculum of R. conorii, we
administered the anti-CXCL9/10 antibodies to mice receiving
3 LDy, of R. conorii 24 hours after the adoptive transfer of 107
anti-R. conorii T cells from a T cell line. In addition, this
experimental design allowed us to test the possible role of
these chemokines during the effector phase of the anti-rick-
ettsial immune response. All mice receiving immune T cells
survived whether they received anti-CXCL9/10 antibodies,
control rabbit IgG, or no antibody treatment, while control
mice receiving 3 LDs, of R. conorii and no other treatment
succumbed to the infection by day 6 (Table 2). Although the
rickettsial loads on day 6 in lungs and livers were lower in
animals receiving neutralizing anti-CXCL9/10 antibodies, the
fact that the animals not killed (for determination of bacterial
loads) survived, indicated that these differences were not bio-
logically critically important (Figure 2).

TABLE 1

Effect of neutralization of CXCL9/10 on survival of mice receiving
0.25 LDs, of Rickettsia conorii*

Antibody Survival
No antibody 10/10
Control rabbit IgG 8/10
Rabbit IgG anti-CXCL9/10 8/10

*LDsp = 50% lethal dose.
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FIGURE 1. Quantitative real-time polymerase chain reaction with
Tagman® probes of DNA from livers (A) and lungs (B) of naive
C3H/HeN mice infected intravenously with 0.25 50% lethal doses of
Rickettsia conorii. The number of copies of the rickettsial outer mem-
brane B (rompB) gene was normalized by expressing this value to 10°
copies of the eukaryotic glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene. All data points correspond to the mean + SD of five
different animals, and for each mouse we performed three simulta-
neous amplifications with negligible standard deviations. The peak of
rickettsial load usually occurred on day 5, and this explains the ap-
parent lack of difference between days 4 and 6.

Survival and rickettsial load in CXCR3 gene knockout
mice. To further evaluate the roles of CXCL9/10 on the in-
duction of the anti-rickettsial T cell response and/or the ef-
fector phase of the adaptive immune response, we challenged
mice that did not possess the receptor for CXCL9 and
CXCL10 (CXCR3) with 0.5, 1, or 3 LDy, of R. australis. We
used R. australis because the C57BL/6 strain of mice (the

TABLE 2

Effect of anti-CXCL9 and anti-CXCL10 on survival of mice receiving
Rickettsia conorii-immune T cells and 3 LDy, of R. conorii*

Antibody Survival
No antibody 8/8
Control rabbit IgG 8/8
Rabbit IgG anti-CXCL9/10 8/8
No T cells 0/5

*LDsy = 50% lethal dose.
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FIGURE 2. Quantitative real-time polymerase chain reaction with
Tagman® probes of DNA from livers (A) and lungs (B) of naive
C3H/HeN mice receiving anti-Rickettsia conorii T cells and intra-
venously infected with 3 50% lethal doses of R. conorii. Antibody
treatments are indicated in the graphs. The number of copies of the
rickettsial outer membrane B (rompB) gene was normalized by ex-
pressing this value to 10° copies of the eukaryotic glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene. All data points corre-
spond to the mean + SD of three different animals, and for each
mouse we performed three simultaneous amplifications with negli-
gible standard deviations. The peak of rickettsial load usually oc-
curred on day 5, and this explains the apparent lack of difference
between days 4 and 6.

genetic background of the CXCR3 gene knockout mice) is
susceptible to this species of Rickettsia, while C3H/HeN mice,
the strain used for the other experiments, are susceptible to
R. conorii. We found no difference in survival between
CXCR3 gene knockout mice and wild type mice at the three
different doses of R. australis examined (Table 3). In addition,
although there was a higher rickettsial load in the lungs of
CXCR3 KO mice on day 6 of infection when compared with
wild type animals, by day 8 this difference was no longer
apparent, and rickettsiae had been almost completely cleared.
In the liver, six days after R. australis infection, wild type
animals had higher rickettsial loads in one of two separate
experiments; however, similar to the lungs, by day 8 there
were no significant differences in rickettsial load, and rickett-
siae had been almost completely eliminated (Figure 3).
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TABLE 3
Survival of wild type and CXCR3 gene knockout mice*

Survival
Rickettsia australis Wild type CXCR3 KO
0.5 LDs, 5/5 s/5
1LDs, 3/8 48
3 LDy, 0/s 0/5

*LDsy = 50% lethal dose.

T Cell infiltration in CXCR3 gene knockout mice and mice
receiving neutralizing anti-CXCL9/10 antibodies. When we
analyzed the pattern of infiltration of CD3+ T cells in infected
tissues of C3H/HeN mice receiving neutralizing anti-CXCLY/
10 antibodies or in infected tissues of CXCR3 gene knockout
mice, we found no differences when compared to control ani-
mals (Figure 4). This indicates that anti-rickettsial T cells cir-
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FIGURE 3. Quantitative real-time polymerase chain reaction with
SYBRgreen® of DNA from livers (A) and lungs (B) of wild type
(WT) and CXCR3 knockout (KO) mice intravenously infected with
0.5 50% lethal doses of R. australis. The number of copies of the
rickettsial outer membrane B (rompB) gene was normalized by ex-
pressing this value to 10° copies of the eukaryotic glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene. All data points corre-
spond to the mean + SD of five different animals, and for each mouse
we performed three simultaneous amplifications with negligible stan-
dard deviations.

culate and infiltrate tissues normally despite the inhibition or
absence of this chemokine system.

Expression of the adhesion molecules intercellular adhe-
sion molecule 1(ICAM-1) and vascular cell adhesion mol-
ecule 1 (VCAM-1). The surprising minimal effect of neutral-
izing the T cell targeting chemokines CXCL9/10 or of genetic
absence of their receptor CXCR3 in the clearance of rickett-
siae from the infected endothelium led us to hypothesize that
when the endothelium is the target of infection (as it is the
case for most rickettsial infections) and presents antigen to T
cells, this chemokine system is not essential because inflam-
matory adhesion molecules in conjunction with antigen pre-
sentation are sufficient to trigger the effector functions of
immune T cells. Indeed, we found that the adhesion mol-
ecules ICAM-1 and VCAM-1 were both expressed by the
endothelium of all organs examined starting on day 2 of a
rickettsial infection as assessed by immunohistochemical
analysis with specific antibodies (Figure 5). This increased
expression declined on day 15; however, at the last day of
examination (day 20) it had not returned completely to basal
levels as assessed by immunhistochemical analysis. VCAM-1
and ICAM-1, which are normally expressed under non-inflam-
matory conditions in the endothelium of the lung, were not
expressed in the other organs of the uninfected mice.

DISCUSSION

We had recently reported that the CXCR3 ligands CXCL9
and CXCL10 were expressed at much higher levels than other
T cell-targeting chemokines during the course of infections
caused by the spotted fever group rickettsia R. conorii.'®
These chemokines target effector/memory T cells more spe-
cifically,'® and T cells, particularly CD8+ T cells, have been
shown to be vital in the clearance of rickettsiae from infected
endothelium (the main target cells).® There is also suggestive
evidence from other systems, including cell culture studies
involving flow of the medium,? transplantation studies,'~
and other infectious diseases caused by intracellular organ-
isms that do not target endothelial cells,'*!>2* that chemo-
kines might play an important role in the anti-rickettsial im-
mune response. For instance, antibody-mediated neutraliza-
tion of CXCL10 in a mouse model of toxoplasmosis results in
increased parasite burden and mortality.** In fact, anti-
CXCL10 treatment reduced the number of antigen-specific
splenic cytotoxic lymphocytes. Also, CXCL9 and CXCL10
neutralization drastically reduced the number of protective
CD4+ and CD8+ T cells infiltrating into the central nervous
system of mice with acute encephalomyelitis caused by mouse
hepatitis virus.'>'® These data, and our recent results regard-
ing CXCL9 and CXCL10, led us to investigate the effect of
antibody-mediated chemokine neutralization and knockout
of the gene for their receptor (CXCR3) in survival and clear-
ance of rickettsiae using mouse models that faithfully mimic
human rickettsioses.® '3

We first showed that neutralization of CXCL9 and
CXCL10 in C3H/HeN mice receiving an ordinarily sublethal
inoculum of R. conorii (0.25 LDs,) did not result in higher
mortality (Table 1) or reduced rickettsial clearance (Figure 1)
when compared to control animals. In a pilot experiment, we
had determined that 0.25 LD, (for untreated mice) was the
highest dose that we could give to animals receiving rabbit
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FIGURE 4. Immunohistochemical analysis for the T cell marker Cd3 (brown). A, Liver of a C3H/HeN mouse that received neutralizing
antibody IgG anti-CXCL9/10 and 0.25 50% lethal doses (LDs,) of Rickettsia conorii (day 6 after infection). Control animals showed a similar
pattern of infiltration. B, Lung of a CXCR3 gene knockout mouse infected five days earlier with 1 LDs, of R. australis. Wild type C57/BL6 mice
showed a similar pattern of T cell infiltration. (Magnification x 200.).

IgG without causing substantial mortality, indicating that the
presence of this xenogenic protein modified the course of the
experimental rickettsial infection. To bypass the immune
priming process and investigate the effect of neutralizing
CXCL9 and CXCL10 during the effector phase of the im-
mune response in the presence of a lethal inoculum of R.
conorii, we adoptively transferred anti-R. conorii T cells from
a T cell line 24 hours before inoculating with 3 LDy, of R.
conorii. All mice receiving immune T cells survived irrespec-
tive of the treatment, while control animals that did not re-
ceive T cells died around day 6 as expected (Table 2). In
addition, there were no biologically important differences in
the rickettsial loads of two important target organs, lungs and
liver (Figure 2).

The effect of CXCL9 and CXCL10 on the outcome of in-
fections with R. conorii was also analyzed by the survival and
rickettsial loads of mice that do not express the receptor for
these chemokines (CXCR3 gene knockout mice) after infec-
tion with R. australis (the only spotted fever group rickettsial
species that causes disease in the C57BL/6 strain of mice).
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Indeed, we observed no significant differences between wild
type animals and CXCR3 gene knockout mice, both in terms
of survival (Table 3) and rickettsial loads (Figure 3). The
higher rickettsial loads found in the lungs of CXCR3 gene
knockout mice on day 6 suggested that CXCL9, CXCL10, and
CXCL11 may play some role in host defense. Also, the dif-
ferences in rickettsial loads in the liver were opposite to those
found in the lungs, suggesting that the CXCR3 ligands may
play a role in the local immune response of the liver, although
opposite to that of the lungs. In any case, the function of
CXCL9, CXCL10, and CXCLI11 is probably redundant with
other chemokine or inflammatory systems since rickettsial
loads on day 8 are very low in the lungs and livers of both wild
type animals and CXCR3 gene knockout mice. Finally, the
lack of effect of the CXCL9/10/11-CXCR3 system in the traf-
ficking of anti-rickettsial T cells was evident in the normal
infiltration of CD3+ T cells in infected tissues of both CXCR3
gene knockout mice and C3H/HeN mice receiving neutraliz-
ing anti-CXCL9/10 antibodies (Figure 4).

Chemokines trigger firm adhesion to the endothelium and

FIGURE 5. Immunohistochemical analysis (brown) for intercellular adhesion molecule 1 (A) and vascular cell adhesion molecule 1 (B) in the
brain of a C3H/HeN mouse infected with 0.25 50% lethal doses of Rickettsia conorii four days earlier. Uninfected animals showed no detectable

signal. (Magnification x 200.)
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guide the migration of leukocytes*2° in infections that al-

most always involve cells other than endothelial cells. Rick-
ettsiae are among the few microorganisms that infect mainly
endothelial cells. As a consequence of rickettsial infection,
these cells express an inflammatory phenotype which includes
cytokines such as IL-1a, IL-6, and IL-8,7"*® and adhesion
molecules including ICAM-1, VCAM-1,>° and endothelial-
leukocyte adhesion molecule 1.*° Our results led us to hy-
pothesize that antigenic presentation by endothelial cells in
the context of increased expression of inflammatory adhesion
molecules might be sufficient to trigger the effector mecha-
nisms of anti-rickettsial T cells and in this way may bypass the
requirement for chemokines. In support of this hypothesis,
the present study demonstrated that the expression of ICAM-1
and VCAM-1, previously reported using in vitro models, as a
consequence of a rickettsial infection,?°also occurs in vivo in
an animal model of spotted fever group rickettsiosis (Figure
5). Furthermore, it has been shown that ICAM-1 at higher
densities increases lymphocyte adhesion without the need for
chemokine agonists, although adhesion is further increased in
the presence of chemokines through triggering of a high af-
finity state for the ICAM-1 ligand leukocyte function-associ-
ated antigen 1(LFA-1) (CD11aCD18).*! This higher affinity
state of LFA-1 can also be stimulated through antigen recog-
nition with the T cell receptor (TcR),*? and with triggering of
CD2 or CD3.?? Similarly, stimulation through the TcR causes
increased adhesion of lymphocytes through the VCAM-1
ligand very late antigen 4 (VLA-4).>*> Therefore, when T
lymphocytes recognize rickettsial antigen presented by in-
fected endothelial cells, the combination of increased expres-
sion of endothelial integrins (such as ICAM-1 and VCAM-1)
and increased affinity of ligands such as LFA-1, as a conse-
quence of TcR and CD3 signaling, should be sufficient to
arrest and activate T cells, thus bypassing the need for
chemokines.

Recently, it was demonstrated in vivo that endothelial cells
drive the homing of activated T cells though presentation of
the antigen for which those cells are specific, together with the
expression of the non-inflammatory chemokine CCL21
(SLC).?® Both elements are necessary since absence of major
histocompatility class (MHC) class I or antibody-mediated
neutralization of CCL21 prevented the homing of the lym-
phocytes. These data are particularly relevant to rickettsioses
because they show that antigenic presentation through MHC
class I should be one element of the specific homing of rick-
ettsia-specific T cells. In addition, these experiments show
that a chemokine that was thought to be involved only in the
trafficking of lymphocytes to secondary lymphoid organs is
expressed by non-lymphoid endothelium under non-inflam-
matory conditions. The expression of CCL21 by endothelial
cells in non-lymphoid organs has been confirmed in humans
with T cell-infiltrative skin diseases,>’ the autoimmune dis-
eases rheumatoid arthritis and ulcerative colitis,*® and in the
blood brain barrier of mice with experimental allergic en-
cephalomyelitis.** Although Savinov and others®*® demon-
strated that CCL21 is required for the homing of antigen-
specific CD8+ T cells under non-inflammatory conditions, in
the rickettsial model, even this chemokine might not be es-
sential due to the inflammatory phenotype of infected endo-
thelial cells. This hypothesis needs to be addressed with func-
tional studies of rickettsia-infected endothelial cells under
conditions of flow. As part of such studies, it will be important

to determine if antigen presentation by endothelial cells oc-
curs on the luminal side, the same side where integrins are
expressed.

In conclusion, we have demonstrated that the chemokine
system CXCL9/10-CXCR3, which has the highest level of ex-
pression among other T cell-targeting chemokines during the
course of experimental rickettsial infections,'® is not required
to clear rickettsiae from the vascular endothelium. This result
is surprising since this system has been shown to be essential
for the immune clearance of other pathogens causing intra-
cellular infections. We propose that rickettsioses present a
unique scenario because of the type of target cell and rick-
ettsia-triggered expression of endothelial adhesion molecules
such as ICAM-1 and VCAM-1, which together with antigenic
presentation by molecules of the MHC expressed by the en-
dothelium could provide the signals necessary to activate the
effector mechanisms of T cells.

Received December 16, 2003. Accepted for publication January 28,
2004.

Financial support: This work was supported by National Institutes of
Health grant RO1 AI-21242 to David H. Walker, and a College of
American Pathologists Foundation Scholars Research Fellowship
and James W. McLaughlin Predoctoral Fellowship awarded to
Gustavo Valbuena.

Authors’ address: Gustavo Valbuena and David H. Walker, Depart-
ment of Pathology, University of Texas Medical Branch, 301 Univer-
sity Boulevard, Galveston, TX 77555-0609, Telephone: 409-772-3989,
Fax: 409- 772-2500, E-mails: gvalbuen@utmb.edu and dwalker@utmb.
edu.

REFERENCES

1. Heinzen RA,Grieshaber SS, Van Kirk LS, Devin CJ, 1999. Dy-
namics of actin-based movement by Rickettsia rickettsii in Vero
cells. Infect Immun 67: 4201-4207.

2. Heinzen RA, Hayes SF, Peacock MG, Hackstadt T. 1993. Direc-
tional actin polymerization associated with spotted fever group
rickettsia infection of Vero cells. Infect Immun 61: 1926-1935.

3. Van Kirk LS, Hayes SF, Heinzen RA, 2000. Ultrastructure of
Rickettsia rickettsii actin tails and localization of cytoskeletal
proteins. Infect Immun 68: 4706-4713.

4. Teysseire N, Chiche-Portiche C, Raoult D, 1992. Intracellular
movements of Rickettsia conorii and R. typhi based on actin
polymerization. Res Microbiol 143: 821-829.

5. Walker DH, 1995. Rocky Mountain spotted fever: a seasonal
alert. Clin Infect Dis 20: 1111-1117.

6. Walker DH, Lane TW. 1988. Rocky Mountain spotted fever:
clinical signs, symptoms, and pathophysiology. Walker DH, ed.
Biology of Rickettsial Diseases. Boca Raton, FL: CRC Press,
63-78.

7. Feng H, Popov VL, Yuoh G, Walker DH, 1997. Role of T lym-
phocyte subsets in immunity to spotted fever group rickettsiae.
J Immunol 58: 5314-5320.

8. Walker DH, Olano JP, Feng HM, 2001. Critical role of cytotoxic
T lymphocytes in immune clearance of rickettsial infection.
Infect Immun 69: 1841-1846.

9. Herrero-Herrero JI, Walker DH, Ruiz-Beltran R, 1987. Immu-
nohistochemical evaluation of the cellular immune response to
Rickettsia conorii in taches noires. J Infect Dis 155: 802-805.

10. Valbuena G, Bradford W, Walker DH, 2003. Expression analy-
sis of the T-cell-targeting chemokines CXCL9 and CXCL10
in mice and humans with endothelial infections caused by
rickettsiae of the spotted fever group. Am J Pathol 163: 1357—
1369.

11. Walker DH, Cain BG, 1980. The rickettsial plaque. Evidence for
direct cytopathic effect of Rickettsia rickettsii. Lab Invest 43:
388-396.

12. Reed KJ, Muench H, 1938. A simple method of estimating fifty
percent endpoints. Am J Hyg 27: 493-497.

13. Walker DH, Popov VL, Wen J, Feng HM, 1994. Rickettsia conorii



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

CXCL9/10-CXCR3 BLOCKADE DURING RICKETTSIAL INFECTIONS

infection of C3H/HeN mice. A model of endothelial-target
rickettsiosis. Lab Invest 70: 358-368.

Feng HM, Wen J, Walker DH, 1993. Rickettsia australis infection:
a murine model of a highly invasive vasculopathic rickettsiosis.
Am J Pathol 142: 1471-1482.

Liu MT, Armstrong D, Hamilton TA, Lane TE, 2001. Expression
of Mig (monokine induced by interferon-gamma) is important
in T lymphocyte recruitment and host defense following viral
infection of the central nervous system. J Immunol 166: 1790
1795.

Liu MT, Chen BP, Oertel P, Buchmeier MJ, Armstrong D, Ham-
ilton TA, Lane TE, 2000. The T cell chemoattractant IFN-
inducible protein 10 is essential in host defense against viral-
induced neurologic disease. J Immunol 165: 2327-2330.

Tannenbaum CS, Tubbs R, Armstrong D, Finke JH, Bukowski
RM, Hamilton TA, 1998.The CXC chemokines IP-10 and Mig
are necessary for IL-12-mediated regression of the mouse
RENCA tumor. J Immunol 161: 927-932.

O’Connell KA, Edidin M, 1990. A mouse lymphoid endothelial
cell line immortalized by simian virus 40 binds lymphocytes
and retains functional characteristics of normal endothelial
cells. J Immunol 144: 521-525.

Farber JM, 1997. Mig and IP-10: CXC chemokines that target
lymphocytes. J Leukoc Biol 61: 246-257.

Piali L, Weber C, LaRosa G, Mackay CR, Springer TA, Clark-
Lewis I, Moser B, 1998. The chemokine receptor CXCR3 me-
diates rapid and shear-resistant adhesion-induction of effector
T lymphocytes by the chemokines IP10 and Mig. Eur J Immu-
nol 28: 961-972.

Miura M, Morita K, Kobayashi H, Hamilton TA, Burdick MD,
Streiter RM, Fairchild RL, 2001. Monokine induced by IFN-
gamma is a dominant factor directing T cells into murine car-
diac allografts during acute rejection. J Immunol 167: 3494—
3504.

Hancock WW, Gao W, Csizmadia V, Faia KL, Shemmeri N,
Luster AD, 2001. Donor-derived IP-10 initiates development
of acute allograft rejection. J Exp Med 193: 975-980.

Hancock WW, Lu B, Gao W, Csizmadia V, Faia K, King JA,
Smiley ST, Ling M, Gerard NP, Gerard C, 2000. Requirement
of the chemokine receptor CXCR3 for acute allograft rejec-
tion. J Exp Med 192: 1515-1520.

Khan IA, MacLean JA, Lee FS, Casciotti L, DeHaan E,
Schwartzman JD, Luster AD, 2000. IP-10 is critical for effector
T cell trafficking and host survival in Toxoplasma gondii in-
fection. Immunity 12: 483—494.

Alon R, Feigelson S, 2002. From rolling to arrest on blood ves-
sels: leukocyte tap dancing on endothelial integrin ligands and
chemokines at sub-second contacts. Semin Immunol 14: 93—
104.

Johnston B, Butcher EC, 2002. Chemokines in rapid leukocyte
adhesion triggering and migration. Semin Immunol 14: 83-92.

Kaplanski G, Teysseire N, Farnarier C, Kaplanski S, Lissitzky JC,
Durand JM, Soubeyrand J, Dinarello CA, Bongrand P, 1995.
IL-6 and IL-8 production from cultured human endothelial

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

399

cells stimulated by infection with Rickettsia conorii via a cell-
associated IL-1 alpha-dependent pathway. J Clin Invest 96:
2839-2844.

Sporn LA, Marder V], 1996. Interleukin-1 alpha production dur-
ing Rickettsia rickettsii infection of cultured endothelial cells:
potential role in autocrine cell stimulation. Infect Immun 64:
1609-1613.

Dignat-George F, Teysseire N, Mutin M, Bardin N, Lesaule G,
Raoult D, Sampol J, 1997. Rickettsia conorii infection enhances
vascular cell adhesion molecule-1- and intercellular adhesion
molecule-1-dependent mononuclear cell adherence to endo-
thelial cells. J Infect Dis 175: 1142-1152.

Sporn LA, Lawrence SO, Silverman DJ, Marder VJ, 1993. E-
selectin-dependent neutrophil adhesion to Rickettsia rickettsii-
infected endothelial cells. Blood 81: 2406-2412.

. Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher

EC, Laudanna C, 2000. Chemokines trigger immediate beta2
integrin affinity and mobility changes: differential regulation
and roles in lymphocyte arrest under flow. Immunity 13: 759-
769.

Dustin ML, Springer TA, 1989. T-cell receptor cross-linking tran-
siently stimulates adhesiveness through LFA-1. Nature 341:
619-624.

van Kooyk Y, van de Wiel-van Kemenade, Weder P, Kuijpers
TW, Figdor CG, 1989. Enhancement of LFA-1-mediated cell
adhesion by triggering through CD2 or CD3 on T lymphocytes.
Nature 342: 811-813.

Chan BM, Wong JG, Rao A, Hemler ME, 1991. T cell receptor-
dependent, antigen-specific stimulation of a murine T cell
clone induces a transient, VLA protein-mediated binding to
extracellular matrix. J Immunol 147: 398-404.

Wysocki J, Issekutz TB, 1992. Effect of T cell activation on lym-
phocyte-endothelial cell adherence and the role of VLA-4 in
the rat. Cell Immunol 140: 420-431.

Savinov AY, Wong FS, Stonebraker AC, Chervonsky AV, 2003.
Presentation of antigen by endothelial cells and chemoattrac-
tion are required for homing of insulin-specific CD8+ T cells.
J Exp Med 197: 643-656.

Christopherson KW, Hood AF, Travers JB, Ramsey H, Hromas
RA, 2003. Endothelial induction of the T-cell chemo-
kine CCL21 in T-cell autoimmune diseases. Blood 101: 801-
806.

Weninger W, Carlsen HS, Goodarzi M, Moazed F, Crowley MA,
Baekkevold ES, Cavanagh LL, von Andrian UH, 2003. Naive
T cell recruitment to nonlymphoid tissues: a role for endo-
thelium-expressed CC chemokine ligand 21 in autoim-
mune disease and lymphoid neogenesis. J Immunol 170: 4638—
4648.

Alt C, Laschinger M, Engelhardt B, 2002. Functional expression
of the lymphoid chemokines CCL19 (ELC) and CCL 21 (SLC)
at the blood-brain barrier suggests their involvement in G-
protein-dependent lymphocyte recruitment into the central
nervous system during experimental autoimmune encephalo-
myelitis. Eur J Immunol 32: 2133-2144.



