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Francisella tularensis, the causative agent of tularemia, interacts with host cells of innate immunity in an
atypical manner. For most Gram-negative bacteria, the release of lipopolysaccharide (LPS) from their outer
membranes stimulates an inflammatory response. When LPS from the attenuated live vaccine strain (LVS) or
the highly virulent Schu S4 strain of F. tularensis was incubated with human umbilical vein endothelial cells,
neither species of LPS induced expression of the adhesion molecule E-selectin or secretion of the chemokine
CCL2. Moreover, a high concentration (10 pg/ml) of LVS or Schu S4 LPS was required to stimulate production
of CCL2 by human monocyte-derived macrophages (huMDM). A screen for alternative proinflammatory
factors of F. tularensis LVS identified the heat shock protein GroEL as a potential candidate. Recombinant LVS
GroEL at a concentration of 10 pg/ml elicited secretion of CXCL8 and CCL2 by huMDM through a TLR4-
dependent mechanism. When 1 pg of LVS GroEL/ml was added to an equivalent amount of LVS LPS, the two
components synergistically activated the huMDM to produce CXCLS8. Schu S4 GroEL was less stimulatory
than LVS GroEL and showed a lesser degree of synergy when combined with Schu S4 LPS. These findings
suggest that the intrinsically low proinflammatory activity of F. tularensis LPS may be increased in the infected

human host through interactions with other components of the bacterium.

Francisella tularensis is a highly infectious, Gram-negative
bacterium that causes the often-lethal illness called tularemia.
This aerobic, nonmotile coccobacillus is distinguished by two
main subspecies that are pathogenic for humans. F. tularensis
subsp. tularensis (also known as type A) is predominantly
found in North America and causes severe, acute disease. F.
tularensis subsp. holarctica (type B) is found throughout Eur-
asia and causes a milder disease that is seldom fatal (44). A live
vaccine strain (LVS) derived from type B F. tularensis, which is
pathogenic in mice but attenuated in humans, is commonly
used to study this organism (21, 27). The molecular basis for
attenuation of the LVS is not known (21). The type A Schu S4
strain of F. tularensis is extremely virulent in humans and is
classified as a category A select agent, meaning it has great
potential for an adverse impact on public health if released
intentionally and a moderate to high potential for large-scale
dissemination (52).

F. tularensis is a facultative intracellular organism that rep-
licates within both human and murine macrophages, thereby
evading assault from the host immune system (2, 8, 26). How-
ever, only human macrophages secrete substantial amounts of
cytokines and chemokines in response to this organism. In
particular, F. tularensis LVS stimulates the production of in-
terleukin-1B (IL-1B), CXCLS, and CCL2 by these cells (8). To
date, few inflammatory components of F. tularensis LVS have
been identified. Typically, lipopolysaccharide (LPS) released
from the Gram-negative bacterial outer membrane acts as a
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potent proinflammatory mediator. LPS can be liberated as a
result of bacterial multiplication or death, allowing the expo-
sure of its toxic moiety, lipid A (62). However, the LPS of F.
tularensis LVS has an atypical lipid A and core structure (64),
as well as a diminished ability to provoke secretion of inflam-
matory cytokines such as IL-18 and tumor necrosis factor
alpha (TNF-a) from either murine or human cells of innate
immunity (1, 20, 34, 53). It is likely, then, that F. tularensis
elicits inflammation via components other than LPS. Recently,
it has been shown that two lipoproteins of F. tularensis, LpnA
and FTT1103, stimulate expression of chemokines by human
and murine cells of innate immunity (24, 60). As shown herein,
the heat shock protein GroEL from F. tularensis also provokes
changes in host cells.

Over the past decade, heat shock proteins have been shown
to be potent activators of the innate immune system. Heat
shock proteins are highly conserved and expressed in both
prokaryotes and eukaryotes (50). They function as chaperones,
facilitating the noncovalent assembly and disassembly of pro-
teins. During exposure of cells to environmental stresses such
as increased temperature, extreme pH, free radicals, and deg-
radative enzymes, chaperones protect cellular proteins from
aggregation and promote refolding (56). However, recent ev-
idence shows that heat shock proteins also can trigger strong
immunological responses, functioning as potent immunogens
and inflammatory agents (35). Heat shock proteins of both
mammalian and microbial origin stimulate monocytes, macro-
phages, and dendritic cells to produce nitric oxide and a variety
of cytokines, including TNF-«, IL-1B, IL-6, and IL-12 (39, 42,
66). Heat shock proteins also activate endothelial cells to ex-
press adhesion molecules such as E-selectin, intercellular ad-
hesion molecule-1 (ICAM-1), and vascular cell adhesion mol-
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ecule-1 (VCAM-1) (10, 28, 39, 63). These molecules bind to
circulating leukocytes and aid their extravasation in response
to chemoattractants, such as CXCLS8 and CCL2 (30). In fact,
Asea et al. (4) have coined the term “chaperokine” to describe
the dual role of heat shock proteins as molecular chaperones
and cytokines.

One of the best-characterized heat shock proteins is chap-
eronin 60 (Cpn60). It is commonly accepted that Cpn60 from
both prokaryotes and eukaryotes are intracellular proteins, and
yet Cpn60 also can be released from cells to initiate a robust
immune response (35, 42). Like the Cpn60 of Escherichia coli,
the Cpn60 of F. tularensis is commonly referred to as GroEL.
Although little is known about F. tularensis GroEL, Ericsson et
al. (22) observed that its levels are increased under conditions
of stress, such as heat shock and exposure to hydrogen perox-
ide. In addition, transcription of groEL is controlled by the
heat shock sigma factor RpoH (29), and GroEL is found in the
cytosol of host cells that are infected with F. tularensis (40). To
date, the inflammatory potential of F. tularensis GroEL has not
been reported.

Few studies have compared proinflammatory components
derived from type A or type B strains of F. tularensis. We
therefore examined the reactions of human cells of innate
immunity to LPS and GroEL from the virulent type A Schu S4
strain and the attenuated type B LVS. LPS and GroEL both
stimulated human macrophages to a limited extent, but these
components had little to no effect on human endothelial cells.
Of particular interest is the observation that GroEL and LPS
acted together to elicit a synergistic response in macrophages,
but this synergy was more pronounced with factors derived
from the LVS. These results suggest that F. tularensis LPS,
through its interaction with GroEL, may have a greater capac-
ity to provoke inflammation in human hosts than previously
appreciated.

MATERIALS AND METHODS

Culture of bacteria. Stocks of F. tularensis LVS, a gift from Karen Elkins
(Center for Biologics Evaluation and Research, U.S. Food and Drug Adminis-
tration, Rockville, MD), and the Schu S4 strain (catalog no. NR-643), from the
Biodefense and Emerging Infections Research Resources Repository (Manassas,
VA), were prepared as previously described (23). Bacteria were grown on Muel-
ler-Hinton (MH) II agar supplemented with 1% bovine hemoglobin and 1%
IsoVitaleX Enrichment (all from BD Biosciences, Lincoln Park, NJ). After 2 to
3 days of growth on the plate, a single colony was inoculated into MH broth
supplemented with 2% IsoVitaleX Enrichment, 0.1% glucose, 625 pM CaCl,,
530 uM MgCl,, and 335 pM ferric pyrophosphate. The bacteria were grown to
late log phase for 16 to 18 h at 37°C with shaking at 100 rpm. Aliquots of bacterial
culture then were centrifuged, and the pellets were resuspended in culture
medium appropriate to the type of mammalian cell under study. The concen-
trations of bacteria were initially estimated by the optical density at 600 nm
(ODgqp) of the suspension culture, and actual numbers of viable bacteria were
determined by streaking dilutions on agar plates and counting the colonies 3 days
later. Material from gentamicin-killed bacteria was obtained by incubating F. fula-
rensis overnight at 37°C in the presence of 50 pg of gentamicin (Invitrogen, Carlsbad,
CA)/ml. The following day, samples were centrifuged for 20 min at 4,200 X g, and
the supernatants were collected. The material released by the killed bacteria into
these supernatants is hereafter referred to as “releasate.” Treatment of F. tularensis
with gentamicin in this manner causes extensive breakdown of the organisms, as
revealed by negative-stain electron microscopy (23).

Culture of endothelial cells. Primary human umbilical vein endothelial cells
(HUVEC) were obtained by perfusion of the veins with collagenase (36). These
cells were grown to confluence in 60-mm dishes in medium 199 (M199; Invitro-
gen) supplemented with 20% heat-inactivated (hi; 56°C for 30 min) fetal bovine
serum (FBS; HyClone Laboratories, Logan, UT), 100 U of penicillin/ml, 100 pg
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of streptomycin/ml, and 2 pg of amphotericin B/ml. Subsequently, the cells were
trypsinized, passaged onto 48-well plates or 96-well Primaria plates (BD Bio-
sciences) in antibiotic-free medium, and used for experiments upon attaining
confluence.

Isolation of human monocyte-derived macrophages. Human monocytes were
isolated from the blood of healthy human donors after informed consent using
0.12% disodium EDTA as an anticoagulant. A mononuclear cell fraction was
collected by overlaying the blood onto Accu-Prep Lymphocytes (Accurate
Chemical and Scientific Corp., Westbury, NY) as previously described (18).
Monocytes then were isolated from this fraction by negative selection by using
immunomagnetic beads (Monocyte Isolation Kit II), according to the instruc-
tions of the manufacturer (Miltenyi Biotec; Auburn, CA). Cells were added to
24- or 48-well plates at concentrations of 2 X 10° and 1 X 10° cells per well,
respectively, and cultured for 5 days in RPMI medium (Invitrogen) containing
10% hiFBS and 50 ng of recombinant human macrophage colony-stimulating
factor from R&D Systems (Minneapolis, MN)/ml to induce the formation of
human monocyte-derived macrophages (huMDM). All experiments were per-
formed with cells isolated from individual donors.

Preparation of murine bone marrow-derived macrophages. Murine bone mar-
row-derived macrophages (muBMDM) were isolated as previously described
(13, 24). Marrow was flushed from the femurs of female C57BL/6 mice (Taconic
Laboratories, Germantown, NY), and cells were cultured in Dulbecco modified
Eagle medium (DMEM) containing 2 mM L-glutamine, 1 mM sodium pyruvate
(all from Invitrogen), 20% hiFBS, and 30% medium previously conditioned by
1929 cells (47) to promote differentiation. After 5 days, the muBMDM were
detached from plates with ice-cold phosphate-buffered saline (PBS; Invitrogen)
and resuspended in DMEM supplemented as described above, but with the
content of hiFBS and 1929 cell-conditioned medium reduced to 10 and 15%,
respectively. MuBMDM were seeded in 48-well plates at a concentration of
1.5 X 10° cells/well and used for experiments on the following day. All murine
experiments were approved by the Stony Brook University Institutional Animal
Care and Use Committee.

Purification of LPS. LPS was purified by a procedure similar to that used by
Phillips et al. (48). Lawns of F. tularensis were scraped from 10 100-mm-diameter
agar plates and placed into PBS containing 0.5% phenol for 1 h at 37°C. Sub-
sequently, the bacteria were pelleted at 6,000 X g for 15 min and resuspended in
10 mM EDTA, 60 mM Tris base, and 2% sodium dodecyl sulfate (SDS) at pH
6.8. This solution was then boiled for 5 min and immediately cooled to 65°C.
Next, 1 mg of proteinase K (Sigma-Aldrich Chemical Co., St. Louis, MO) was
added to the sample, which was incubated at 65°C for 1 h and at 37°C overnight
with shaking. To this sample, 3 volumes of ethanol and sodium acetate to a final
concentration of 0.3 M were added, and the tube was placed at —20°C overnight.
The sample was centrifuged at 3,200 X g for 15 min, and the resulting pellet was
washed three times using 97% ethanol and 0.3 M sodium acetate. Finally, the
precipitate was resuspended in DNase/RNase-free water (Invitrogen) and cen-
trifuged at 48,000 X g for 20 min. The LPS, contained in the supernatant, was
sedimented by ultracentrifugation at 147,000 X g for 75 min. This pellet was
washed again in water and centrifuged at 147,000 X g for 75 min. The pellet of
LPS was resuspended in water and lyophilized overnight. The dry weight of the
LPS was measured, and the LPS was dissolved in PBS. The purity of the LPS was
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on 12% gels. Silver
staining of heavily loaded gels (10 pg of LPS per lane) revealed no protein bands
in LPS purified from the LVS and only one very faint band at ~30 kDa in LPS
isolated from the Schu S4 strain (data not shown).

FPLC. Prior to performing fast protein liquid chromatography (FPLC), a
releasate from gentamicin-killed LVS organisms was prepared as described
above and concentrated 10-fold using a Centricon Plus-20 centrifugal filter de-
vice with a 5-kDa molecular mass cutoff (Millipore Corp., Billerica, MA). The
releasate was next centrifuged at 21,000 X g for 20 min to remove insoluble
components. A Superdex 70 10/300 GL gel filtration column (GE Healthcare,
Piscataway, NJ) was washed with two column volumes of water, followed by one
volume of PBS. Subsequently, 1 ml of concentrated releasate was injected into
the column. PBS was used to elute the sample at a flow rate of 0.5 ml/min. The
sample was separated into 100 fractions of 250 pl. A portion of each fraction was
added to an equivalent volume of M199 containing 40% FBS. These samples
were then used to stimulate HUVEC, and the levels of E-selectin were deter-
mined by whole-cell enzyme-linked immunosorbent assay (ELISA) as described
below. Active fractions were subjected to SDS-PAGE on 12% gels and stained
using Coomassie brilliant blue. Protein bands were excised from the gel and sent
to the Stony Brook University Proteomics Center, which performed in-gel di-
gestion with trypsin, high-performance liquid chromatographic separation
(Dionex LC Packings, Bannockburn, IL), and analysis by using liquid chromato-
graphy/tandem mass spectrometry (API QSTAR Pulsar i LC/MS/MS System;
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Applied Biosystems, Foster City, CA). The data obtained from the mass spec-
trometer were searched with Mascot (Matrix Science, Boston, MA) to identify
peptides that were present in the sample.

Cloning, expression, and purification of F. tularensis GroEL. The sequences of
GroEL from the LVS (GenBank accession number AM233362) and the Schu S4
strain (GenBank accession number AJ749949) of F. tularensis were used for
primer design and sequence analysis. Forward 5'-GAAACATATGATGGCTG
CAAAACAAG-3' and reverse 5'-ACAACTCGAGGACTATTACATCATGCC
AGG-3' primers were used to amplify a 1,660-bp region from the LVS or Schu
S4 strain genome with restriction enzyme cleavage sites (Ndel and Xhol) in-
serted at the ends of the PCR product. This product was initially ligated into a
pGEM vector (Promega, Madison, WI) and then transferred into a pET14b
vector (Novagen, Madison, WI) to add an N-terminal sequence of six histidine
residues to the gene. Purification of the recombinant protein was performed by
the Northeast Biodefense Center Protein Expression Core at the Wadsworth
Center, Albany, NY. The plasmid was placed into BL21 Star(DE3)/pLysS E. coli
cells (Invitrogen), and induction of protein expression was carried out for 3 h in
the presence of IPTG (isopropyl-B-p-thiogalactopyranoside). The cells were then
sonicated, and the supernatant was applied to a HisTrap HP Column (GE
Healthcare). Fractions containing GroEL were collected and then passed over a
Waters HPLC AP-1 column (Waters Chromatography Division, Millipore
Corp.) packed with Protein-Pak Q 15 HR anion-exchange resin. Endotoxin was
depleted using Endoclean (Biovintage, San Diego, CA), and levels were less than
0.0005 endotoxin units per pg of GroEL as measured by the QCL-1000 Limulus
amebocyte lysate assay (Cambrex, Walkersville, MD). In a preliminary study
(data not shown), moreover, the marginal stimulation of HUVEC by 10 pg of
LVS GroEL/ml (see Fig. 4) was not altered significantly by the addition of 20 p.g
of polymyxin B sulfate (7,940 U/mg; Sigma-Aldrich)/ml, which inactivates E. coli
LPS (12). Nevertheless, GroEL was incubated routinely with this concentration
of polymyxin B in appropriate cell culture medium for 1 h at 37°C before use in
experiments to ensure that residual E. coli LPS did not contribute to any ob-
served effects.

The concentration of GroEL was determined by using the BCA protein assay
kit from Pierce (Rockford, IL). The purity was assessed by spotting 10 pmol of
protein on a matrix-assisted laser desorption/ionization plate, adding 1 ul of
sinapinic acid (10 mg/ml in an aqueous solution of 50% methanol and 0.1%
trifluoroacetic acid), air drying, and analyzing on a Voyager DE-STR (API)
Biospectrometry Workstation (Applied Biosystems). Tryptic digests of the prep-
arations of recombinant proteins also were analyzed by liquid chromatography-
tandem mass spectroscopy using an LTQ XL instrument from Thermo Fisher
Scientific, Inc. (Waltham, MA).

Western blot analysis. Samples were separated by SDS-PAGE on 12% gels
and transblotted onto HyBond ECL nitrocellulose membranes (GE Healthcare).
To detect F. tularensis GroEL, a mouse monoclonal antibody (MAb) raised
against the recombinant LVS GroEL was used at a dilution of 1:1,000. The MAb
was produced as described by Savitt et al. (54) after intraperitoneal inoculation
of a BALB/c mouse with three 50-pg doses of GroEL in Ribi adjuvant at 2-week
intervals. For fluorescent detection, an Alexa Fluor 680-conjugated goat anti-
mouse IgG secondary antibody from Invitrogen was used at a dilution of
1:10,000. The signal was detected by using an Odyssey infrared imaging system
(LI-COR, Lincoln, NE).

Quantitation of E-selectin. HUVEC were seeded in 96-well tissue culture
plates at 2.3 X 10* cells/well, cultured to confluence, and incubated with 100 wl
of control medium (M199 with 20% hiFBS and 25 mM HEPES) or appropriate
samples at 37°C for 4 h. An ELISA to detect expression of E-selectin on the
surfaces of living, intact monolayers of HUVEC was performed according to the
method of Sellati et al. (55). For the ELISA, a MAD to human E-selectin (R&D
Systems) was used.

Quantitation of cytokines. HUVEC, huMDM, and muBMDM were isolated
as described above and seeded in 48-well plates. To assess the production of
chemokines and cytokines by these primary cells, F. tularensis, components of the
bacteria, or control medium was added to each well for 24 h in a volume of 0.5
ml. LPS from E. coli serotype 0111:B4 (Sigma-Aldrich) was used as a positive
control in many of the experiments. To determine whether LVS GroEL syner-
gizes with LPS from E. coli, a highly purified preparation of E. coli K-12 LPS
(InvivoGen, San Diego, CA) was used. This last experiment was necessarily
performed in the absence of polymyxin B.

For experiments in which Toll-like receptors (TLR) were blocked, huMDM
were preincubated for 1 h at 37°C with 10 pg/ml of a MAb to either TLR2
(TL2.1) or TLR4 (HTA125), or a combination of both MAbs. Similarly, an
isotype-matched (IgG2a) control antibody was used at 10 or 20 pg/ml. Blocking
and control MAbs were purchased from eBiosciences (San Diego, CA). The cells
were then treated, in the continued presence of antibodies, with 2 ng of
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FIG. 1. LPS from F. tularensis LVS or Schu S4 does not induce
expression of E-selectin by HUVEC. HUVEC were incubated for 4 h
at 37°C with medium alone (Unstim), 1 or 10 pg of F. tularensis LVS
LPS/ml, 1 or 10 pg of F. tularensis Schu S4 LPS/ml, or 0.0002 g of E.
coli (Ec) LPS/ml. The levels of E-selectin were determined by whole-
cell ELISA. Bars represent the means * the standard deviations (SD)
of four replicate samples. *, Significantly greater than the unstimulated
samples (P < 0.001). This experiment was repeated two more times,
yielding similar results.

GroEL/ml and 20 pg of polymyxin B sulfate/ml or with 1 pg of LVS GroEL/ml
and 1 pg of LVS LPS/ml for 24 h. Conditioned media were collected and clarified
by centrifugation. Amounts of CCL2, as well as human CXCLS8 and murine
macrophage inflammatory protein 2 (muMIP-2), in the supernatants were quan-
titated using ELISA Kkits specific for human (Antigenix America, Inc., Franklin
Square, NY) or murine (R&D Systems) cytokines. The decision to focus on
CCL2 and CXCLS8 was prompted by our previous observation that huMDM
produce large amounts of these chemokines in response to living F. tularensis
LVS, but only small amounts of IL-13 and no TNF-a (8).

Intracellular growth of F. tularensis. To examine their ability to replicate
within huMDM, the LVS and Schu S4 strain were suspended in 1.0 ml of RPMI
medium with 5% hiFBS and incubated with macrophages in 24-well plates for 2 h
at 37°C. The huMDM then were washed extensively and incubated with 5 pg of
gentamicin/ml for 1 h to kill extracellular bacteria (23). To measure intracellular
numbers of viable bacteria, some samples were lysed with 1.0 ml of 1% (wt/vol)
saponin (Sigma-Aldrich) in PBS for 10 min. Serial dilutions in MH broth were
plated to determine the extent of uptake. Other infected cultures were incubated
for an additional 13 h in antibiotic-free medium before lysis to assess the degree
to which the bacteria had replicated. To determine whether infection of the
huMDM induced their death within this period of time, cell-free conditioned
media collected from the cultures were assayed for content of lactate dehydro-
genase (Cytotox 96 nonradioactive cytotoxicity assay; Promega).

Immunoprecipitation. Immunoprecipitation was performed with Protein G
Plus beads from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). A bacterial
releasate was prepared and added to a 200-pl volume of beads for 1 h at 25°C on
a rotating shaker. These beads were previously incubated for 1 h at 25°C with 50
pg/ml of mouse MADb against LVS GroEL and/or LPS (54), which were capable
of detecting native F. tularensis LVS components (data not shown). As a control,
beads were also incubated with IgG1 and/or IgG3 isotype-matched MADs di-
rected against an irrelevant antigen (R&D Systems). The samples were centri-
fuged for 5 min at 1,000 X g, and the supernatants were collected. Samples of
bacterial releasate or the bacterial releasate after the removal of GroEL and LPS
were subjected to Western blot analysis. For coimmunoprecipitation studies, 30
pg of recombinant LVS or Schu S4 GroEL were mixed with 30 pg of LVS LPS
or Schu S4 LPS, respectively, in a volume of 1.5 ml for 1 h at 25°C on a rotating
shaker. Subsequently, 400 wl of the mixed components were added to a 200-pl
volume of beads that had been previously incubated with 20 pg of anti-LPS MAb
or IgG3 isotype-matched MAb. The samples were then processed as described
above and analyzed by Western blotting.

Statistics. Statistical significance of all data was determined by using an un-
paired analysis of variance and the Tukey-Kramer multiple-comparisons test
(Instat version 3.01, GraphPad Software, San Diego, CA).

RESULTS

F. tularensis LPS is not a potent stimulator of cells of innate
immunity. Endothelial cells responded strongly to concentra-
tions of E. coli LPS of <1 ng/ml (Fig. 1). However, when
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FIG. 2. Human macrophages secrete CCL2 in response to F. tularen-
sis LPS. HuMDM were incubated for 24 h at 37°C with medium alone
(Unstim), 1 or 10 wg of F. tularensis LVS LPS/ml, 1 or 10 pg of F.
tularensis Schu S4 LPS/ml, or 0.01 pg of E. coli (Ec) LPS/ml. Cell-free
conditioned media were collected, and CCL2 was measured by ELISA.
Bars represent the means * the SD of three replicate samples. *, Signif-
icantly different from unstimulated control (P < 0.001). These experi-
ments were repeated two more times, yielding similar results.

HUVEC were stimulated with up to 10 wg of LPS/ml from
either F. tularensis LVS or the Schu S4 strain, they expressed
little of the adhesion molecule E-selectin (Fig. 1) or the che-
mokine CCL2 (data not shown). In contrast, huMDM pro-
duced significant levels of CCL2 in response to 10 wg of LVS
or Schu S4 LPS/ml in three independent experiments (Fig. 2).
When equal concentrations (i.e., either 1 or 10 pg/ml) of LPS
from the LVS or Schu S4 strain were evaluated in the same
experiment, potency was the same in five of six paired com-
parisons. Thus, there was no difference in the proinflammatory
activities of LPS from these attenuated and virulent strains of
F. tularensis, at least with respect to the measured parameters.
Notably, stimulation of huMDM required much greater amounts
of F. tularensis LPS than E. coli LPS (Fig. 2). LPS from F. tula-
rensis also was substantially less potent in eliciting secretion of
CCL2 compared to the bacterium itself (8). Therefore, it was
decided to look for other factors of F. tularensis that generate a
proinflammatory response in human cells of innate immunity.
F. tularensis LVS GroEL is a proinflammatory factor for hu-
man macrophages. To identify additional inflammatory com-
ponents of F. tularensis, material released from bacteria killed
with gentamicin was fractionated by using FPLC. Three frac-
tions of ca. 60, 30, and 6 kDa stimulated the production of
E-selectin by HUVEC (data not shown), but only the 60-kDa
fraction contained a visible band after SDS-PAGE. Analysis of
the band using mass spectroscopy identified it as the heat
shock protein GroEL. A recombinant form of F. tularensis
LVS GroEL was therefore generated. Because GroEL is a
chaperone with the potential to bind many other proteins, the
purity of the preparation was of concern. However, analysis of
the intact recombinant LVS GroEL by mass spectroscopy re-
vealed no discrete peaks other than the two ascribable to the
singly and doubly charged ionic forms of the protein (Fig. 3A).
To evaluate the proinflammatory activity of GroEL toward
endothelial cells, expression of E-selectin on HUVEC stimu-
lated with the recombinant protein was measured. Despite the
fact that GroEL was present in the 60-kDa active fraction,
concentrations of the recombinant molecule as high as 10
pg/ml induced expression of endothelial E-selectin only mar-
ginally (Fig. 4). Nonetheless, it was decided to test whether
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FIG. 3. Preparations of recombinant GroEL are of high purity.
Preparations of intact recombinant GroEL of LVS (A) or Schu S4
(B) origin were subjected to mass spectroscopy. Peaks at 59.4 and 29.6
kDa represent the singly or doubly charged ionic forms of the GroEL
proteins, respectively. A 15.8-kDa species is present in preparations of
GroEL derived from the Schu S4 strain but not the LVS.

GroEL might be a proinflammatory factor for other cells of
innate immunity. Indeed, in contrast to its lack of activity
toward HUVEC, GroEL at a concentration of 10 pg/ml stim-
ulated huMDM to secrete significant amounts of both CXCLS8
and CCL2 (Fig. 5).

F. tularensis LVS LPS and GroEL synergistically stimulate
huMDM. Both F. tularensis LVS LPS and GroEL stimulated
huMDM to a limited extent. However, we previously observed

©
=
o
*

o
)
S

E-selectin (OD,gq)

Unstim LvS
GroEL

SchuS4 Ec
GroEL LPS

FIG. 4. Recombinant GroEL from F. tularensis LVS or Schu S4 does
not induce expression of E-selectin by HUVEC. LVS GroEL or Schu S4
GroEL (10 pg/ml) was preincubated for 1 h with 20 pg of polymyxin B/ml.
E. coli (Ec) LPS at 0.5 ng/ml was used as a positive control. Prepared
samples or culture medium alone (Unstim) was incubated with HUVEC
for 4 h at 37°C. The levels of E-selectin were determined by whole-cell
ELISA. Bars represent the means = the SD of four replicate samples. *,
Significantly greater than unstimulated samples (P < 0.001). This exper-
iment was repeated two more times, and only once did LVS GroEL
slightly but significantly stimulate HUVEC.
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FIG. 5. Human macrophages secrete proinflammatory cytokines in
response to recombinant F. tularensis LVS GroEL. HUMDM were incu-
bated with 1 or 10 pg of recombinant LVS GroEL/ml for 24 h at 37°C in
the presence of 20 pg of polymyxin B/ml. For controls, cells were treated
with either 10 ng of E. coli (Ec) LPS/ml or medium only (Unstim).
Cell-free, conditioned media were collected and assayed for CXCLS8
(A) or CCL2 (B) by ELISA. Bars indicate the means * the SD of three
replicate samples. *, Significantly greater than unstimulated samples (P <
0.001). Each experiment was repeated once with similar results.

that the response of huMDM to killed bacteria was greater
than that seen with either of these bacterial components alone
(8). It was therefore decided to test for cooperativity between
the two stimuli. As seen in previous experiments (Fig. 2 and 5),
secretion of only slight amounts of chemokines was triggered
when huMDM were incubated with either 1 pg of LVS LPS/ml
or 1 pg of recombinant GroEL/ml. When the LVS LPS and
GroEL were combined, however, the cells showed a synergistic
response (Fig. 6A). This observation was confirmed in four
independent experiments. The degree of synergy (defined as
the amount of CXCLS elicited by the combined stimuli divided
by the sum of the amounts of CXCLS8 induced by each stimulus
alone) averaged 2.1 = 0.7. Although relatively high doses of
GroEL were required to stimulate the macrophages, semi-
quantitative Western blot analysis detected ~2 wg of
GroEL/ml in a sample containing 5 X 10® F. tularensis organ-
isms/ml (data not shown). Furthermore, these results show that
lower levels of GroEL and LPS can act together to stimulate
production of CXCLS. In contrast, LVS GroEL did not coop-
erate with highly purified LPS from E. coli to synergistically
activate huMDM. In two experiments, LVS GroEL did not
augment the secretion of CXCL8 by macrophages exposed to
E. coli LPS at all; in a third, combining the two stimuli elicited
a less-than-additive effect (data not shown).

Our initial screening of material released from killed F. tula-
rensis and separated by FPLC showed that GroEL was present in
a fraction that stimulated HUVEC. Therefore, the capacity of
HUVEC to respond synergistically to LPS and GroEL was tested.
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FIG. 6. F. tularensis LVS LPS and recombinant GroEL synergisti-
cally activate human, but not murine, macrophages. HuMDM (A) or
muBMDM (B) were treated with 1 ug of LVS GroEL/ml, 1 pg of LVS
LPS/ml, or a combination of the two stimuli (each at 1 pg/ml) for 24 h
at 37°C in the presence of 20 pg of polymyxin B/ml. For controls, cells
were incubated with either 10 ng of E. coli (Ec) LPS/ml or medium
only (Unstim). Cell-free, conditioned media were collected and as-
sayed for CXCLS8 (A) or muMIP-2 (B) by ELISA. Bars indicate the
means = the SD of three replicate samples. *, Significantly greater
than unstimulated samples (P < 0.001). The experiment with huMDM
was repeated three more times with similar results. The experiment
with muBMDM was repeated once, yielding similar results.

However, endothelial cells did not secrete CXCLS8 or express
E-selectin when treated concurrently with 1 pg/ml of both agents
(data not shown). Therefore, HUVEC do not respond to F.
tularensis LPS and GroEL either singly or together.

Because we found that primary murine macrophages secrete
very small amounts of proinflammatory cytokines when stim-
ulated with live or killed F. tularensis LVS (8), it was deter-
mined whether lack of responsiveness to LVS GroEL and LPS
could account for this observation. To this end, muBMDM
were incubated with either 1 pg of LVS LPS/ml, 1 pg of
GroEL/ml, or a combination of the two and assayed for pro-
duction of muMIP-2, a CXC chemokine (Fig. 6B). Similar to
results seen with the whole bacterium, the cells were unrespon-
sive to either F. tularensis LVS LPS or GroEL alone and
showed no activation when the agents were combined. Addi-
tion of GroEL alone at a concentration of 100 pwg/ml also failed
to elicit secretion of CCL2 or muMIP-2 (data not shown),
although the muBMDM responded vigorously to 10 ng of E.
coli LPS/ml (Fig. 6B).

F. tularensis GroEL stimulates huMDM through a TLR4-
dependent mechanism. Cpn60 proteins from other bacterial
species act through TLR2- and/or TLR4-dependent pathways
(3, 10, 11, 16, 17, 57, 68). Thus, the ability of huMDM to
respond to LVS GroEL was evaluated in the presence of
blocking antibodies against human TLR2 or TLR4 (Fig. 7A).
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FIG. 7. F. tularensis LVS GroEL stimulates human macrophages
through a TLR4-dependent mechanism. (A) HuMDM were preincu-
bated for 1 h at 37°C with either 10 pg of a MAb to TLR2/ml, 10 pg
of a MAb to TLR4/ml, or a combination of both. Similarly, an isotype-
matched control IgG2a MAb was used at 20 pwg/ml. The cells were then
stimulated with 2 pg of LVS GroEL/ml in the presence of antibody and
20 g of polymyxin B/ml. For controls, cells were incubated with either
10 ng of E. coli (Ec) LPS/ml or medium only (Unstim). (B) HuMDM
were incubated in medium only (Unstim) or with a combination of 1
g of LVS GroEL/ml and 1 pg of LVS LPS/ml in the absence of
antibody or in the presence of 10 ng of a MAb to TLR4/ml or an
isotype-matched control IgG2a MAD. Cell-free, conditioned media
were collected and assayed for CXCL8 by ELISA. Bars indicate the
means * the SD of three replicate samples. *, Significantly less than
GroEL in the absence of a MAb (P < 0.001). The experiment in panel
A was repeated three more times with similar results.

Previously, we have shown that this same MAb to TLR2 pre-
vents stimulation of huMDM by tripalmitoyl-Cys-Ser-(Lys),
and LpnA, a lipoprotein of F. tularensis (24). In three of four
experiments, however, pretreatment with 10 pg of anti-TLR2
MAD/ml did not alter production of CXCLS8 by macrophages
stimulated with GroEL. An increased concentration of anti-
TLR2 (20 pg/ml) was similarly without effect (data not shown).
In contrast, 10 pg of anti-TLR4 MAb/ml significantly inhibited
the response to GroEL in all experiments. The blocking activ-
ity of this antibody was specific, as confirmed using an isotype-
matched control antibody. In no instance did the combination
of both blocking antibodies inhibit the response to GroEL
more than did anti-TLR4 alone.

Although the LPS of F. tularensis is a weak agonist, it has
been reported to exert its limited effects through TLR4 (20).
Accordingly, we observed that activation of huMDM by the
combination of GroEL and LPS from the LVS was almost
completely blocked by an antibody to this receptor (Fig. 7B).
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FIG. 8. Recombinant GroEL from F. tularensis Schu S4 elicits mar-
ginal production of CXCL8 by human macrophages. HuMDM were
stimulated with 1 or 10 pg of GroEL/ml from the LVS or the Schu S4
strain for 24 h at 37°C in the presence of 20 g of polymyxin B/ml. For
controls, cells were incubated with either 10 ng of E. coli (Ec) LPS/ml
or medium only (Unstim). Cell-free, conditioned media were collected
and assayed for CXCL8 by ELISA. Bars indicate the means * the SD
of three replicate samples. *, Significantly greater than unstimulated
samples (P < 0.01); **, significantly greater than unstimulated samples
(P < 0.001). This experiment was repeated two more times with similar
results.

GroEL proteins from an attenuated and a virulent strain of
F. tularensis differ in proinflammatory activity. To compare the
activities of recombinant GroEL from virulent and attenuated
strains of F. tularensis, GroEL from the Schu S4 strain was
cloned, expressed, and purified in a manner identical to that
used for LVS GroEL. Like its LVS counterpart, the recombi-
nant Schu S4 GroEL was of high purity. However, examination
of an undigested Schu S4 GroEL preparation by mass spec-
troscopy revealed a small peak at 15.8 kDa that was not ob-
served in the preparation of LVS GroEL (Fig. 3). Tryptic
digests of the LVS and Schu S4 GroEL samples were subjected
to mass spectroscopy to attempt to identify this protein, but no
contaminant unique to the Schu S4 GroEL preparation was
observed. Although traces of peptides derived from proteins in
this molecular weight range were detected, they were present
in both the LVS and Schu S4 GroEL digests.

The recombinant GroEL from the Schu S4 strain was first
tested for its ability to stimulate HUVEC. Even at a concen-
tration of 10 pg/ml, Schu S4 GroEL had no activity toward
HUVEC (Fig. 4). GroEL from the LVS and Schu S4 strains
were then compared with respect to their abilities to stimulate
huMDM. At equivalent doses, LVS GroEL elicited a much
greater response in human macrophages than did GroEL from
F. tularensis Schu S4 (Fig. 8). This result was confirmed in three
independent experiments, using leukocytes from different do-
nors.

As previously described (Fig. 6A), GroEL and LPS from the
LVS synergistically stimulated huMDM. To determine
whether this same phenomenon occurs with GroEL and LPS
from the Schu S4 strain, huMDM were incubated with either 1
pg of Schu S4 LPS/ml, 1 pg/ml of recombinant GroEL from
the Schu S4 strain, or a combination of the two, and secretion
of CXCLS8 was measured (Fig. 9). In three experiments, a slight
synergistic response was seen when the macrophages were
exposed to both stimuli. In contrast to LVS GroEL and LPS,
where the synergistic index averaged 2.1 = (.7, the degree of
synergy for Schu S4 components averaged only 1.4 = 0.1.
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FIG. 9. F. tularensis Schu S4 LPS and recombinant GroEL syner-
gistically activate human macrophages. HuMDM were treated with 1
wg of Schu S4 GroEL/ml, 1 pg of Schu S4 LPS/ml, or a combination
of the two stimuli (each at 1 pg/ml) for 24 h at 37°C in the presence of
20 g of polymyxin B/ml. For controls, cells were incubated with either
10 ng of E. coli (Ec) LPS/ml or medium only (Unstim). Cell-free,
conditioned media were collected and assayed for CXCLS by ELISA.
Bars indicate the means * the SD of three replicate samples. *,
Significantly greater than unstimulated samples (P < 0.001). The ex-
periment was repeated two more times with similar results.

However, the difference between these synergistic indices is
not statistically significant. As seen with LPS and GroEL from
the LVS, Schu S4 LPS and GroEL did not synergistically stim-
ulate HUVEC (data not shown).

To examine whether the higher proinflammatory activity of
components from the LVS is reflected in the behavior of the
intact organisms, the abilities of the LVS and Schu S4 strain to
stimulate huMDM were compared side-by-side. When added
at the same initial multiplicity of infection (MOI), the two
strains induced secretion of similar levels of CXCLS8 (Fig.
10A). However, the Schu S4 strain infected the macrophages
more efficiently and replicated intracellularly to much higher
numbers than did the LVS (Fig. 10B). This higher bacterial
burden did not lead to increased death of the huMDM during
the 16-h assay; fewer than 2% of macrophages died whether
infected with the LVS or the Schu S4 strain (data not shown).
These results are consistent with the hypothesis that the highly
virulent Schu S4 strain incites less inflammation in its human
host than the attenuated F. tularensis LVS.

DISCUSSION

LPS from most enteric Gram-negative organisms potently
induces proinflammatory changes in endothelial cells (19).
However, LPS purified from either the LVS or the Schu S4
strain failed to stimulate HUVEC. The lack of activity of F.
tularensis LPS toward endothelium undoubtedly stems from its
atypical properties. Its lipid A moiety is hypoacylated and
contains longer acyl side chains than LPS from enteric bacte-
ria, and it possesses several other unusual features (31). Fur-
thermore, F. tularensis LPS does not bind to host LPS-sensing
molecules such as lipopolysaccharide-binding protein (LBP)
(6). Nonetheless, when similar amounts of F. fularensis LPS
from either strain were used to treat human macrophages, the
cells secreted significant amounts of CCL2. LPS from the LVS
and the Schu S4 strain produced equivalent responses in the
macrophages. This observation correlates with structural stud-
ies, which found that LPS molecules from type A and type B
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FIG. 10. The LVS and Schu S4 strain stimulate huMDM to similar
degrees, but the Schu S4 strain replicates intracellularly to much
greater numbers. (A) HuMDM were incubated with either the LVS or
the Schu S4 strain at an initial MOI of 17 for 24 h. For controls,
huMDM were incubated with 25 ng of E. coli (Ec) LPS/ml or medium
only (Unstim). Conditioned media were collected, clarified by centrif-
ugation, and assayed for content of CXCLS8 by ELISA. Bars indicate
the means * the SD of three replicate samples. (B) The number of
CFU of F. tularensis within huMDM was measured 3 or 16 h after
infection with the LVS or Schu S4 strain was initiated; extracellular
organisms were removed by treatment of the cultures with gentamicin
between 2 and 3 h postinfection. The initial MOIs were 56 for the LVS
and 16 for the Schu S4 strain, a difference that resulted in similar
numbers of live bacteria within the huMDM after the 2-h period of
infection. Bars represent the means * the SD of six samples from two
experiments performed with huMDM isolated from different donors.
*, Significantly greater than LVS samples (P < 0.001).

subspecies are very similar (31, 34, 49). However, in keeping
with previous reports that LPS from F. tularensis is a weak
agonist for human and murine leukocytes (1, 20, 34, 38, 53),
100-fold greater concentrations of F. fularensis LPS were re-
quired to produce a response comparable to that caused by E.
coli LPS. From these results, it seems that F. tularensis LPS is
at best a minor contributor to the generation of a proinflam-
matory response in cells of innate immunity.

To identify alternative proinflammatory components of F.
tularensis, material released from killed LVS organisms was
subjected to FPLC, and individual fractions were assessed for
their ability to stimulate expression of E-selectin by HUVEC.
A single band was detected by SDS-PAGE in an active fraction
of ~60 kDa, and mass spectroscopy revealed this entity to be
the heat shock protein GroEL. GroEL is one of the most
abundant proteins in F. tularensis cultured under normal con-
ditions (65), and its expression is increased by stressful stimuli
such as reactive oxygen species and elevated temperature (22).
It has been reported that GroEL is secreted by and expressed
on the surface of F. tularensis (40, 45). However, given that
GroEL is largely cytoplasmic, the predominant source in an
infected host is likely to be release from bacteria that fail to
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find a replicative niche and thus die. Observations that sub-
stantial numbers of extracellular F. tularensis organisms exist in
the blood (25) and lungs (9) of infected mice further support
the possibility that host cells encounter significant amounts of
GroEL during the course of tularemia.

Others have shown that exposure of HUVEC to Cpn60
homologues from E. coli, Chlamydia trachomatis, Mycobacte-
rium bovis, or humans at concentrations ranging from 1 to 100
pg/ml stimulates production of IL-6, E-selectin, I[CAM-1, and
VCAM-1 (10, 28, 39, 63). However, when recombinant GroEL
from F. tularensis LVS was used to treat HUVEC, it did not
significantly induce expression of E-selectin. This was an un-
expected result, due to the fact that GroEL was previously
identified in a fraction of releasate that stimulated HUVEC. It
is possible that GroEL, as a chaperone, associates with active
factors but does not stimulate HUVEC itself. Alternatively,
GroEL may act synergistically with other factors to produce a
response in HUVEC. Thus, recombinant GroEL would show
no activity without its cofactor. Although some other bacterial
Cpn60 proteins induce expression of adhesion molecules by
endothelium (10, 28, 39, 63), it is evident that differential
recognition of Cpn60 species exists (32, 35, 56).

In contrast to its failure to activate HUVEC, F. tularensis
GroEL stimulated human macrophages to secrete CXCLS8 and
CCL2. Of concern was the possibility that residual traces of
LPS from the E. coli expression strain were accounting for this
activity. However, GroEL samples were preincubated with
polymyxin B to inhibit any E. coli LPS before addition to either
the HUVEC or macrophages. Moreover, HUVEC were not
stimulated by the recombinant GroEL but were highly respon-
sive to concentrations of E. coli LPS as low as 0.2 ng/ml.
Therefore, it was clear that the macrophages were responding
specifically to GroEL. Indeed, Cpn60 proteins from a variety of
bacterial species stimulate both human and murine macro-
phages to produce proinflammatory cytokines (39, 42, 66).

Using neutralizing antibodies, we found that human macro-
phages use TLR4 to respond to LVS GroEL. No decrease was
observed in the stimulatory activity of GroEL when TLR2 was
blocked, in agreement with the finding of Thakran et al. (60)
that F. tularensis GroEL displays no TLR2 agonism. Recently,
Ashtekar et al. (5) reported that TLR4 also mediates activation
and maturation of murine dendritic cells elicited by another
heat shock protein of F. tularensis, namely, DnaK. Interest-
ingly, HUVEC, which express TLR4 (58), were unresponsive
to high doses of GroEL. A possible explanation is that F.
tularensis GroEL is dependent on a coreceptor(s) present on
macrophages in addition to TLR4. In fact, both human and
chlamydial Cpn60 must be endocytosed before initiation of cell
signaling in macrophages can occur (61). HUVEC are not
professional antigen-presenting cells and may not possess the
appropriate receptor to internalize GroEL.

A number of investigators have sought to identify TLR path-
ways triggered by F. tularensis. Li et al. (41) used intact LVS
organisms to stimulate HeLa cells transfected with various
human TLR and found that the bacterium activates NF-«kB
only in cells expressing TLR2. In the murine host, TLR2 plays
a major role in regulating the immune response to the LVS
(37, 41, 43). These observations are seemingly at odds with our
finding that GroEL activates human macrophages via TLR4.
However, studies using transfected cell lines may be inadequate
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to identify complex interactions between F. tularensis and host cell
receptors. Furthermore, results of experiments in mice cannot
necessarily be extrapolated to explain what occurs in the human
host. Indeed, the sequence homology of TLR2 in human and
murine cells is quite low, and levels of induction of TLR expres-
sion can differ greatly between the murine and human host (51).

The finding that F. tularensis GroEL and LPS synergistically
stimulate human macrophages is not unprecedented. Osterloh
et al. (46) noted that human Cpn60 and E. coli LPS synergize
to increase production of IL-12p40 by antigen-presenting cells.
This observation led the authors to hypothesize that Cpn60
may act similarly to LBP to facilitate LPS-mediated signaling
through TLR4. Indeed, human Cpn60 binds to E. coli LPS, and
a region of 12 amino acids within the chaperonin molecule is
responsible for most of the binding activity (33). To our knowl-
edge, our results provide the first evidence of synergistic acti-
vation of macrophages by a bacterial Cpn60 and LPS. F. tula-
rensis LPS alone does not signal efficiently through TLR4 (20).
This deficiency is likely due to its tetra-acylated lipid A structure,
which adopts a cylindrical shape commonly associated with non-
toxic LPS species (7). Thus, GroEL may help F. tularensis LPS to
adopt a more-stimulatory conformation that enables it to interact
better with TLR4. Clearly, the exact mechanism through which
this synergistic response occurs is important to elucidate in future
work. We did not observe synergistic activation of huMDM by
LVS GroEL and LPS derived from E. coli, suggesting that the
bacterial GroEL, unlike its human counterpart (46), does not
increase the already-efficient binding of LPS from enteric organ-
isms to TLR4.

It was also of interest to assess the response of human cells
of innate immunity to GroEL from the highly virulent Schu S4
strain. When huMDM were stimulated with equivalent con-
centrations of GroEL from either the LVS or the Schu S4
strain, much lower levels of CXCL8 were produced in response
to the Schu S4 protein. Like GroEL from the LVS, Schu S4
GroEL did not stimulate expression of E-selectin by HUVEC,
indicating that it too was not significantly contaminated with E.
coli LPS. Schu S4 GroEL combined with Schu S4 LPS syner-
gistically activated human macrophages. However, synergy re-
sulting from Schu S4 factors was modest compared to the
synergy index observed with LVS LPS and GroEL. According
to published genome sequences, the LVS and Schu S4 GroEL
molecules differ by only three amino acids. Importantly, the
recombinant GroEL molecules used herein were cloned, ex-
pressed, and purified using identical protocols, and sequencing
verified that the only differences between the Schu S4 and LVS
entities were the expected ones. We fully anticipated that the
GroEL molecules from the two strains would behave similarly.
However, the literature suggests that small changes in sequence
can have a great impact on activity. Enterobacter aerogenes Cpn60
acts as an insect toxin. This protein has high homology to E. coli
GroEL, but the E. coli chaperonin does not possess the same toxic
functions. Notably, though, substitution of a single amino acid at
certain sites in E. coli GroEL is sufficient to turn the protein into
an active insect neurotoxin (67).

To elucidate the activity of native GroEL from the LVS, we
attempted to immunoprecipitate GroEL from bacterial releas-
ates. However, Western blot analysis showed a substantial de-
crease in GroEL even when LVS releasates were subjected to
immunoprecipitation using control antibodies (data not
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shown). When recombinant LVS GroEL and LPS were com-
bined and immunoprecipitation was performed to look for
interactions between the two molecules, we again saw consid-
erable nonspecific binding of GroEL to beads coated with
control MADb (data not shown). Because of this phenomenon,
we were unable to assess the contribution of native LVS
GroEL to the proinflammatory activity of releasates from
killed LVS. In contrast, when Schu S4 releasates were incu-
bated with beads coated with control MAbs, little GroEL was
removed (data not shown). Thus, the three amino acid differ-
ences between LVS and Schu S4 GroEL appear to influence
the physical properties of the protein.

As mentioned above, an intriguing finding was that LVS
GroEL had greater proinflammatory activity than Schu S4
GroEL and produced a substantially stronger synergism when
combined with LPS. We cannot rule out the possibility that the
15.8-kDa contaminant seen in preparations of Schu S4 GroEL
accounts for this difference. Attempts to remove the contam-
inant by centrifugal filtration were unsuccessful, implying that
it is bound to the Schu S4 GroEL or self-aggregates. The
contaminant was consistently found in preparations of Schu S4
GroEL but not in LVS GroEL prepared identically, suggesting
that its presence is linked to the different sequences of the two
GroEL proteins. A search of genomic sequences available in
GenBank revealed that the Schu S4 GroEL protein is identical
to that of two other highly virulent type A strains, FSC033
(GenBank accession number AAYE00000000) and FSC198
(AM286280); however, it has been speculated that the FSC198
strain may be a recent derivative of the Schu S4 strain
(15). GroEL proteins from the LVS and four type B strains
[OSU18 (CP000437), FTNF002-00 (CP000803), FSC257
(AAUDO00000000), and FSC200 (AASP00000000)] share the
same sequence, which differs from that of Schu S4 GroEL at
positions 46, 107, and 438. GroEL from the type B strain
FSC022 (AAYD00000000) varies from GroEL of the other
five subsp. holarctica strains only at position 107, where, like
Schu S4 GroEL, it contains alanine. To determine whether
differences in GroEL translate into differences in the abilities
of type A and type B organisms to induce inflammation, we
exposed huMDM to living F. tularensis LVS or Schu S4. De-
spite the fact that the Schu S4 strain grew intracellularly to
~10-fold higher numbers than the LVS, the amounts of
CXCLS induced by the two strains were similar. On a per-
bacterium basis, then, the Schu S4 strain appears to be sub-
stantially less stimulatory. Interpretation of these results is
complicated by the observation that F. tularensis can actively
suppress proinflammatory changes in human dendritic cells
(14) and peripheral blood mononuclear cells (59). Neverthe-
less, our findings raise the possibility that the higher proinflam-
matory activity of GroEL in type B F. tularensis, combined with
the ability of this chaperonin to synergize with LPS of the
organism, might be linked to the relatively low virulence of this
subspecies in humans.
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