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Abstract

The virulence of Francisella tularensis LVS is determined in part by its ability to invade and replicate within macrophages and
stimulate the production of inflammatory cytokines. The present study determined the effects of growing F. tularensis in macrophages on
its ability to stimulate cytokine secretion by macrophages. F. tularensis grown in Mueller—Hinton broth (FtB) stimulated the secretion of
large amounts of TNF-a, IL-12p40, IL-6 and MCP-1/CCL2 when incubated with macrophages overnight. In contrast, F. tularensis
released from infected macrophages (FtMac) stimulated very little secretion of these cytokines by primary cultures of murine peritoneal
macrophages, human monocytes or macrophage cell lines. Stimulation of nitric oxide production by FtMac was also less than that
elicited by FtB. FtMac killed with gentamicin or paraformaldehyde also stimulated low levels of cytokine secretion. FtMac recovered the
ability to stimulate cytokine secretion after overnight culture in broth. Infection of macrophages with FtMac inhibited the cytokine
response to subsequent stimulation with LPS from Escherichia coli but did not affect Fcy receptor-mediated phagocytosis. FtMac were
ingested by macrophages at about half the rate of FtB, however, this did not account for the lower cytokine secretion. FtMac and FtB
replicated at similar rates within macrophages. Finally, Mice infected with FtMac had a higher mortality rate than those infected with
FtB. These results reveal that growth in macrophages causes a reversible phenotypic change in F. tularensis that is associated with
decreased stimulation of cytokine secretion, inhibition of LPS-stimulated secretion of inflammatory cytokines by macrophages and
increased lethality in mice.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction F. tularensis invades and proliferates within tissue
macrophages. Macrophages are also one of the first lines

Francisella tularensis is an intracellular pathogen that
causes the clinical entity known as tularemia. While not a
particularly important clinical pathogen in the United
States, interest in this organism has increased since it was
placed on the A list of bioterror agents. Its extremely high
infectivity, ease of aerosol dispersal and high pathogenicity
makes F. tularensis a fearsome bioweapon.
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of defense against F. tularensis and activated macrophages
can Kkill this organism [1-3]. Thus, secretion of inflamma-
tory cytokines during the early stages of an infection may
limit bacterial proliferation by increasing the activation
state of macrophages. Consistent with this hypothesis,
it has been shown that administration of neutralizing
antibodies against tumor necrosis factor-o (TNF-«) or
interferon-y (IFN-y) results in early death or a decrease in
LD50 of mice infected with F. tularensis [4-8]. IFN-y null
mice are also more susceptible to F. tularensis infection
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than their wild-type counterparts [9]. Treatment of macro-
phages with IFN-y allows these cells to limit the growth of
F. tularensis [10—13]. The ability of IFN-y and TNF-« to
limit the growth of intracellular pathogens in macrophages
is often mediated by nitric oxide [14]. IFN-y and TNF-«
stimulate the induction of nitric oxide synthase that
generates nitric oxide in macrophages. Interleukin-12
(IL-12), which is primarily produced by macrophages,
stimulates the secretion of IFN-y by T cells. Infection of
naive macrophages with F. tularensis stimulates low levels
of IL-12 and TNF-« secretion, however, exposure to IFN-y
greatly increases the production of these cytokines and
nitric oxide [13,15,16]. Thus, the acute production of
inflammatory cytokines such as TNF-o and IL-12 by
macrophages may be important in controlling F. tularensis
infections.

Here, we show that F. tularensis grown in macrophages
has substantially different characteristics from those grown
in broth. F. tularensis that has broken out of macro-
phages shows greatly reduced ability to stimulate the
secretion of inflammatory cytokines by macrophages and
inhibits the ability of LPS from Escherichia coli to
stimulate cytokine secretion. As expected from these
findings, F. tularensis grown in macrophages was found
to cause a higher mortality rate in mice than bacteria
grown in broth.
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2. Results

Secretion of inflammatory cytokines by macrophages is
an important mechanism for controlling the proliferation
of F. tularensis [13,15-17]. Since F. tularensis that has
grown in macrophages infects bystander cells, we com-
pared F. tularensis grown in macrophages (FtMac) with
bacteria grown in broth (FtB) for the ability to stimulate
the secretion of inflammatory cytokines by macrophages.
FtB stimulated the secretion of large amounts of TNF-¢,
1L-12p40, IL-6 and MCP-1/CCL2 by elicited peritoneal
murine macrophages (Fig. 1). Similar results were obtained
when human monocytes were used (Fig. 2). LPS from
E. coli was used as a positive control. Bacteria grown to
late exponential phase in broth or on CA agar stimulated
similar levels of cytokine secretion as FtB grown to early
exponential phase (data not shown). The levels of cytokine
secretion stimulated by FtB for 18 h were nearly as great as
those induced by LPS from E. coli (Fig. 1). In contrast,
FtMac stimulated about 10% of the level of cytokines
stimulated by FtB (Fig. 1). Similar results were obtained
with RAW 264.7, MHS or U937 cells (data not shown).
Likewise, the species of macrophage used to generate
FtMac was irrelevant as FtMac recovered from either
murine RAW 264.7 cells or human U937 cells had similar
effects. Cytokine levels detected in media of unstimulated
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Fig. 1. Secretion of cytokines by murine elicited peritoneal macrophages stimulated with F. tularensis grown in Mueller—Hinton broth (FtB)
or in macrophages (FtMac), or LPS from E. coli. Macrophages were incubated for 18 h with bacteria at an MOI of 1, 10 or 100 or with LPS at 1, 10 or
100 ng/ml. Cytokines were determined by bead array (TNF-«, IL-6, IL-1f and MCP-1) or ELISA (IL-12p40) and values are the mean+SEM for 5
experiments. *p <0.05 compared with the respective FtB value.
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Fig. 2. Secretion of cytokines by human monocytes stimulated with F.
tularensis grown in Mueller—Hinton broth (FtB) or in macrophages
(FtMac). Monocytes were incubated with FtB or FtMac at an MOI of 100
for 18 h. Control levels of cytokine stimulated by FtB in monocytes were:
TNF-o: 11.940.9, IL-6: 19.4+0.6, IL-1f: 8.240.8 ng/ml. Cytokines were
determined by bead array (TNF-a, IL-6, IL-18 and MCP-1) or ELISA
(IL-12p40) and values are the mean+SEM for 5 experiments. *p<0.05
compared with the respective FtB value.

macrophages were always less than 10% of the LPS-
stimulated levels. To determine if soluble material was
contributing to cytokine secretion, the suspension of
bacteria (5 x 10°/ml) used to inoculate macrophages was
centrifuged at 8000¢g for 10 min and a volume of super-
natant equal to that used for an MOI of 100 (10 ul) was
added to the macrophages. This supernatant did not
consistently stimulate detectable cytokine secretion after
18 h (data not shown).

The production of nitric oxide by macrophages is an
important defense mechanism for intracellular pathogens
[14]. Neither elicited peritoneal macrophages nor RAW
264.7 cells consistently produced detectable nitrite when
stimulated with FtB or FtMac overnight. However,
combining either of the stimuli with IFN-y (100 units/ml)
resulted in nitric oxide production (Fig. 3). FtB stimulated
the production of 46% more nitrate that FtMac when the
amount stimulated by IFN-y alone is excluded. It is
possible that the presence of IFN-y in these experiments
accounted for FtMac stimulating relatively higher levels of
nitrite than cytokines. Indeed, when FtMac-stimulated
TNF-o secretion was determined in the presence of IFN-y,
FtMac stimulated 30.7% of the level of TNF-o stimulated
with FtB compared with 10.3% in the absence of IFN-y
(data not shown). Thus, as with cytokines, FtMac
stimulates lower levels of nitric oxide production than
FtB but IFN-y enhances the cytokine and nitric oxide
response to FtMac.

FtMac were grown in broth to determine how long it
would take to regain the ability to stimulate cytokine
secretion (Fig. 4). Incubation of FtMac in Mueller—Hinton
broth resulted in a progressive recovery of the ability to
stimulate TNF-o secretion by RAW 264.7 cells. Full
recovery required 18h. In addition, killing FtMac with
gentamicin or fixed in paraformaldehyde did not increase
the ability to stimulate cytokine secretion (Fig. 5). These
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Fig. 3. Nitric oxide production by RAW 264.7 cells stimulated with
F. tularensis grown in broth (FtB) or in macrophages (FtMac), or LPS
from E. coli. Macrophages were incubated 18 h with bacteria at an MOI
of 100 or with LPS at 100ng/ml. All cultures contained interferon-y
(100 units/ml). Nitrite concentrations are expressed as the mean+ SEM for
S experiments. *p<0.05 compared with the FtB value.
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Fig. 4. FtMac regains the ability to stimulate TNF-a secretion by
macrophages following incubation in broth. FtMac were incubated in
broth for the indicated time, washed and incubated with RAW 264.7 cells
for 18 h at an MOI of 100. TNF-« levels were determined by ELISA and
results are expressed as the percent or the level stimulated by FtB and are
the mean + SEM for 4 experiments. The control level of TNF-o stimulated
by FtB was 3.27+ 1.17 ng/ml. *p <0.05 compared with the zero time value.

results show that FtMac can revert to the FtB phenotype
and that reduced cytokine secretion does not require live
bacteria.

To determine if inhibition of cytokine secretion is the
mechanism for the reduced cytokine response to FtMac,
macrophages were infected with F. tularensis for 2h and
then stimulated with E. coli LPS. Infection of macrophages
with FtB did not inhibit subsequent LPS-stimulated
cytokine secretion. In contrast, cytokine secretion stimu-
lated with E. coli LPS was reduced in macrophages
previously infected with FtMac (Fig. 6). The percent of
LPS-stimulated cytokine secretion by macrophages in-
fected with FtMac compared with FtB was 47.2+8.4% for
TNF-o, 56.0+8.5% for IL-12p40, 43.2+10.3% for IL-6
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and 43.8+13.8% for MCP-1 (n = 6, mean+SEM). These
results suggest that FtMac may inhibit signaling pathways
for cytokine secretion.

Determination of bacterial phagocytosis revealed that
fewer FtMac were ingested than FtB (Fig. 7). The phagocytic
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Fig. 5. Killing FtB or FtMac has no effect on the ability to stimulate
TNF-a secretion by macrophages. Elicited peritoneal macrophages were
incubated with FtB or FtMac for 18 h at an MOI of 100. Bacteria were
killed with gentamicin (Gent) or with paraformaldehyde (Fixed). TNF-o
was determined by ELISA and the values are the mean+SEM of 3
separate experiments. *p <0.05 compared with the respective FtB value.

2
-
—1
E
(@)
£1t
L
Z *
'_
*
0 | —— L
FtB FtMac FtB-LPS  FtMac-LPS
400
-
L
H
8 200 |
(o]
=
*
*
o L .
FtB FtMac FtB-LPS  FtMac-LPS

index of FtMac at an MOI of 100 was 51% of that for FtB
and at an MOI of 10 it was 58%. The percentage of
macrophages that had ingested at least one bacterium was
19.3+0.33 for FtMac and 27.6+2.67 for FtB (n = 3) (data
not shown). The number of FtB and FtMac that were
bound but not ingested was about half of the number
ingested for either MOI (data not shown). A lower level of
ingestion by FtMac compared with FtB was also seen when
internalization was determined by CFU (Fig. 8). However,
the lower ingestion of FtMac does not account for the
minimal stimulation of cytokine secretion, because FtB
stimulated greater cytokine secretion at a MOI of 10 than
FtMac at an MOI of 100 (Fig. 1) even though more FtMac
were ingested at an MOI of 100 than FtB were at an MOI of
10 (Fig. 7).

To determine if the lower phagocytosis of FtMac was
due to inhibition of phagocytic function in general, the
ability of infected macrophages to phagocytose IgG-coated
beads was determined. FcyR phagocytic function was
unaffected by infection of macrophages with FtB or FtMac
(Fig. 9). Thus, in contrast to the effect on LPS-stimulated
cytokine secretion, infection of macrophages with FtMac
does not inhibit FcyR phagocytic function.

The ability of intracellular pathogens such as
F. tularensis to replicate within macrophages is critical
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Fig. 6. Effect FtB or FtMac on LPS-stimulated TNF-«, IL-12p40, IL-6 and MCP-1 secretion. Elicited peritoneal macrophages were incubated with Ft or
Ft M (FtMac) (MOI of 100) for 2h, washed, external bacteria killed with gentamicin (50 pg/ml), and then incubated for 18 h. In other experiments,
macrophages were infected in the same way except that after infection they were stimulated with E. coli LPS (100 ng/ml). Values are representative of 6
separate experiments. *p <0.05 compared with the respective FtB value.
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Fig. 7. Phagocytosis of FtB or FtMac by macrophages. RAW 264.7 cells
were incubated with FtB or FtMac at an MOI of 10 or 100 for 2 h. Cells
were fixed and stained with a fluorescently labeled anti-F. tularensis
antibody and phagocytosis was quantified by immunofluorescence
microscopy. Phagocytic index (number of ingested bacteria per 100
macrophages) values are the mean+SEM for 3 separate experiments.
*p<0.05 compared with the respective FtB value.
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Fig. 8. Replication of FtB or FtMac in macrophages. RAW 264.7 cells
were incubated with FtB or FtMac at an MOI of 100 for 2 h and washed.
External bacteria were killed and CFU determined at 4 and 24 h. Values
are the mean+ SEM for 4 separate experiments. *p <0.05 compared with
the FtB value.

for their pathogenicity. Following ingestion, F. tularensis
requires 4 h to break out of the phagosome of macrophages
and begin to replicate within the cytoplasm [2]. It was
found that FtB and FtMac replicated within macrophages
at similar rates between 4 and 24 h after ingestion (Fig. 8).
Similar results were obtained with U937 and MHS cells
over 48 h. In U937 cells, FtMac replicated 3.63+0.37log
and FtB replicated 3.4940.441log; and for MHS cells,
FtMac replicated 4.24+0.96log and FtB replicated
6.06+0.381log (n =4, mean+SEM, not significantly dif-
ferent). Thus, FtMac replicates at a rate similar to that of
FtB in macrophages.

Survival studies demonstrated that FtMac is more lethal
than FtB. Significantly more mice died when infected with
FtMac than with FtB (Fig. 10). The increased mortality
caused by FtMac may be due to failure of this phenotype
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Fig. 9. FcyR phagocytic function, as assessed from the ingestion of 1gG
coated beads, was determined after infection of macrophages with FtB or
FtMac. RAW264.7 cells were incubated with FtB or FtMac (MOI of 100)
for 2 h, washed and then allowed to phagocytose IgG-coated beads (MOI
of 10) for 30 min. Macrophages were fixed and the number of ingested
beads counted by immunofluorescence. Results are expressed as the
number of ingested beads per 100 macrophages and the values are the
mean+SEM for 3 separate experiments.
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Fig. 10. Survival of Balb/C mice following infection with FtB or FtMac.
Mice were anesthetized and infected by the intranasal route with
5000 CFU of bacteria. Survival was recorded twice a day for 21 days.
There were no additional deaths beyond day 14. There were 13 mice per
group. There was a significant difference in survival rate (p <0.05).

to stimulate bactericidal mechanisms due to the secretion
of low levels of inflammatory cytokines.

3. Discussion

An important factor in the spread of an F. tularensis
infection is the ability of this organism to infect macro-
phages, replicate within them, break out and infect other
macrophages [1-3]. One of the defenses against this
strategy is for the macrophage to limit replication of the
bacteria by producing inflammatory cytokines that in-
crease the bactericidal capacity of the macrophages. The
results reported here show that F. tularensis grown in broth
(FtB) stimulate the secretion of inflammatory cytokines by
macrophages, however, bacteria that have broken out of
macrophages (FtMac) stimulate a limited cytokine re-
sponse. This may allow an infection with F. tularensis to
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progress without activating the bactericidal functions of
the host. Such a paradigm may explain the high infectivity
of F. tularensis in that a small inoculum would stimulate a
limited innate response and subsequent amplification of the
infection with bacteria released from macrophages would
cause a minimal inflammatory cytokine response. Indeed,
it was found that FtMac causes a greater mortality rate
than FtB.

Consistent with previous reports, the present study
shows that levels of inflammatory cytokines stimulated
by LPS from E. coli were in the same range as those caused
FtB when the macrophages were incubated continuously
with the bacteria [4,18]. FtB stimulated the secretion of
TNF-a and IL-12p40 with a time course similar to that
caused by LPS from E. coli (data not shown). We also
found that when FtB were allowed to infect the macro-
phages for 2h very low levels of cytokines were produced
which is also in agreement with previous work [19,20].
Other studies have shown that F. tularensis, LVS can
stimulate the secretion of cytokines after 3 days in
culture [15,21,22].

F. tularensis that has undergone a growth cycle through
macrophages (FtMac) stimulated the secretion of inflam-
matory cytokines 10-fold less than FtB. This difference was
seen with different MOI, macrophages or human mono-
cytes and when macrophages were incubated with the
bacteria overnight (Figs. 1 and 2) or infected for 2h
(Fig. 6). Low levels of cytokine secretion induced by FtMac
was unaltered when the organism was killed suggesting that
the reduced cytokine secretion was not due to a factor
secreted by the bacteria but rather due to a change in the
surface of the bacteria. In addition, colonies of FtB and
FtMac grown on agar have an identical appearance,
arguing against the possibility that FtMac is a phase
variant.

As with inflammatory cytokines, FtMac also stimulated
lower levels of nitric oxide than FtB. The reduced
production of this bactericidal agent could allow increased
survival of the FtMac phenotype. FtMac did not reduce
the production of nitric oxide to the same extent as
inflammatory cytokines. However, it is possible that FtMac
would stimulate little nitric oxide in a host because the
production of nitric oxide requires the presence of IFN-y.
Since IFN-y is stimulated by IL-12 and FtMac stimulates
low levels of IL-12, it is unlikely that FtMac would cause
the production of high levels of nitric oxide.

Infection of macrophages with FtMac was found to
reduce subsequent cytokine secretion stimulated with
E. coli LPS. However, LPS-stimulated cytokine secretion
was not fully blocked by infection with FtMac, which may
reflect the fact that not all of the macrophages were
infected. A likely mechanism for the inhibition of cytokine
secretion by FtMac is interference with the MAPK to NF-
kB signaling pathways. Telepnev et al. [20,23] have shown
that the inhibition of cytokine secretion due to infection of
macrophages with F. tularensis was associated with a
reduction in the activation of MAPK and NF-xB [20,23].

Inhibition of these signaling pathways is common among
intracellular pathogens but the mechanism by which the
inhibition occurs differs between organisms [24-26]. In
contrast to the effect on cytokine secretion, FtMac did not
inhibit FcyR-mediated phagocytosis suggesting that spe-
cific signaling pathways are inhibited by FtMac. We are
currently investigating the signaling pathways involved in
the effects of FtMac.

Previous work by Telepnev et al. [20] has shown that
infection of macrophages with F. tularensis LVS grown on
Thayer—Martin agar, inhibited cytokine secretion stimulated
by LPS and bacterial lipoproteins. They found that the
degree of inhibition of LPS-stimulated TNF-a secretion was
dependent on the MOI and that when each macrophage had
ingested at least one bacteria cytokine secretion was fully
blocked. We did not detect an inhibition of LPS-stimulated
cytokine secretion when macrophages were infected with
FtB. However, there are several differences in experimental
protocol between the two studies that could explain the
disparate results including the conditions for growing the
bacteria and the macrophages used.

FtMac was ingested at a lower rate than FtB by
macrophages. This was not due to a general depression
of phagocytic function because macrophages infected with
FtMac had unchanged FcyR-mediated phagocytosis.
Changes in the bacteria caused by growth in macrophages
appear to alter its recognition by macrophages. Interpreta-
tion of these results is hampered by incomplete knowledge
of the receptors involved in the recognition of F. tularensis.
A recent paper by Clemens et al. [27] found that
complement receptors could mediate the phagocytosis of
serum-opsonized F. tularensis. Since we used heat-inacti-
vated serum, it is unlikely that complement components are
involved in our phagocytosis measurements. Further work
is required to determine the role of receptors such as
mannose, dectin and complement receptor 3 in the
phagocytosis of F. tularensis. Even though the phagocy-
tosis of FtMac was reduced, its rate of replication within
macrophages is similar to that of FtB.

The results of this study expand our understanding of
factors that can influence the ability of F. tularensis to
stimulate or suppress cytokine secretion. In addition, this
study emphasizes the importance of the growth conditions
when studying the effect of F. tularensis on macrophages.
Our results suggest that initial encounters with macro-
phages results in recognition of F. tularensis that causes the
stimulation of inflammatory cytokines. However, when
subsequent generations of bacteria break out of the
macrophages they are changed in a way that allows them
to invade new cells and replicate within them without
stimulating cytokine secretion. The reduced cytokine
response limits the ability of the host to control the
infection resulting in increased mortality. An alternative
interpretation of these results is that since F. tularensis may
reside within cells in nature, natural infections may be by
bacteria that have grown in cells and may cause little innate
response by host macrophages.
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4. Methods and materials

F. tularensis live vaccine strain (LVS) was a gift from
Karen L. Elkins. Bacteria were grown in Mueller—Hinton
broth to early exponential phase. For growth in macro-
phages, RAW 264.7 cells (2 x 10° per well) were adhered to
6 well palates and F. tularensis was added at an MOI of
100, incubated for 2h, washed and extracellular bacteria
killed with Gentamicin (50 ug/ml for 1h). The wells were
washed twice with PBS and incubated with fresh media for
72 h. Extracellular bacteria were collected by removing the
media, washing the adherent macrophages and then
centrifuging the media and washes at 200g to remove any
macrophages. A total of 1-5 x 10° FtMac were recovered
from three 6 well plates of RAW 264.7 cells. FtMac could
not be obtained from elicited peritoneal macrophages
probably due to their partial activation. No FtMac were
obtained after 24 h and 10% of the number collected at 72
could be collected at 48 h. F. tularensis did not multiply in
the cell culture media used. For all experimental condi-
tions, F. tularensis were washed (3000g for 20min),
suspended in cell culture media without antibiotics and
counted by dark field microcopy. Similar numbers were
obtained from colony-forming units determined by growth
on chocolate agar plates. FtMac were never stored more
than 24 h at 4 °C before use. Bacteria were more than 95%
viable by BacLight™ analysis (Molecular Probes).

Peritoneal macrophages were elicited with thioglycolate
in Balb/C mice and were obtained by lavage of the
peritoneal cavity with 2 x 8 ml of PBS. The peritoneal
exudate cells were washed, suspended in DMEM media
and enriched for macrophages by adhesion for 2h (48 well
tissue culture plates at 5 x 10°/well). RAW 264.7 cells and
MHS were cultured in DMEM. U937 cells were grown in
RPMI media and treated with PMA (1 pg/ml) for 3 days
prior to use. Elutriated human monocytes were purchased
from the University of Nebraska Medical Center, Omaha,
NE and incubated in RPMI media. Cell culture media
contained 10% heat inactivated newborn calf serum
supplemented with iron. All macrophage cultures contain-
ing F. tularensis were antibiotic free except during
gentamicin treatment (1 h) to kill extracellular bacteria.

For cytokine studies, F. tularensis grown in broth (FtB)
or macrophages (FtMac) were added to macrophages in
antibiotic-free media at an MOI of 1 (5 x 10°/well), 10
(5 x 10°/well) or 100(5 x 107 /well). LPS (E. coli 0111:B4)
(Sigma) was used as a positive control for cytokine
secretion. Macrophages were incubated with each stimulus
for 18 h and cytokine levels in the media were determined.
TNF-o and IL-12p40 levels were determined using ELISA
kits from R&D Systems and BD Biosciences, respectively.
TNF-«, IL-6 and MCP-1 were determined using the mouse
inflammation cytokine cytometric bead array kit from BD
Biosciences. Similar results for TNF-a levels were obtained
from ELISA and cytometric bead array assays. Nitric
oxide production by macrophages was assessed from nitrite
levels in the media as determined using the Griess reaction.

At 24 h after addition of FtB or FtMac at an MOI of 100,
more than 95% of the macrophages were viable as
determined by exclusion of trypan blue and there was no
change in the number of attached macrophages.

Phagocytosis of F. tularensis was determined using a
fluorescent phagocytosis assay. FtB or FtMac were added
to macrophages at an MOI of 10 or 100 and centrifuged on
to the cells at 800g for 10 min to increase contact between
bacteria and macrophages. Phagocytosis was allowed to
proceed for 2 h, after which the macrophages were washed
and fixed with 3.7% paraformaldehyde. External bacteria
were stained with an antibody against F. tularensis (FB11,
Research Diagnostics) and visualized with an Alexa 488
(green) secondary antibody. The macrophages were
then permeabilized, stained with FB11 again and visualized
with an Alexa 568 (red) secondary antibody. In this
way the internal bacteria (red) were distinguished from
the bound/external organisms (red + green = orange/yel-
low). Results were quantified visually and reported as
phagocytic index (number of ingested bacteria per 100
macrophages).

The method described above was also used to determine
Fcy receptor (FcyR) phagocytic function as assessed by on
the ability of macrophages to phagocytose IgG opsonized
glass beads (2um). In this case, macrophages were
incubated with FtB or FtMac at a MOI of 100 for 2h,
washed and then incubated with IgG-coated beads (MOI
of 10) labeled with Alexa 568 for 30 min. The cells were
washed and fixed and external beads labeled with Alexa
488. Phagocytic index for the beads was determined. Glass
beads not coated with IgG were not phagocytosed by the
macrophages.

Phagocytosis and proliferation of F. tularensis in
macrophages was determined using macrophages seeded
onto 6 well plates at a million per well. F. tularensis, grown
in Mueller—Hinton broth or in macrophages, were added to
the macrophages at an MOI of 100 and centrifuged on to
the cells (800g, 10 min). The macrophages were infected for
2h, washed and extracellular bacteria were killed with
gentamicin (50ug/ml, 1h). The cells were then washed
twice in PBS with rocking for Smin. Culture media was
added and incubated for 1, 24 or 48h. The media was
removed and the macrophages lysed with sodium deox-
ycholate (700 pl, 0.1%) for Smin at 37 °C. The lysate was
removed and the plate washed 5 times with media. The
media, lysate and wash media were combined and the
bacteria were recovered by centrifugation. Serial dilutions
were incubated on CA plates for 72h at 37°. CFU at 1h
indicated the number of F. tularensis that were taken up by
the macrophages and the 24 and 48 h time points indicated
subsequent proliferation.

Survival studies were carried out using intranasal
infection of mice as described by Duckett et al. [9]. Briefly,
mice were anesthetized with ketamine and xylazine and
were infected with FtB or FtMac in 40pul of Ringer’s
solution containing 5000 CFU. The number of CFU
inoculated was confirmed at the time of the experiment.
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Data are expressed as the mean+ SE. Survival data were
analyzed using the Kaplan—Meir survival analysis and all
other comparisons were analyzed using the Students’ ¢-test.
The level of confidence was placed at 95% for all
experiments.
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