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Neutrophils Are Critical for Host Defense against Primary Infection
with the Facultative Intracellular Bacterium Francisella tularensis
in Mice and Participate in Defense against Reinfection
ANDERS SJOSTEDT 1,2,3* J. WAYNE CONLAN,1 AND ROBERT J. NORTH1
Trudeau Institute, Inc., Saranac Lake, New York 12983,1 and Department of Microbiology, National Defence Research
Establishment, S-901 82 Umed,2 and Department of Infectious Diseases, S-901 87 Umeac,3 Sweden
It is generally believed that immunity to experimental infection with the facultative intracellular bacterium
FranciseUla tularensis is an example of T-cell-mediated immunity that is expressed by activated macrophages
and mediated by Francisella-specific T cells. According to the results presented herein, neutrophils are also
essential for defense against primary infection with this organism. It is shown that mice depleted of neutrophils
by treatment with the granulocyte-specific monoclonal antibody RB6-8C5 are rendered defenseless against
otherwise sublethal doses of F. tularensis LVS inoculated intravenously or intradermally. In neutrophildepleted mice, the organism grew progressively in the livers, spleens, and lungs to reach lethal numbers,
whereas infection was resolved in normal mice. Although neutrophils were found to contribute to resistance to
reinfection, their participation was less important. The results suggest that neutrophils are needed for defense
against primary infection because they serve to restrict the growth of F. tularensis before it reaches numbers
capable of overwhelming a developing specific immune response. The exact way that neutrophils achieve this
is not clear at this time, although it is probable that they contribute in ways other than by ingesting and killing
the bacterium.

Francisella tularensis, the etiological agent of the zoonotic
disease tularemia is a highly virulent, facultative intracellular
bacterium capable of parasitizing both professional phagocytes
and nonphagocytic host cells (reviewed in reference 20). The
live vaccine strain (LVS) of F. tularensis, although attenuated
for humans, is virulent for mice, and murine tularemia caused
by LVS is considered a model of human tularemia caused by
virulent strains of the pathogen (3, 7, 9). F. tularensis LVS
survives and grows inside macrophages (1, 8), and there is
evidence that host defense against tularemia is expressed by
these phagocytic cells following their activation by lymphokines secreted by Francisella -specific T cells (2, 8, 9, 13). On the
other hand, the role of neutrophils in murine host defense
against tularemia has received little attention, in spite of the
fact that these leukocytes are the predominant cells recruited
to infectious foci during the early stages of infection (4, 5, 16,
19). A recent report from this laboratory (5) suggested that,
during the first day of infection with F. tularensis LVS, neutrophils recruited to infectious foci in the liver function to cause
the lysis of parenchymal cells parasitized by this organism. It
was proposed that deliberate lysis of infected hepatocytes
serves to abort infection in these otherwise permissive target
cells, thereby releasing the organism into the extracellular
space where it can be killed by macrophages. The existence of
this defense mechanism was revealed by treating mice with a
CDllb-specific monoclonal antibody (MAb) that prevents the
extravasation of myelomonocytic cells into foci of F. tularensis
infection. In mice so treated, the failure of neutrophils to
accumulate at foci of liver infection was associated with the
failure of infected hepatocytes to undergo lysis and with rapid
growth of F. tularensis within them. Because neutrophils were

the predominant leukocytes to accumulate at foci of F. tularensis infection in the liver during the first 24 h, it was assumed
that any effect of the anti-CD11b MAb during this time was
likely due to its action on these cells. However, because
anti-CD1lb MAbs can also bind to and prevent the subsequent
recruitment of macrophages and other leukocytes to infectious
foci (18), a role for cells in addition to neutrophils in early
defense against F. tularensis infection could not be ruled out.
The purpose of this study was to further examine the role of

neutrophils in defense against tularemia by selectively depleting mice of these leukocytes by using the granulocyte-specific
MAb RB6-8C5 (6, 17, 21). The results show that neutrophildepleted normal mice failed to control an otherwise sublethal
primary F. tularensis infection and that neutrophil-depleted
immune mice showed a decreased ability to resolve reinfection.

MATERIALS AND METHODS
Mice. Female B6D2F1 (C57BL/6 x DBA/2) mice were used
when they were 7 to 9 weeks old. All mice were obtained from
the Trudeau Institute Animal Breeding Facility and were free
of common viral pathogens on the basis of results of routine
screening by the Research Animal Diagnostic Laboratory,
University of Missouri, Columbia. Five mice per group per
time point were used in the experiments except where stated
otherwise.
Bacteria. F. tularensis LVS (ATCC 29684), obtained from
the American Type Culture Collection, Rockville, Md., was
grown to the log phase in modified Mueller-Hinton broth as
described previously (5), harvested, and frozen at -70°C in
1-ml aliquots (8 x 108 CFU/ml) in the presence of 10%
(wt/vol) sucrose. Salmonella typhimurium C5R was prepared as
described elsewhere (5). For each experiment, a frozen vial
was thawed and the bacteria were washed once in 0.9%
(wt/vol) sterile saline and diluted to the required concentration
in saline for intravenous (i.v.) inoculation in 200 ,lI or intra-
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FIG. 1. Mice treated with the neutrophil-depleting MAb RB6-8C5
(solid line) were rapidly killed by an i.d. inoculum of 102 CFU of F.
tularensis LVS, whereas control mice (broken line) treated with an
irrelevant anti-KLH MAb survived a 10,000-fold-larger inoculum. MAbs
were administered intraperitoneally in a dose of 0.25 mg at 2 days and
again at 4 h before infection. Each group consisted of five mice.

of this experiment, it seems reasonable to expect that control
mice would have gone on to resolve infection given that in the
experiment illustrated by Fig. 1 all control mice survived a
25-fold-larger inoculum.
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RESULTS
Treatment with neutrophil-depleting MAb RB6-8C5 renders
mice highly susceptible to an i.d. inoculum ofF. tularensis LVS.
To mimic a natural route of infection, F. tularensis LVS was
inoculated i.d. in initial studies. The infection-enhancing effect
of MAb RB6-8C5 is strikingly illustrated by a preliminary
experiment that measured the ability of RB6-8C5-treated mice
to survive a normally sublethal i.d. inoculum of F. tularensis
LVS. Figure 1 shows that all RB6-8C5-treated mice died within
8 days after i.d. inoculation of 102 CFU of F. tularensis,
whereas all mice treated with an isotype-matched control MAb
survived an i.d. inoculum of 106 CFU. At 14 days postinoculation, no bacteria were found in the livers, spleens, or lungs of
control mice.
In view of the preceding result, a more detailed experiment
that monitored the effects of RB6-8C5 treatment on the
growth of F. tularensis LVS at the site of its inoculation in the
skin as well as systemically in the liver, spleen, and lungs was
performed. Figure 2 shows that in mice treated with control
MAb and inoculated i.d. with 4 x 104 CFU of F. tularensis, the
organism grew progressively in the skin for 2 days and then
began to decline in number. In these mice, bacteria were
detected by 24 h of infection in the livers where they grew
progressively until day 3, after which their numbers declined.
In these same mice, F. tularensis grew progressively in the
spleen throughout the 4-day period of the experiment but was
present only transiently in the lungs. Despite the short duration
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FIG. 2. Growth curves of F. tularensis LVS in the skin, livers,
spleens, and lungs of RB6-8C5-treated mice (open circles) and of
anti-KLH-treated control mice (solid circles). MAbs were administered as described in the legend to Fig. 1. Mice were inoculated i.d.
with 4 x 104 CFU of F. tularensis, and bacterial growth was monitored
for 4 days. The broken line represents the detection limit of the assay.
The means for five mice per group per time point are shown. The
standard errors of the means were <0.5 loglo units.
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dermal (i.d.) inoculation in 50 ,ul. Inoculations i.d. were
performed in the shaved skin of the upper abdomen, whereas
i.v. injections were given in a lateral tail vein. The number of
bacteria in the thawed inocula was always determined by
plating. The log1o 50% lethal dose (LD50) of F. tularensis LVS
given i.v., determined over a period of 28 days, was approximately 5.2, whereas the loglo LD50 via the i.d. route was 7.0. In
some experiments, mice immunized by i.v. inoculation of a
sublethal dose (5 x 103 CFU) of F. tularensis LVS 6 weeks
earlier were used. The i.v. log1o LD50 for these immune mice
was 7.5. F. tularensis was enumerated in the livers, spleens, and
lungs by plating 10-fold serial dilutions of homogenates of
these organs on cystine heart agar (Difco Laboratories, Detroit, Mich.) supplemented with 1% (wt/vol) hemoglobin.
Colonies were counted after 48 h of incubation at 37°C. To
determine bacterial growth in the skin, a 1-cm2 piece of skin
(with the inoculum site at its center) together with the underlying body wall was excised, homogenized, and plated as
described above. S. typhimurium was enumerated by plating on
Trypticase soy agar.
MAb. MAb RB6-8C5 is a rat immunoglobulin G2b antibody
that selectively binds to and depletes mature mouse neutrophils and eosinophils (6, 17, 21). The hybridoma secreting
RB6-8C5 was a kind gift from R. Coffman, DNAX Research
Institute, Palo Alto, Calif. An isotype-matched MAb directed
against keyhole limpet hemocyanin (anti-KLH MAb) was used
as the control immunoglobulin G. This MAb was produced at
the Trudeau Institute by L. L. Johnson. Both MAbs were purified
from ascites by ammonium sulfate precipitation followed by
ion-exchange chromatography on DEAE-Sephacel (Pharmacia
LKB, Piscataway, N.J.). The immunoglobulin concentrations of
the purified MAbs were determined from their peak heights
during elution from a high-performance liquid chromatography
size exclusion column. MAbs were given in a dose of 0.25 mg
intraperitoneally at 2 days and again at 4 h before inoculation
of bacteria. This regimen of RB6-8C5 treatment routinely
depletes >95% of the circulating neutrophils (6).
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TABLE 1. Effect of depleting neutrophils with MAb RB6-8C5 on
the growth of F. tularensis and S. typhimurium in the liver
and the spleen during the first day of infection
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5.54 ± 0.14 4.48 ± 0.28 4.38 ± 0.19 3.96 ± 0.26
RB6-8C5 treatedb 5.87 ± 0.08 5.56 ± 0.18 6.87 ± 0.23 6.25 ± 0.17
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In RB6-8C5-treated mice, in contrast, infection was greatly
exacerbated at all sites examined. At the inoculation site in the
skin, F. tularensis grew no more quickly than it did at this site
in control mice during the first 2 days of infection. However,
between days 2 and 3, the organism continued to grow in the
skin of RB6-8C5-treated mice, whereas it was being inactivated
at this site in control mice. RB6-8C5-treated and control mice
were similar with regards to the numbers of bacteria in their
livers, spleens, and lungs up to 24 h of infection. However, after
this time, F. tularensis grew progressively and more rapidly in
these organs in RB6-8C5-treated mice, and there was no
evidence that infection was being controlled in any internal
organ by day 4. Moreover, bacteremia (>104 CFU/ml of
blood) was evident by day 4 in RB6-8C5-treated mice, whereas
bacterial numbers were below the detection limit (<102 CFU/
ml) in the blood of control mice (data not shown).
Mice treated with MAb RB6-8C5 are highly susceptible to
an i.v. inoculum ofF. tularensis LVS. Because F. tularensis LVS
is not toxigenic (11), it seemed reasonable to propose that, in
the foregoing experiment, RB6-8C5-treated mice inoculated
i.d. with this organism did not die of uncontrolled bacterial
growth in the skin but rather from unrestricted growth in

internal organs. Therefore, the latter aspect of the infectious
process became the focus of all further experiments, in which
for convenience infection was initiated directly by the i.v.
route. The results of one such experiment show (Fig. 3) that an
i.v. inoculum of 5 x 102 CFU of F. tularensis LVS killed all
RB6-8C5-treated mice but not control mice, which survived a
100-fold-larger inoculum.
This prompted an investigation of the effect of RB6-8C5
treatment on the growth of F. tularensis in the liver and spleen
during the first day following i.v. inoculation. For comparison,
additional mice were inoculated with S. typhimurium to determine the effect of RB6-8C5 on a pathogen highly susceptible to
the microbicidal actions of neutrophils (12). Table 1 shows that
RB6-8C5 treatment had little effect on the growth of F.
tularensis in the liver and spleen during the first 24 h of
infection. By contrast, by 24 h after i.v. inoculation of S.
typhimurium, approximately 200-fold more of these bacteria
were recovered from the livers and spleens of RB6-8C5treated mice than from these organs of control mice. This
suggests that neutrophils recruited to foci of infection during
the first day are crucial for controlling the early growth of S.
typhimurium but relatively unimportant in restricting the
growth of F. tularensis.
To determine the stage of tularemia at which the infectionexacerbating actions of MAb RB6-8C5 occur, the growth of F.
tularensis was monitored over a 10-day period in the livers,
spleens, and lungs of RB6-8C5-treated and control mice
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FIG. 4. Growth curves of F. tularensis LVS in the livers, spleens, and lungs of MAb RB6-8C5-treated mice (open circles) and of
anti-KLH-treated control mice (solid circles) inoculated i.v. with 102 CFU. The means for five mice per group are shown. The standard errors of
the means were <0.6 log1o units. Broken lines show the detection limits for F. tularensis LVS in the organs.

Downloaded from http://iai.asm.org/ on November 21, 2019 by guest

FIG. 3. Evidence that mice treated with neutrophil-depleting MAb
RB6-8C5 were rendered highly susceptible to an i.v. inoculum of F.
tularensis LVS. Mice treated with MAb RB6-8C5 (solid line) died
following i.v. inoculation of 5 x 102 CFU of F. tularensis, whereas mice
treated with control anti-KLH MAb (broken line) survived a 100-foldlarger inoculum. Five mice per group were used.

a Untreated control and RB6-8C5-treated mice were inoculated i.v. with 104
CFU of F. tularensis or 105 CFU of S. typhimurium, and the bacterial numbers in
the organs were determined 24 h later. Four mice per group were used.
b RB6-8C5-treated mice received 0.25 mg of MAb intraperitoneally at 2 days
and again at 4 h before i.v. inoculation of bacteria.
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FIG. 5. Evidence that neutrophil-depleting MAb RB6-8C5 interferes with the abilit,y of Francisella-immune mice to resolve reinfection initiated
by a large i.v. inoculum of bacteria. Mice inoculated i.v. 6 weeks previously with 5 x 10 CFU of F. tularensis LVS were treated with MAb RB6-8C5
(open circles) or control MAb (solid circles) before being reinoculated i.v. with 106 CFU. Bacterial growth was monitored in their livers, spleens,
and lungs for 8 days. The means for five mice per group are shown. Standard errors of the means were <0.7 log1o units. An asterisk indicates the
death of individual mice.

inoculated i.v. As shown by the results in Fig. 4, an i.v.
inoculum of 102 CFU of F. tularensis grew progressively in the
organs of control mice for 6 days before being brought under
control. By contrast, in RB6-8C5-treated mice, F. tularensis
grew unrestrictedly in all three organs until the mice died on
day 7 or 8 of infection. It will be noted that in this experiment
there was relatively little exacerbation of infection in any organ
in RB6-8C5-treated mice during the first 2 days. However,
from day 2 on, F. tularensis grew more rapidly in all three
organs in mice treated with MAb RB6-8C5.
Francisella-immune mice treated with MAb RB6-8C5 have a
reduced capacity to resolve reinfection. Others have shown (3,
9, 13) that mice that resolve primary sublethal F. tularensis
LVS infection acquire a state of predominantly T-cell-mediated specific immunity that allows them to resolve subsequent
reinfection initiated by bacterial inocula that are lethal for
nonimmune mice. To determine whether neutrophils participate in the expression of this immunity, mice that received a
sublethal (5 x 103 CFU) i.v. inoculum of F. tularensis LVS 6
weeks earlier were treated with MAb RB6-8C5 or control
anti-KLH MAb and rechallenged i.v. with 106 CFU, an inoculum that was lethal for all nonimmune animals. Bacterial
growth in control immune mice and in RB6-8C5-treated
immune mice was monitored in the liver, spleen, and lungs.
The results (Fig. 5) show that in control immune mice bacteria
grew progressively in all three organs during the first 2 days of
infection, after which infection was brought under control and
resolved in all three organs by day 8. Infection in RB6-8C5treated immune mice, by contrast, was greatly exacerbated in
all of these organs by day 4, and some mice (three of five) died
by day 7. However, two of five mice went on to resolve the
infection. When a similar experiment was performed with a
100-fold-smaller challenge inoculum, it was again found that
infection was severely exacerbated in the livers and spleens of
immune RB6-8C5-treated mice by day 4 (data not shown).
However, with this dose of F. tularensis LVS, all RB6-8C5treated mice were able to resolve the infection. No bacteria
were detected in the lungs of control immune mice or RB68C5-treated immune mice in this experiment. Taken together,
these results indicate that although neutrophils play a role in
host defense against reinfection with F. tularensis, they are less
important than they are in primary infection.

DISCUSSION
On the basis of the results presented here, neutrophil
function is essential for defense of mice against primary
infection with the facultative intracellular bacterium F. tularensis. Our results show that mice selectively depleted of
neutrophils and eosinophils by treatment with a granulocytespecific MAb, designated RB6-8C5 (21), are incapable of
controlling infection with a sublethal inoculum of the live
vaccine strain of F. tularensis given i.v. or i.d. This was the case,
moreover, even though the mouse strain employed is otherwise
highly resistant to F. tularensis. Because there is no histological
or other evidence in the literature implicating a role for
eosinophils in anti-Francisella defense, it seems reasonable to
assume that the infection exacerbating the effect of MAb
RB6-8C5 was due to the depletion of neutrophils that are
normally present at infectious foci.
The exact roles of neutrophils in anti-Francisella defense
were not determined herein, but on the basis of a previous
study from this laboratory (5), an important early function of
neutrophils in defense against F. tularensis, Listeria monocytogenes (5, 6), or S. typhimurium (5) infection in the liver is to
destroy infected hepatocytes that otherwise permit the unrestricted intracellular growth of these microorganisms. In this
way, neutrophils cause these pathogens to be exposed to attack
by macrophages that are presumed to be the cells that ultimately express specific immunity to infection with facultative
intracellular pathogens (10). However, whereas this neutrophil-mediated defense strategy severely restricts the growth of
L. monocytogenes and S. typhimurium at infectious foci during
the first 24 h of infection, depletion of neutrophils had
relatively little effect on the growth of F. tularensis during the
first 2 days of infection. This suggests that F. tularensis is more
resistant to the antimicrobial actions of neutrophils recruited
early into infectious foci. The demonstration (15) that the LVS
strain of F. tularensis is killed by human neutrophils might
explain why this strain is attenuated for humans.
Even so, given the array of immunoregulatory cytokines that
neutrophils might produce at sites of inflammation (reviewed
in reference 14), it is obvious that they almost certainly are
recruited to foci of infection to perform functions in addition
to ingesting and killing microorganisms. For example, neutro-
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phils recruited early to infectious foci represent a potential
source of cytokines and chemokines capable of attracting
macrophages and T cells into these sites, where they may
cooperate to resolve infection. In particular, neutrophils can
secrete tumor necrosis factor alpha, a cytokine that has been
shown by others to be critical for controlling tularemia (13).
The precise function of tumor necrosis factor alpha in this
situation is unknown, but it might induce secretion of gamma
interferon (22), another cytokine of critical importance in
anti-Francisella defense (2, 13). Whatever their roles in defense against primary murine tularemia, it is clear that neutrophils have a less important role in resistance to reinfection.
The reason for the more limited role of these cells in defending
against reinfection is not known but may result from the
possession by immunized mice, but not naive mice, of an
acquired mechanism of T-cell-mediated immunity that may
operate rapidly enough to preempt the need for significant
neutrophil involvement.

2783

