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Cytokine expression was determined in the livers of mice inoculated subcutaneously with Francisella tula-
rensis LVS. During the first 48 h of infection, there was a logarithmic increase of bacteria in the liver, with a
doubling time of 2.5 h. Within 48 h, tumor necrosis factor alpha (TNF-a), interleukin 10 (IL-10), IL-12, and
gamma interferon (IFN-y) mRNAs were expressed, and production of TNF-a and IFN-y was demonstrated.
There was no expression within 96 h of mRNA from IL-2, IL-3, or IL-4. After subcutaneous inoculation of
heat-killed LVS, no expression of any of the cytokine mRNAs and no increase in the levels of TNF-a or IFN-y
occurred. The expression of TNF-o, IL-12, and IFN-y is held to be important to evoke an early T-cell-
independent host defense against F. fularensis as well as to drive the expansion of a protective Thl cell

response.

Intracellular bacteria and protozoa adapt to the intracellular
environment of host macrophages. To successfully combat a
pathogen, the macrophages need to be activated by cytokines
and especially by gamma interferon (IFN-y). Two main path-
ways for the activation are currently distinguished. One is the
innate T-cell-independent pathway, identified mainly in exper-
imental models of listeriosis and toxoplasmosis (4, 9, 11, 24, 27,
44). It is initiated by the release from the infected macrophages
of interleukin 12 (IL-12) and tumor necrosis factor alpha
(TNF-a), which trigger natural killer (NK) cells to produce
IFN-y (17, 41). This pathway is held to be important during the
early phase of the infection and may help contain the infection
until T cells become activated. When, later, the T-cell-depen-
dent pathway is utilized, the macrophage activation may be-
come more effective and eventually afford eradication of the
infection. In this pathway, IL-12 is held to drive, in conjunction
with IFN-y, the differentiation of specifically sensitized CD4™
T cells into the type 1 (Thl) subset (1, 8, 19), i.e., the subset
producing IFN-y.

Francisella tularensis, the causative agent of tularemia, is a
facultative intracellular bacterium (15, 26). The virulence of
the organism depends on its capacity to proliferate to high
numbers before the development of an effective T-cell-medi-
ated immune response. The target of this response is a variety
of protein antigens (32, 36, 38). The T-cell response to the
proteins is of the Thl type, and the host defense depends on
the ability of these cells to produce IFN-vy (2, 21). There is an
attenuated vaccine strain, F. tularensis LVS, which also induces
this type of response (30). Killed bacteria or bacterial antigens,
on the other hand, induce no substantial T-cell response and
no protection against the homologous organism (40).

As in listeriosis and toxoplasmosis, an early T-cell-indepen-
dent resistance is also induced in tularemia. In a murine model
of the disease, with F. tularensis LVS as the infecting agent,
such resistance can be demonstrated and shown to be abro-
gated by the administration of monoclonal antibodies directed
either to IFN-y or to TNF-a (13, 14, 21). In this report, we
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describe the pattern of cytokine expression in the livers of F.
tularensis-infected mice. The liver shows a rapid multiplication
of LVS bacteria (3, 16, 35, 37). Similar to recent findings in
studies of experimental leishmaniasis (42) and candidiasis (29),
expression of IL-12 mRNA is demonstrated in the present
study in immunocompetent animals during the early stage of
infection with a facultative intracellular bacterium.

MATERIALS AND METHODS

Animals. Female 5- to 8-week-old BALB/cJ mice were purchased from Bom-
holtgdrd, Ry, Denmark. BALB/c mice have been used previously in a murine
model of tularemia to demonstrate induction of T-cell-independent resistance
(13, 14). The mice were housed at the National Research Establishment, Ume4,
Sweden, under conventional conditions and given food and water ad libitum.

Bacteria. The vaccine strain F. tularensis LVS was supplied by the U.S. Army
Medical Research Institute of Infectious Diseases, Fort Detrick, Frederick, Md.
Bacteria were grown on modified Thayer-Martin agar (33) at 37°C to the loga-
rithmic phase, suspended at a density of 10'° organisms per ml in phosphate-
buffered saline (PBS) with 1% skim milk, and frozen at —70°C in 100-p.l aliquots.
The viability of frozen bacteria was found to be intact when tested periodically by
culture on Thayer-Martin agar, and their virulence was equal to that of bacteria
grown to the logarithmic phase in the defined liquid Chamberlain medium (5).
For heat-killing, bacteria from the Thayer-Martin agar were suspended at a
density of 10'° organisms per ml in PBS and treated at 65°C for 1 h. The lack of
viability after heat treatment was confirmed by culture on Thayer-Martin agar,
and the bacteria were stored frozen at —70°C. Before inoculation in mice, an
aliquot of viable or heat-killed bacteria was thawed and the suspension was
appropriately diluted in PBS.

Inoculation of bacteria and preparation of organs. Mice were inoculated
subcutaneously with 2 X 10° viable F. tularensis LVS bacteria (approximately
equivalent to 0.1 50% lethal dose), a dose known to result in rapid multiplication
of bacteria in the liver, or 107 heat-killed LVS bacteria, a dose known to induce
antibody production but no protection (unpublished data), in a total volume of
0.1 ml. At various times after inoculation, mice were killed by decapitation, the
skin of each was folded back over the abdomen, and the liver was aseptically
excised. A portion of the liver was homogenized in PBS for determination of
viable counts. Other portions were used for estimation of cytokine levels and
demonstration of cytokine mRNA. In some experiments, lymph nodes draining
the site of inoculation were prepared for demonstration of cytokine mRNA.

RNA extraction and cDNA preparation. A portion of each liver was stored at
—70°C in 2.5 ml of lysis buffer (4 M guanidine-isothiocyanate [Merck, Darm-
stadt, Germany], 25 mM Na citrate [pH 7.0], 0.5% N-lauroylsarcosine [Sigma
Chemical Co., St. Louis, Mo.], and 100 mM 2-mercaptoethanol (Sigma]) in a
10-ml test tube. After thawing, homogenization was performed in the tube. RNA
was isolated by a guanidine isothiocyanate-phenol-chloroform-isoamyl alcohol
single-step method (7). Briefly, 33 pl of 3 M sodium acetate (pH 4.0), 500 pl of
water-saturated phenol, and 100 pl of chloroform were mixed with 500 pl of each
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FIG. 1. Kinetics of bacterial growth of F. tularensis LVS in the livers of
BALB/cJ mice. The animals were inoculated subcutaneously with 2 X 10° or-
ganisms and sacrificed at various times for determination of viable counts. The
mean log,, number of CFU of two mice is indicated.

o

homogenate. The mixture was incubated at 0°C for 15 min and centrifuged at
10,000 X g for 10 min at 4°C. The RNA-containing aqueous phase was precip-
itated with an equal volume of isopropanol (Sigma) at —20°C for at least 90 min,
centrifuged at 10,000 X g for 10 min at 4°C, and washed once with 75% ethanol
in diethylpyrocarbonate-treated double-distilled water. The precipitate was air
dried and resuspended in 100 pl of diethylpyrocarbonate-treated double-distilled
water. The optical density at 260 nm was used to estimate the concentration of
total mRNA, yields being in the order of 100 to 200 g per sample. For cDNA
synthesis, approximately 10 pg of total RNA was incubated at 42°C for 60 min in
a total volume of 30 wl in reverse transcriptase buffer (Gibco BRL, Grand Island,
N.Y.) supplemented with 0.6 mM (each) dATP, dGTP, dCTP, and dTTP (Phar-
macia, Uppsala, Sweden), 40 U of RNasin (Promega, Madison, Wis.), 20 U of
Moloney murine leukemia virus reverse transcriptase (Gibco BRL), and 1.5 pg
of random hexamers (Promega). Samples of cDNA were stored at 4°C before
PCR amplification.

PCR procedure. Specific primers for murine B,-microglobulin, IL-2, IL-3,
IL-4, IL-10, the p35 subunit of IL-12 (IL-12p35), IL-12p40, IFN-y, and TNF-a
(12) were purchased from Scandinavian Gene Synthesis AB, Stockholm, Sweden.
c¢DNA (1.0 ul) was amplified in 50 pl of Tag DNA polymerase buffer (500 mM
KCl, 100 mM Tris-HCI [pH 9.0], 1% Triton X-100) containing 200 uM (each)
dATP, dGTP, dCTP, and dTTP, 400 nM (each) 3’ and 5’ primers, and 1.2 U of
Tag DNA polymerase (Promega). The amplification was performed with 25
(B,-microglobulin), 30 (IFN-vy, IL-12p35, and IL-12p40) or 35 (TNF-a, IL-2,
IL-3, IL-4, and IL-10) cycles at 94°C for 60 s, 60°C for 45 s, and 72°C for 2 min
with a DNA thermal cycler (Perkin-Elmer Cetus Corp., Norwalk, Conn.). cDNA
fragments corresponding to each cytokine were obtained from Clontech, Palo
Alto, Calif., and used as positive controls. In a negative control, cDNA was
omitted. A sample (10 pl) of each amplified product was subjected to electro-
phoresis at 100 V for 1.5 h in a 1.5% agarose gel. Gels were stained with ethidium
bromide and visualized by UV illumination. As the DNA size marker, a 1-kb
ladder (Gibco BRL) was used. In the analysis of IL-12p40, reproducible results
were obtained only when the PCR product was subjected to a standard Southern
blot procedure (22). Southern blot transfers were probed with an internal IL-
12p40-specific oligonucleotide (17) and visualized by autoradiography. The
probe was end labeled with *?P by a standard protocol (22).

ELISA. Extraction of cytokines from the livers of inoculated mice was carried
out essentially as described previously (24). Half of each liver was homogenized
in 2.5 ml of RPMI 1640 (Gibco BRL) containing 1% (wt/vol) CHAPS {3-[(3-
cholamidopropyl)-dimethyl-ammonio]-1-propanesulfonate; Sigma}. After ex-
traction at 4°C for 1 h, the samples were centrifuged for 30 min at 6,000 X g, and
the supernatants were stored at —70°C until used. The commercially available
kits Inter-TEST-y and Factor-TEST TNF (Genzyme Corp., Cambridge, Mass.)
were utilized for determination of levels of IFN-y and TNF-«, respectively.

RESULTS

Bacterial growth. The number of F. tularensis LVS bacteria
in the livers of inoculated mice increased exponentially for 48
h and reached 10° organisms within 72 h of inoculation (Fig.
1). The doubling time was approximately 2.5 h.

Cytokine mRNA expression in the livers of mice infected
with F. tularensis LVS. A sublethal dose of F. tularensis LVS (2
X 10° organisms) was inoculated subcutaneously, and the ex-
pression in the liver of mRNA from TNF-a, IFN-y, IL-2, IL-3,
IL-4, IL-10, IL-12p35, and IL-12p40 was determined at 0, 1, 2,
6, 24, 48, 72, and 96 h postinoculation. TNF-a mRNA was
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detected at 24 h, whereas mRNA from IFN-y, IL-10, and
IL-12p40 appeared at 48 h. As predicted (6), there was a
constitutive expression of mRNA from IL-12p35 (data not
shown). No expression of IL-2, IL-3, or IL-4 mRNA was de-
tected during the 96-h interval (Fig. 2). Within 96 h of subcu-
taneous inoculation of 107 heat-killed organisms, no induction
of mRNA from any of the cytokines could be demonstrated in
the liver (Fig. 2).

Production of TNF-a and IFN-y after inoculation of F.
tularensis LVS organisms. An enzyme-linked immunosorbent
assay was used to estimate the levels of TNF-a and IFN-y in
homogenates of livers. After inoculation of 2 X 10° viable LVS
organisms, the levels of the two cytokines increased during the
interval of 24 to 48 h (Fig. 3). The presence of a slightly
increased level of IFN-v at 24 h, before mRNA was detectable
by PCR (Fig. 2), could possibly represent cytokine synthesized
outside the liver. In regional lymph nodes, an accumulation of
IFN-y mRNA was demonstrated within 24 h of inoculation
(Fig. 4). The inoculation of killed bacteria did not result in any
increase of TNF-a or IFN-y in the liver within the 96-h period
studied.

DISCUSSION

Various lines of evidence have shown TNF-« to be necessary
although insufficient for the generation of an early T-cell-in-
dependent IFN-y production in response to intracellular
pathogens (4, 24, 25). More recently, the critical role of IL-12
has become apparent, mainly by in vitro experiments with
spleen cells from T-cell-deficient mice (17, 41). In the present
study, IL-12 mRNA was found to be expressed early in re-
sponse to a facultative intracellular bacterium under in vivo
conditions closely mimicking natural infection. We used im-
munocompetent mice, which were exposed by the dermal route
of entrance as occurs in natural tularemia.

We focused on the liver, which is invaded early during the
bacteremic phase of tularemia. The liver is excessively rich in
resident macrophages, the primary target cells of F. tularensis.
These cells are the probable source of the IL-12 and IL-10
mRNAs demonstrated. TNF-a may be produced not only by
macrophages but also by neutrophils, which are involved in the
anti-Francisella resistance of the liver (35). The source of
IFN-y may be NK cells, which are known to infiltrate the liver
during infection with intracellular bacteria (18). The results
were clear-cut insofar as no expression of mRNA from any of
the cytokines was detected in the liver of noninoculated mice.
In this respect, results with lymphoid organs may be less easily
interpreted. In the spleens of mice infected with L. monocyto-
genes, a basal expression of several cytokines has been reported
and thought to be due to a homeostatic activity independent of
current exogenous stimulation (20). In accordance, we have
detected TNF-a and IL-2 mRNAs in the lymph nodes and
spleens of noninoculated mice (unpublished results).

The kinetics of production of TNF-a and IFN-vy in the livers
of the infected mice corresponded well with the previously
demonstrated early native murine host response to tularemia
(13, 14). The T-cell-independent nature of the response was
confirmed by the lack of expression of IL-2 mRNA in the liver
during the 96-h period studied.

Whereas TNF-a, IL-12, and IFN-y are parts of a sequence
leading to the activation of infected macrophages, IL-10 is
recognized as a down-regulator. Several suppressive effects on
inflammation and cell-mediated immunity have been ascribed
to IL-10; these include inhibition of the release of TNF-a and
IL-12 from macrophages (10, 19). The role of IL-10 may,
however, be highly complex, as suggested by a recently re-
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FIG. 2. PCR-assisted mRNA amplification of samples from the livers of
BALB/cJ mice inoculated subcutaneously with heat-killed or live F. tularensis
LVS organisms. Samples were prepared at various times after inoculation.
Lanes: 0, negative control; 1, 0 h; 2, 1 h; 3, 2 h; 4,6 h; 5, 24 h; 6,48 h; 7, 72 h;
8, 96 h; 9, positive control. (A) B,-Microglobulin, TNF-o, IFN-vy, IL-2, IL-3, IL-4,
and IL-10 mRNAs. The PCR products were separated in a 1.5% agarose gel and
visualized by ethidium bromide staining. (B) IL-12 mRNA. The PCR products
were subjected to Southern transfer and probed with an internal IL-12p40-
specific oligonucleotide.
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FIG. 3. Levels of TNF-a (A) and IFN-y (B) in homogenates of livers from
BALB/cJ mice inoculated subcutaneously with 2 X 10° live F. tularensis LVS
organisms. In animals inoculated with 107 heat-killed LVS organisms, TNF-«
and IFN-vy levels were invariably lower than 300 and 1000 ng per organ, respec-
tively.

ported persistence of Listeria monocytogenes infection in mice
treated with a specific anti-IL-10 monoclonal antibody (43). In
the present experiments, IL-10 mRNA appeared in the liver
within 48 h of subcutaneous inoculation of F. tularensis, indi-
cating a possible regulatory function of this cytokine in the
early phase of murine tularemia. It should be remarked,
though, that the production of IL-10 was not assayed.

IL-12 has been shown recently to be critical not only as a
triggering agent of the early T-cell-independent host defense
but also in directing the differentiation of naive T cells into Th1
cells in response to an antigen (19). In human tularemia, most
evidence indicates that the Th1 type of response predominates.
When, for example, T cells from F. tularensis-primed individ-
uals were stimulated in vitro with various homologous anti-
gens, there was an invariable Th1 cell response including pro-
duction of IL-2 and IFN-y but not IL-4 (36). The early
expression of IL-12 mRNA and IFN-y demonstrated here can
be assumed to counteract any Th2 cell differentiation (19).
IL-4, which is believed to be important in driving a Th2 re-
sponse early in immunization (34, 39), was not detected in the
present study at the transcription level during the first 96 h of
infection.

The cytokine expression in the liver was initiated during a
phase of logarithmic bacterial growth in the organ. On the
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FIG. 4. PCR-assisted amplification of mRNA from IFN-y and the control
protein B,-microglobulin in samples of lymph node, spleen, and liver from
BALB/cJ mice after subcutaneous inoculation of 2 X 10° live or 107 heat-killed
F. tularensis LVS organisms. Samples were prepared at various times after
inoculation. Lanes: 0, negative control; 1, 0 h; 2, 1 h; 3,2 h; 4, 6 h; 5, 24 h; 6, 48
h; 7, 72 h; 8, 96 h; 9, positive control.

basis of experiments with a listeriolysin-deficient mutant of L.
monocytogenes, intracellular bacterial replication may in fact
be a prerequisite of cytokine induction (28). A delay in cyto-
kine release might favor the infectivity of intracellular bacteria
by allowing them to become established before the macro-
phages are activated. In an experimental model of bubonic
plague, an avirulent mutant of Yersinia pestis lacking the Lcr
plasmid has been found to cause a more rapid IFN-y response
than that caused by the isogenic Ler™ strain (23).

Our results are relevant to the unsolved question of why only
live F. tularensis vaccines can induce effective host protection.
Subcutaneous inoculation of heat-killed F. tularensis LVS is
known to result in a pronounced antibody response but in poor
protection and a poor T-cell response (40). We found no
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TNF-a, IL-12, or IFN-y to be expressed in the liver early after
subcutaneous inoculation of heat-killed bacteria. If killed bac-
teria are at all able to induce a cytokine response, the magni-
tude of the response would obviously be only minute in com-
parison with that generated intracellularly by bacterial invasion
and replication in the liver and other organs.

The nature of components of intracellular bacteria initiating
a protective cytokine expression is unknown. Although the
lipopolysaccharide of F. tularensis has been found to induce
TNF-a in mononuclear phagocytes in vitro (31), it is by itself
not a strong candidate. In vivo, lipopolysaccharide from gram-
negative bacteria has been found to induce the expression of
macrophage-derived cytokines without any associated IFN-y
induction (28). Moreover, lipopolysaccharide cannot be a com-
mon denominator because there are potent intracellular
pathogens such as L. monocytogenes which lack lipopolysac-
charide. In further experiments aiming to identify crucial bac-
terial components, TNF-a, IL-12, and IFN-y should all be
useful markers. TNF-a and IFN-y are readily assayed in var-
ious models of intracellular infections. IL-12 expression has
been demonstrated recently in an experimental infection with
the fungus Candida albicans (29) and the protozoan parasite
Leishmania major (42) and can, as shown here, be monitored
in experimental tularemia.
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