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ABSTRACT Francisella tularensis subsp. tularensis is a highly pathogenic intracellular
bacterium that suppresses host inflammation by impairing the metabolic shift from oxi-
dative phosphorylation to glycolysis. Decreased mitochondrial metabolism is central to
initiating a metabolic shift to glycolysis and regulating inflammation, but F. tularensis
subsp. tularensis manipulation of host mitochondrial function has not been explored. We
demonstrate, using extracellular flux analysis, that F. tularensis subsp. tularensis infection
initially improves host macrophage mitochondrial bioenergetics in a capsule-dependent
manner. Enhancement of mitochondrial function by F. tularensis subsp. tularensis al-
lowed for modest replication and inhibition of apoptosis early after infection. However,
using live cell imaging, we found that F. tularensis subsp. tularensis facilitated the loss of
mitochondrial function at later time points during infection in a capsule-independent
fashion. This loss of function was paired with oncosis and rapid bacterial replication. In-
hibition of oncosis reduced intracellular bacterial numbers, underscoring the require-
ment for this process during F. tularensis subsp. tularensis infection. These findings estab-
lish that temporal mitochondrial manipulation by F. tularensis subsp. tularensis is critical
for maintenance of a noninflammatory environment and subsequently aids in optimal
replication and dissemination of this pathogenic organism.
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Infection with as few as 10 CFU of Francisella tularensis subsp. tularensis bacteria can
result in the life-threatening disease known as tularemia. Pneumonic acquisition is

the most lethal route of infection, resulting in mortality rates approaching 60% (1).
Historically, the low infectious dose and high mortality rate led to the development of
F. tularensis subsp. tularensis as a biological weapon and, more recently, its classification
as a tier 1 select agent by the Centers for Disease Control and Prevention in the United
States. As a facultative intracytosolic pathogen, F. tularensis subsp. tularensis primarily
targets macrophages and dendritic cells for infection and replication. Successful infec-
tion with F. tularensis subsp. tularensis is dependent upon effective suppression and
evasion of macrophage activation and the associated inflammation. F. tularensis subsp.
tularensis rapidly impairs host macrophage inflammatory cascades upon contact and is
able to replicate to high titers within the cytosolic compartment without triggering cell
activation or an overt inflammatory response (2–4). Moreover, cytokine responses are
typically delayed until host mortality is imminent (2–4). Therefore, understanding the
mechanisms by which F. tularensis subsp. tularensis manipulates host inflammatory
responses is essential for developing novel therapeutics and vaccines.

There is growing recognition of the importance of host cell metabolism in regulat-
ing inflammation. A metabolic shift from oxidative phosphorylation (OXPHOS) to
aerobic glycolysis is required for macrophage activation and inflammatory cytokine
production (5). Metabolites from glycolysis regulate multiple pathways that constitute
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macrophage activation and provide important carbon mass for generation of cytokines
and chemokines (5). With an increased reliance on glycolysis for ATP, mitochondria can
become repurposed for generation of reactive oxygen species (ROS) and antimicrobial
metabolites. Furthermore, the integrity of mitochondria is central to mediating the fate
of infected cells, including preservation of viability or activation of programmed death
pathways (6). We previously established that the O-antigen polysaccharide capsule of
F. tularensis subsp. tularensis has an integral role in the suppression of host cell
inflammatory responses by impairing the metabolic shift to glycolysis (7). However, the
specific mechanisms by which F. tularensis subsp. tularensis and its associated capsule
manipulate host cell metabolism, including effects on mitochondrial function, have not
been determined.

Herein we provide evidence for the temporal manipulation of mitochondrial func-
tion by F. tularensis subsp. tularensis during infection in two distinct phases. F. tularensis
subsp. tularensis infection initially improves mitochondrial function in a capsule-
dependent manner through specific complexes of the electron transport chain (ETC) to
promote cell survival and prevent induction of inflammatory responses. Using live cell
imaging, we also establish that this first phase of infection is followed by rapid
dissolution of the mitochondrial potential, resulting in dramatic oncotic events that are
independent of capsule. Furthermore, the loss of mitochondrial function and oncosis
were required for optimal bacterial replication. Our data provide novel insight into how
a highly pathogenic, intracellular pathogen manipulates the host cell metabolism to
initially temper inflammatory responses followed by rapid replication and points to new
targets that could be exploited by novel antimicrobial therapeutics.

RESULTS
F. tularensis subsp. tularensis capsule manipulates host mitochondrial function.

A metabolic shift from OXPHOS to glycolysis is essential for activation of macrophages
and repurposing the mitochondria as a proinflammatory signaling platform (5). Prior
studies in our laboratory demonstrated an integral role for F. tularensis subsp. tularensis
capsule in preventing host macrophage activation by impairing the metabolic shift to
glycolysis following infection (7). However, it was unclear if the capsule directly
interfered with steps in the glycolytic pathway or if the inability of the cell to shift to
glycolysis was a result of manipulation of mitochondrial function. To determine if F.
tularensis subsp. tularensis capsule affected mitochondrial function, we assessed mito-
chondrial bioenergetics following infection with F. tularensis subsp. tularensis (SchuS4)
or a F. tularensis subsp. tularensis capsule mutant, SchuS4 Δ1238 (Δ1238). Both bacteria
and host cells undergo respiration in culture. Thus, before we could determine the
impact of F. tularensis subsp. tularensis infection on host cell mitochondrial function, we
established the threshold of bacterial numbers that may contribute to our readout for
this organelle, i.e., oxygen consumption. Increasing numbers of SchuS4 bacteria were
suspended in Seahorse Mito Stress medium (nutrient minimal) or modified Mueller-
Hinton (MMH) broth (a nutrient-rich broth used to propagate F. tularensis subsp.
tularensis), and the oxygen consumption rates (OCR) were assessed as previously
described for other bacterial pathogens (8). As expected, OCR increased proportionally
with the number of bacteria. However, OCR was greater in MMH broth than in Seahorse
Mito Stress medium (see Fig. S1A in the supplemental material). The limit of detection
of OCR by SchuS4 was approximately 500,000 CFU in both media. Therefore, we utilized
multiplicities of infection (MOIs) and time points after infection in which the number of
bacteria within host cells was below this threshold (3 to 9 h; Fig. S1B) for the following
experiments.

Next, we measured mitochondrial function among infected bone marrow-derived
macrophages (BMM) in real time following injection of oligomycin A, carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP), and rotenone-antimycin, as detailed in Fig.
S2. Infection with either SchuS4 and Δ1238 resulted in increased basal mitochondrial
respiration rates and proton leak among host cells as early as 6 h after infection (Fig. 1A
to C). In contrast, SchuS4 infection resulted in maintenance of spare respiratory
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capacity, while infection with Δ1238 decreased this parameter compared to that in
mock-infected cells (Fig. 1D). No significant differences in nonmitochondrial respiration
rates were observed between SchuS4 and Δ1238 (Fig. 1E). The SchuS4 Δ1238 comple-
mented mutant (Δ1238c) behaved similarly to SchuS4, confirming the role of capsule
in manipulation of mitochondrial function (Fig. 1A to E). The ability of SchuS4 to
increase basal respiration while maintaining spare respiratory capacity is consistent
with the hypothesis that SchuS4 improves mitochondrial function, in part, through a
capsule-dependent process.

FIG 1 F. tularensis subsp. tularensis capsule manipulates host mitochondrial function. (A) Results of the
Mito Stress test performed on BMM at 6 h following infection with SchuS4, Δ1238, or Δ1238c (MOI, 50).
(B to E) Individual parameters of mitochondrial function were obtained from the trace in panel A, including
basal respiration (B), proton leak (C), spare respiratory capacity (D), and nonmitochondrial respiration (E). (F)
Results of the Mito Stress test on BMM at 6 h following treatment with isolated capsule (10 �g/ml) or R848
(5 ng/ml). (G to J) Individual parameters of mitochondrial function were obtained from the trace in panel F,
including basal respiration (G), proton leak (H), spare respiratory capacity (I), and nonmitochondrial respiration
(J). Metabolic traces from a representative experiment that was repeated 3 times with similar results are
shown. Data are presented as the mean � SEM for 6 technical replicates. P values were determined using
one-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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We next confirmed that capsule had a direct role in increased host cell mitochon-
drial metabolism. Similar to the findings after infection with intact SchuS4, addition of
purified SchuS4 capsule to BMM resulted in increased basal respiration and proton leak
and maintained the spare respiratory capacity at 6 h posttreatment compared to that
in cells treated with the Toll-like receptor 7 (TLR7)/TLR8 agonist R848 or mock-treated
controls (Fig. 1F to I). Both R848 and capsule marginally increased nonmitochondrial
respiration rates (Fig. 1J). The increased mitochondrial basal respiration and sustained
spare respiratory capacity were dose dependent (Fig. S3A and B) and maintained for up
to 24 h after treatment (data not shown). To determine if the effects of SchuS4 capsule
on mitochondrial function were a general feature of exposure to complex bacterial
capsules, we examined the ability of Klebsiella pneumoniae capsule to manipulate
mitochondrial function and glycolysis. In contrast to SchuS4 capsule, K. pneumoniae
capsule stimulated a shift away from OXPHOS to glycolysis and drove cytokine pro-
duction, whereas SchuS4 capsule did not induce glycolysis or cytokine responses (Fig.
S4A to C). Together these data support the notion that SchuS4 capsule contributes to
the increased function of mitochondria among F. tularensis subsp. tularensis-infected
cells and that capsule is unique in its ability to maintain mitochondrial function
compared to another complex polysaccharide capsule.

SchuS4 improves mitochondrial metabolism through ETC complexes I and II.
The electron transport chain (ETC) is the heart of the mitochondria, transferring
electrons and protons and coupling with OXPHOS for the generation of ATP. The ability
of SchuS4 to increase basal respiration and maintain spare respiratory capacity may
reflect altered ETC activity. To address this question, we permeabilized SchuS4-infected
BMM and directly supplied mitochondria with specific complex I or II substrates
following methods adapted from those of Divakaruni et al. (9). Permeabilization of host
cells allowed for quantification of state 3 respiration (phosphorylating respiration that
is controlled by substrate oxidation and ATP synthase activity), state 4o respiration
(unphosphorylating respiration that is indicative of proton leak), and the respiratory
control ratio (RCR; calculated as the state 3 OCR/state 4o OCR). The RCR is used as an
overall indicator of mitochondrial health (10). SchuS4 infection increased state 3
respiration rates in the presence of glutamate and fatty acids (complex I) and succinate
(complex II) (Fig. 2A). No significant differences in state 3 respiration rates were
observed between mock- and SchuS4-infected cells provided with pyruvate (complex I)
(Fig. 2A). This suggested that SchuS4 increased mitochondrial respiration rates via
manipulation of both complex I and II in a manner that did not require increased
pyruvate utilization. In contrast, infection with Δ1238 resulted in decreased state 3
respiration rates when pyruvate, glutamate, and fatty acid were supplied to the
mitochondria (Fig. 2A). The capsule complement mutant (Δ1238c) increased state 3
respiration rates when glutamate and fatty acid were supplied to the mitochondria,
similar to the findings for SchuS4 (Fig. 2A). SchuS4, Δ1238, and Δ1238c infection
increased state 4o respiration rates, and these rates were not significantly different from
each other, indicating that F. tularensis subsp. tularensis infection caused an increased
proton leak that was independent of capsule (Fig. 2B). Finally, SchuS4- and Δ1238c-
infected BMM had significantly higher RCR values than Δ1238-infected BMM (Fig. 2C).
Taken together, these data indicate that the increase and/or maintenance of complex
I and II activity and the concomitant maintenance of mitochondrial ETC function early
after SchuS4 infection are capsule dependent.

To further confirm the contribution of capsule to improvement of mitochondrial ETC
function, we next exposed BMM to isolated capsule and assessed substrate utilization
by specific ETC complexes, as described above. The findings obtained with BMM
treated with capsule recapitulated the findings observed among SchuS4-infected cells,
including a general increase in complex I and II substrate utilization (Fig. 2D). However,
with capsule exposure, a significant increase in pyruvate utilization was also observed.
BMM treated with capsule also had increased state 4o respiration rates when glutamate
and succinate were supplied to the mitochondria. No significant differences from the
results obtained with the other complex I substrates were observed, though a trend
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toward increased proton leak was evident (Fig. 2E). Finally, no significant differences in
RCR were observed between mock- and capsule-treated BMM (Fig. 2F). This is likely due
to no significant change in the magnitude of state 4o respiration rates following
capsule treatment. Together, these data demonstrate that there was both capsule-
dependent and -independent manipulation of the mitochondria by SchuS4. Specifi-
cally, the general increase in mitochondrial ETC function through both complex I and
II substrate utilization and maintenance of complex I activity was capsule dependent,
whereas the proton leak triggered by F. tularensis subsp. tularensis was independent of
capsule.

FIG 2 SchuS4 improves mitochondrial metabolism through ETC complex I (CI) and complex II (CII). (A) State 3
respiration rates for the complex I substrates pyruvate, glutamate, and palmitoyl-L-carnitine (PLC) and the complex
II substrate succinate at 6 h following SchuS4, Δ1238, or Δ1238c infection (MOI, 50). (B) State 4o respiration rates
following oligomycin injection (2 �M) for complex I substrates pyruvate, glutamate, and palmitoyl-L-carnitine and
complex II substrate succinate at 6 h following SchuS4, Δ1238, or Δ1238c infection (MOI, 50). (C) The corresponding
respiratory control ratio (RCR; state 3 OCR/state 4o OCR) from panels A and B. (D) State 3 respiration rates for
complex I substrates pyruvate, glutamate, and palmitoyl-L-carnitine and complex II substrate succinate at 6 h
following treatment of BMM with isolated SchuS4 capsule (10 �g/ml). (E) State 4o respiration rates following
oligomycin injection (2 �M) for complex I substrates pyruvate, glutamate, and palmitoyl-L-carnitine and complex
II substrate succinate at 6 h following treatment of BMM with isolated SchuS4 capsule (10 �g/ml). (F) The
corresponding RCR from panels D and E. Data from a representative experiment that was repeated 3 times with
similar results are shown. Data are presented as the mean � SEM for 6 to 8 technical replicates. P values indicate
the significance of the difference compared to the mock-infected group or the indicated group, determined using
one-way ANOVA. n.s., not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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Capsule increases mitochondrial network volume. The increased mitochondrial
respiration following SchuS4 infection or capsule treatment may reflect changes in mito-
chondrial morphology, number, or size. Thus, we next evaluated if SchuS4-mediated
enhancements of mitochondrial function were associated with alterations in any of these
parameters. We did not observe any significant differences in mitochondrial DNA
(mtDNA) copy number between infected and mock-infected BMM, indicating that
mitochondrial biogenesis was not a major factor contributing to increased OCR follow-
ing infection (Fig. 3A and B). No significant differences in cytochrome c levels were
observed following SchuS4 infection (Fig. 3C and D). However, increased cytochrome c
levels were observed following exposure to capsule (Fig. 3E and F), suggesting that
mitochondrial size or content may be altered. An alteration in cytochrome c levels may
not reflect changes in mitochondrial morphology, such as fusion of mitochondrial
networks, that can result in increased respiration rates (11). To assess mitochondrial
network or volume expansion, BMM were infected with SchuS4 or treated with capsule
and then stained after 6 h using MitoTracker Red. z-stack images were acquired, and
mitochondrial networks were modeled in three dimensions (3D) using Imaris software,
allowing determination of the mitochondrial network volume relative to the total cell
volume. Both SchuS4 infection and capsule treatment increased the mitochondrial
network volume (Fig. 3G to J). Taken together, these findings suggest that increased
OXPHOS following capsule exposure correlates with increased mitochondrial network
volume.

SchuS4 and capsule impair apoptotic cell death. We previously established that
SchuS4 inhibits glycolysis, and data presented herein suggest that this is a feature of its
ability to enhance mitochondrial function as a mechanism to limit production of
proinflammatory cytokines (7). However, manipulation of mitochondrial activity and
morphology early during SchuS4 infection may also serve to prevent apoptosis (11) and
thereby maintain the replicative niche of this intracellular bacterium. To test this
hypothesis, we utilized multiple mechanisms to induce intrinsic apoptosis in BMM
infected with SchuS4 or treated with capsule. Removal of macrophage colony-stimula-
ting factor (M-CSF) from primary cells has been shown to induce apoptosis through
mitochondrial membrane destabilization, resulting in activation of caspase-9 (12).
Therefore, we infected cells with SchuS4 and deprived cultures of M-CSF for 48 h to
determine if SchuS4 impaired apoptosis under M-CSF-depleted conditions. BMM in-
fected with SchuS4 displayed significantly less cell death following removal of M-CSF
from cultures than mock-infected controls (Fig. 4A). Similarly, BMM treated with SchuS4
capsule also had significantly less cell death than mock-treated cells when M-CSF was
removed from the cultures (Fig. 4B). We confirmed these results by microscopy using
the vital dye NucGreen. Both SchuS4 and capsule significantly reduced the number of
NucGreen-positive cells in M-CSF-depleted cultures (Fig. 4C and D).

Increased amounts of cleaved caspase-9 and caspase-3 are central indicators of
mitochondrion-associated apoptosis. In agreement with the reduction in cellular cyto-
toxicity observed as described above, SchuS4-infected and capsule-treated cells had
reduced cleaved caspase-9 and caspase-3 compared to mock-infected BMM depleted
of M-CSF (Fig. 4E to H). Staurosporine (STS) treatment of BMM for 9 h was used as an
additional positive control for induction of apoptosis. These data indicate that F.
tularensis subsp. tularensis and its associate capsule suppressed the progression of cells
toward apoptosis. To further confirm a role for manipulation of mitochondrion-directed
apoptosis, we tested the ability of SchuS4 and capsule to impair cytotoxicity in BMM
following treatment with the complex I inhibitor rotenone. Both SchuS4 infection and
capsule treatment significantly inhibited rotenone-induced cell death (Fig. 4I to J).
Therefore, in addition to limiting inflammatory responses, amplification of mitochon-
drial activity by SchuS4 also aids in resistance to induction of apoptosis among infected
cells.

SchuS4 capsule-independent transition to prooncotic phase of cell death.
Although we established that SchuS4 actively inhibits apoptosis, eventually, infected
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cells do die. How this process occurs in SchuS4-infected macrophages, including the
discrete sequence of events, is not understood. It has been shown that attenuated
strains of Francisella induce either pyroptosis or necroptosis (13–16). We have previ-
ously shown that SchuS4 does not induce inflammasome activity and associated

FIG 3 Capsule increases mitochondrial network volume. (A) Mitochondrial DNA copy number at 6 h
following SchuS4 infection (MOI, 50). (B) Mitochondrial DNA copy number at 6 h following capsule
treatment (10 �g/ml). (C and D) Western blot of cytochrome c (Cyt-C) (C) and the corresponding
densitometry of cytochrome c levels (D) in BMM cell lysates at 6 h following SchuS4 infection (MOI, 50).
(E and F) Western blot of cytochrome c (E) and the corresponding densitometry of cytochrome c levels
(F) in BMM cell lysates over time following capsule treatment (10 �g/ml). (G) MitoTracker Red staining
and Imaris 3D reconstruction of the mitochondrial network in BMM at 6 h after SchuS4 infection (MOI,
50). (H) The corresponding quantification of the mitochondrial network volume from panel G. Mito/Cyto,
MitoTracker Red volume/cytosolic volume ratio. (I) MitoTracker Red staining and Imaris 3D reconstruction
of the mitochondrial network in BMM at 24 h after treatment with capsule (10 �g/ml). (J) The
corresponding quantification of the mitochondrial network volume from panel I. Western blot images
and densitometry results are representative of those from 3 separate experiments. Confocal images are
representative of those from 2 separate experiments in which 10 to 12 cells were used per group for 3D
reconstruction and quantification of the mitochondrial network volume. For quantification of the
mitochondrial volume and mtDNA copy number, data are presented as the mean � SEM (three technical
replicates) from one representative experiment which was repeated three times. P values were deter-
mined using Student’s t test. *, P � 0.05; ***, P � 0.001.
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FIG 4 SchuS4 and capsule impair apoptotic cell death. (A) Cytotoxicity, as determined by extracellular LDH activity, in BMM infected with SchuS4 (MOI, 5) and
then starved of M-CSF (48 h). (B) Cytotoxicity, as determined by extracellular LDH activity, in BMM exposed to capsule (10 �g/ml) and then starved of M-CSF
(48 h). (C) Percent cell death, as determined by the percentage of NucGreen-positive cells, in BMM infected with SchuS4 (MOI, 5) and then starved of M-CSF

(Continued on next page)
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pyroptosis (17). Necroptosis is a form of programmed cell death that is also linked to
mitochondrial health. A recent report indicated that attenuated F. tularensis subsp.
holarctica (LVS) promoted mitochondrial failure and necroptosis in BMM, as measured
by an increase in phosphorylated receptor-interacting protein kinases (RIPK) and
mixed-lineage kinase domain-like pseudokinase (MLKL) (16). Given the ability of SchuS4
to modulate mitochondrial function, we determined if SchuS4 induced necroptosis in
BMM, as is similarly observed among cells infected with LVS. Tumor necrosis factor
alpha (TNF-�), in addition to the pan-caspase inhibitor Z-Val-Ala-Asp fluoromethyl
ketone (ZVAD), was used as a positive control for induction of the phosphorylation of
MLKL required for necroptosis (Fig. S5A and B). In agreement with previously published
results, BMM infected with LVS triggered increased phosphorylation of RIPK and MLKL
in a dose- and time-dependent manner (Fig. S5C to F) (16). However, cytotoxicity was
not significantly different between LVS-infected BMM and LVS-infected BMM treated
with necrostatin-1 (Fig. S5G). Furthermore, necrostatin-1 treatment of LVS-infected cells
did not significantly impair bacterial replication (data not shown). Discrepancies in our
results with LVS and those with LVS previously published may be a consequence of the
different infection models used between the studies (16). Regardless, in contrast to LVS,
SchuS4 infection of BMM resulted in no change in the amount of phosphorylated RIPK
at 24 and 48 h (MOI, 10) and decreased the amount of phosphorylated MLKL compared
to that in mock-infected cells over time (Fig. S6A to C). Addition of necrostatin-1 had
no significant effect on cell death or bacterial replication among SchuS4-infected cells
(Fig. S6D to G). These data indicate that while necroptosis may be a feature of
LVS-triggered cell death, it is not a primary mechanism of cell death following SchuS4
infection. The altered capacity of LVS to manipulate mitochondrial function, similar to
that of SchuS4, may account for the increased apoptosis or necroptosis. Therefore, we
compared the mitochondrial function of SchuS4- and LVS-infected BMM at 6 h. LVS
infection increased basal respiration rates more than SchuS4 infection did at 6 h but
decreased spare respiratory capacity rates, indicating mitochondrial dysfunction (Fig.
S7A to D). Additionally, increases in basal respiration rates were temporally protracted
in LVS-infected cultures compared to SchuS4-infected cultures (Fig. S7E), further sup-
porting the notion that LVS interacts with host mitochondria differently than SchuS4.

Since we did not observe cells undergoing apoptosis or necroptosis, it was possible
that the mechanism of cell death mediated by SchuS4 was an alternative cell death
process. Oncosis is a form of cell death morphologically characterized by cell swelling
and blistering (18). Therefore, we determined whether SchuS4 induced oncosis in
infected cells. Cell swelling is preceded by a loss in mitochondrial membrane potential
(Δ�M) due to opening of the mitochondrial membrane permeability transition pore
(mPTP), resulting in depletion of the ATP needed for maintenance of Na�/K ion pumps.
Thus, we first determined if there were temporal changes in ATP levels among
SchuS4-infected cells. ATP levels increased at 4 h postinfection, consistent with in-
creased OCR (Fig. 1 and 5A). However, ATP levels decreased back to the levels for
mock-infected cells by 8 h and were reduced to below those for mock-infected cells by
24 h and 48 h after infection (Fig. 5A). The drop in ATP at these later time points was
not due to significant changes in cytotoxicity compared to that for the mock-infected

FIG 4 Legend (Continued)
(48 h) (D) Percent cell death, as determined by the percentage of NucGreen-positive cells, in BMM exposed to capsule (10 �g/ml) and then starved of M-CSF
(48 h). (E) Western blots and the corresponding densitometry analysis results showing cleaved and total caspase-9 (C9) levels in BMM infected with SchuS4 (MOI,
5) and then starved of M-CSF (48 h). Staurosporine treatment (1 �M) of BMM for 9 h was used as the positive control. (F) Western blots and the corresponding
densitometry analysis results showing cleaved and total caspase-3 (C3) levels in BMM infected with SchuS4 (MOI, 5) and then starved of M-CSF (48 h).
Staurosporine treatment (1 �M) of BMM for 9 h was used as the positive control. (G) Western blots and the corresponding densitometry analysis showing
cleaved and total caspase-9 levels in BMM exposed to capsule (10 �g/ml) and then starved of M-CSF (48 h). Staurosporine treatment (1 �M) of BMM for 9 h
was used as the positive control. (H) Western blots and the corresponding densitometry analysis showing cleaved and total caspase-3 levels in BMM exposed
to capsule (10 �g/ml) and then starved of M-CSF (48 h). Staurosporine treatment (1 �M) of BMM for 9 h was used as the positive control. (I) Extracellular LDH
levels in BMM culture supernatants at 24 h following infection with SchuS4 (MOI, 10) and exposure to rotenone (8 �M). (J) Extracellular LDH levels in BMM
culture supernatants at 24 h following exposure to capsule (10 �g/ml) and rotenone (8 �M). Western blot images and densitometry results are representative
of those from 3 separate experiments. Otherwise, data are presented as the mean � SEM (3 technical replicates) from one representative experiment that was
repeated 3 times with similar results. P values were determined using two-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.

Manipulation of Mitochondrial Function by F. tularensis Infection and Immunity

August 2018 Volume 86 Issue 8 e00044-18 iai.asm.org 9

http://iai.asm.org


controls (Fig. 5B). We next confirmed if the decrease in ATP correlated with reduced
OCR at these later time points after infection. As expected, we observed a decreasing
basal OCR among mock-infected cells over time, consistent with a starvation response
due to the minimal nutrients available in Seahorse Mito Stress medium. In SchuS4-
infected macrophages (MOI, 50), OCR steadily climbed, reaching a maximal level at 7.5
h, and then rapidly dropped back to basal levels by 10 h (Fig. 5C). OCR among
SchuS4-infected cells did not fully decline to those observed in mock-infected cells.
However, this may have been a consequence of the increased bacterial load and a
contribution of microbial metabolism at these late time points of infection. In addition
to a drop in ATP, increased mTOR activity has been reported to be a prooncotic signal
acting on glycogen synthase kinase-3, which inhibits mPTP opening (19, 20). We
observed increased mTOR activity at 24 h following infection at multiple MOIs, as
indicated by the increased phosphorylation of the downstream ribosomal target S6K
(Fig. 5D and E), consistent with a prooncotic state.

Oncosis is the primary form of cell death following SchuS4 infection. We next
determined if SchuS4-infected cells exhibited morphological traits of oncotic cells. For
these studies, live cell imaging was used to observe morphological changes among
SchuS4-green fluorescent protein (GFP)-infected macrophages in real time. Since on-
cosis can be triggered by a decreased mitochondrial membrane potential (Δ�M), cells
were stained with tetramethylrhodamine (TMRE) to monitor this parameter. A time-
lapse video of BMM cultures following infection with SchuS4-GFP (MOI, 50) showed that
infected cells undergo a process of cell death morphologically indicative of oncosis,

FIG 5 SchuS4 induces the rapid loss of ATP and oxygen consumption and an increase in mTOR activity
in BMM, indicative of oncosis. (A) ATP levels in BMM at 4, 8, 24, and 48 h following SchuS4 infection (MOI,
5, 50). (B) LDH assay on mock- and SchuS4-infected macrophages (MOI, 5 and 50) at 24 and 48 h. (C)
Real-time trace of basal OCR in mock-infected versus SchuS4-infected macrophages (MOI, 50). (D and E)
Representative Western blots (D) and corresponding densitometry analysis (E) of phosphorylated S6K
(S6-P) levels in SchuS4-infected BMM (MOI, 5, 50, and 500 at 24 h). Cells were pretreated with Torin-1 (500
nM) or the vehicle as a control. Western blot images and densitometry, OCR traces, and confocal images
with the corresponding TMRE fluorescent intensity analysis results are representative of those from 3
separate experiments. Otherwise, data are presented as the mean � SEM (3 technical replicates) from
one representative experiment of three repeats with similar results. P values were determined using
Student’s t test. *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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including the formation of large cell blisters (mock-infected cells are shown in Video S1,
and SchuS4-infected cells are shown in Video S2). Representative frames from a
time-lapse video are shown for a single cell in Fig. 6A, though blistering is difficult to
observe due to resolution limitations of the membrane. Therefore, higher-resolution
live cell images of oncosis following SchuS4 infection are shown in Fig. 6B. In agree-
ment with the depletion of ATP and activation of mTOR, oncosis was immediately
proceeded by dramatic mitochondrial depolarization and then the collapse of the
mitochondrial network (Video S3; representative frames are shown in Fig. 6A). Inter-
estingly, bacterial replication was significantly enhanced within the cell following
oncosis (Video S3; Fig. 6A). Representative live cell images acquired at a higher
resolution showing bacterium-laden cells postoncosis are presented in Fig. 6B. Addi-
tionally, oncosis occurred in bystander cells that had no to minimal bacterial burden
(Videos S2 and S3). In agreement with the relatively noninflammatory nature reported
with rapid oncotic cell death (21), we did not detect interleukin-6 (IL-6) or TNF-� at any
time after infection (data not shown) and only a minimal amount of IL-12p40 at 72 h
postinfection (Fig. S8). Together, these data suggest that SchuS4 promotes an oncotic
cell death process via the loss of ATP, increased mTOR activity, and mitochondrial
membrane depolarization as a mechanism to rapidly replicate in a noninflammatory
environment.

Inhibition of oncosis temporally limits SchuS4 infection. Given the rapid repli-
cation of SchuS4 among oncotic cells, we hypothesized that impairing oncotic cell
death would both reduce cytotoxicity and limit the bacterial burden in BMM cultures.
Torin-1 is a cell-permeant pyridinonequinoline derivative that is a potent inhibitor of
mTOR activity. Therefore, addition of this inhibitor may reduce mTOR-dependent cell
death processes, such as oncosis, and subsequently impact the intracellular replication

FIG 6 SchuS4 infection causes oncosis as the primary form of cell death. (A) Representative images of a single cell
from a time-lapse video (30 h) of mock- and SchuS4-GFP-infected cells. The mitochondrial membrane potential was
observed by staining BMM with TMRE. BMM were imaged in the GFP channel to detect the bacterial burden, in the
Texas Red channel to detect TMRE, and with transmitted light (Trans) to observe the morphological characteristics
of oncosis. (B) Representative images of mock-infected, oncotic, and SchuS4-GFP-laden (postoncosis) macrophages
at a higher magnification (�40). Bars, 10 �m. Black arrows point to oncotic cells. White arrows indicate postoncotic
cells with high bacterial loads. Cell nuclei were stained using DAPI. The representative images shown were taken
from one of three separate experiments with similar results.

Manipulation of Mitochondrial Function by F. tularensis Infection and Immunity

August 2018 Volume 86 Issue 8 e00044-18 iai.asm.org 11

http://iai.asm.org


of SchuS4. Torin-1 pretreatment of BMM effectively blocked the increase in mTOR
activity induced by SchuS4 (Fig. 5D and E). Torin-1 treatment of SchuS4-infected BMM
resulted in a reduction in bacterial numbers at 48 and 72 h after infection at an MOI of
5 and at 48 h after infection at an MOI of 50 (Fig. 7A). No suppression of bacterial
replication was observed following infection at an MOI of 500, indicating that enough
bacteria can overcome the inhibitory response of this drug. Torin-1 treatment of
SchuS4-infected macrophages also decreased SchuS4-induced cytotoxicity in a time-
and MOI-dependent manner (Fig. 7B). Importantly, Torin-1 did not directly impair
bacterial replication in MMH growth medium or tissue culture medium at the doses
used in these studies, suggesting that the effect of this inhibitor on SchuS4 replication
was due to manipulation of host cell components (Fig. S9A and B). mTOR is involved
in a variety of pathways in host cell metabolism; thus, it was important to compare the
control of SchuS4 replication with an additional drug that more directly targeted
mitochondria. Cyclosporine impairs mPTP opening and mitochondrial depolarization
and limits oncotic events in treated cells (22, 23). Thus, we examined the effect of
cyclosporine on SchuS4-infected BMM. We first confirmed that cyclosporine did not
directly impair bacterial replication in MMH growth medium (Fig. S9C and D). Similar to
the effect of inhibiting mTOR, treatment of infected BMM with cyclosporine signifi-
cantly reduced the bacterial burden at between 24 and 48 h among cells infected at an
MOI of 5 or 50 (Fig. 7C). Cyclosporine treatment of SchuS4-infected macrophages
decreased SchuS4-induced cytotoxicity in a time- and MOI-dependent manner (Fig. 7D).

We next confirmed that treatment of BMM with Torin-1 and cyclosporine to limit
SchuS4 replication was due to impairment of progression of cells toward oncosis.
Torin-1 treatment significantly reduced the number of oncotic cells at an MOI of 500 at
24 h after infection and at an MOI of 5 and 50 at 48 h after infection (Fig. 7E and F).
Torin-1 also reduced the number of SchuS4-GFP-laden cells at 48 h after infection (Fig.
7G to H). An MOI of 500 resulted in a high background GFP signal and too few cells to
count at 48 h, and therefore, we could not effectively enumerate oncotic events with
infection at this MOI at this time point; consequently, this data set was excluded from
the analysis. Similar to the findings obtained by Torin-1 treatment of cells, cyclosporine
treatment reduced the number of oncotic and SchuS4-GFP-laden cells at 24 h at an MOI
of 500 (Fig. 7E and F). At 48 h after infection, cyclosporine-treated cells had significantly
fewer oncotic cells among BMM infected at an MOI of 5 or 50 (Fig. 7E and F).
Cyclosporine significantly reduced the number of SchuS4-GFP-laden cells at 24 and 48
h after infection (Fig. 7F). Together, these data demonstrate that Torin-1 and cyclo-
sporine treatment impairs host cell death by temporally blocking SchuS4-induced
oncosis, resulting in modest but significant reductions in bacterial loads in vitro.

DISCUSSION

Metabolic reprogramming in host macrophages is central to host cell defense
against invading pathogens. Generally, upon detection of invading microbes, macro-
phages shift their metabolic dependence on OXPHOS to glycolysis for generation of
ATP and NADH (5). This allows for repurposing of the mitochondria into a multifaceted
tool for microbial defense and regulation of inflammation, including the repurposing of
tricarboxylic acid cycle intermediates to drive the generation of ROS or antimicrobial
metabolites (5, 24). Furthermore, mitochondria are central players in sustaining host cell
survival or death (6) and, consequently, control the fate of the replicative niche for
intracellular microbes. Therefore, manipulation of mitochondrial function or glycolysis
can provide strategic advantages for pathogens (7, 25).

In the case of F. tularensis subsp. tularensis, prior work demonstrated that the
metabolic shift to glycolysis is inhibited in infected macrophages and that this is
dependent upon capsule (7). However, it was unclear whether glycolysis was directly
inhibited by capsule or whether mitochondrial function was being manipulated. Fur-
thermore, if mitochondrial function was being manipulated, the consequences on cell
death pathways were not determined. Data presented herein demonstrate that F.
tularensis subsp. tularensis strain SchuS4 manipulates mitochondrial bioenergetics in
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FIG 7 Inhibition of oncosis temporally limits SchuS4 infection. (A) Numbers of CFU in SchuS4-infected BMM (MOI,
5, 50, 500) over time following treatment with Torin-1 (500 nM) or mock treatment (dimethyl sulfoxide). (B)
Extracellular LDH activity in supernatants from SchuS4-infected BMM (MOI, 5, 50, 500) over time following
treatment with Torin-1 (500 nM) or mock treatment (dimethyl sulfoxide). (C) Numbers of CFU in SchuS4-infected
BMM (MOI, 5, 50, 500) over time following treatment with cyclosporine (CysA; 5 �M) or mock treatment (dimethyl
sulfoxide). (D) Extracellular LDH activity in supernatants from SchuS4-infected BMM (MOI, 5, 50, 500) over time
following treatment with cyclosporine (5 �M) or the vehicle (dimethyl sulfoxide). (E) Percentage of oncotic cells at
24 h following SchuS4 infection (MOI, 5, 50, 500) and treatment with cyclosporine (5 �M), Torin-1 (500 nM), or the
vehicle (dimethyl sulfoxide). (F) Percentage of oncotic cells at 48 h following SchuS4 infection (MOI, 5, 50) and
treatment with cyclosporine (5 �M), Torin-1 (500 nM), or the vehicle (dimethyl sulfoxide). (G) Percentage of
GFP-laden cells at 24 h following SchuS4 infection (MOI, 5, 50, 500) and treatment with cyclosporine (5 �M), Torin-1
(500 nM), or the vehicle (dimethyl sulfoxide). (H) Percentage of GFP-laden cells at 48 h following SchuS4 infection
(MOI, 5, 50) and treatment with cyclosporine (5 �M), Torin-1 (500 nM), or the vehicle (dimethyl sulfoxide). Data are
presented as the mean � SEM (for 3 technical replicates) from one representative experiment of three repeats with
similar results. P values were determined using Student’s t test for comparison of the numbers of CFU or two-way
ANOVA for all other data sets. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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two phases. Phase I includes increased mitochondrial bioenergetics early during infec-
tion (first 8 h) that is capsule dependent and paired with modest bacterial replication.
Phase II includes a collapse of mitochondrial function, resulting in oncosis and the rapid
replication of bacteria in the intracellular compartment in a process that is not directly
dependent upon capsule. Oncosis was the primary form of cell death observed in
SchuS4-infected macrophages in vitro (see the model presented in Fig. 8).

Capsule-dependent phase I of manipulation of mitochondrial metabolism by F.
tularensis subsp. tularensis specifically involved increased basal OCR and maintenance
of the spare respiratory capacity. Improved mitochondrial bioenergetics was due to
greater ETC complex I and II activity and a larger mitochondrial network volume.
Increased mitochondrial function also promoted production of ATP, which would
alleviate or divert the need for the host cell to utilize glycolysis to satisfy energy
demands. Decreased spare respiratory capacity can indicate that the mitochondria have
the inability to respond to increased ATP demand due to changes in ETC substrate
utilization or function and is associated with numerous pathological conditions related
to age, stress, inflammation, and cell death (10, 26). Infection with SchuS4 mutants
deficient in capsule or strain LVS, as well as treatment with R848 or K. pneumoniae
capsule, did not result in maintenance of the spare respiratory capacity, which is
consistent with a proinflammatory shift linked to impaired mitochondrial function.
SchuS4’s ability to maintain spare respiratory capacity is likely a central mechanism of
virulence that impairs the metabolic shift to glycolysis and the concomitant inflamma-
tion.

To our knowledge, this is the first study reporting the ability of a polysaccharide
capsule to increase mitochondrial bioenergetics. It is unclear how SchuS4 capsule
directly increases mitochondrial metabolism. One possibility is that capsule activates
pathways that promote mitochondrial fusion or increase the acquisition of nutrients
(such as glutamate and fatty acids) (27–29). Regardless of the specific mechanism,
capsule manipulation of mitochondrial function provides a permissive environment
within the first 24 h of infection with low bacterial numbers. Given that F. tularensis
subsp. tularensis can cause lethal infections following exposure to as few as 10 bacteria
(1), the unique ability of F. tularensis subsp. tularensis capsule to have this effect on
cellular health and the intracellular compartment represents an essential component of
virulence for this bacterium.

Mitochondrial manipulation by F. tularensis subsp. tularensis during phase I resulted

FIG 8 Model of host cell mitochondrial manipulation, bacterial replication, and oncosis in primary macrophages following virulent F.
tularensis subsp. tularensis infection. Virulent F. tularensis subsp. tularensis facilitated increased mitochondrial function coupled with
modest bacterial replication early during infection (phase I). Increased mitochondrial function during phase I was capsule dependent and
impaired apoptotic responses. In phase II, F. tularensis subsp. tularensis infection facilitated a rapid loss in mitochondrial function resulting
in oncosis in infected and bystander cells, which was associated with a limited inflammatory response. Oncosis of infected macrophages
was paired with a period of rapid bacterial replication within the oncotic blisters.
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in impaired apoptosis. Activation or impairment of apoptosis following infection with
Francisella tularensis subsp. tularensis is likely variable depending on the cell type or
tissue environment. Our results are consistent with reports in which SchuS4 infection
delayed apoptosis in human neutrophils (30, 31). However, we found capsule inhibited
apoptosis in BMM, which was not evident with human neutrophils (30). Dissimilarity in
metabolic programming between neutrophils and BMM, as well as the use of immor-
talized cell lines which are more glycolytic, could account for observations of apoptosis
in SchuS4 infection (30, 32, 33). The presence or absence of apoptosis with SchuS4
infection may also be influenced by the tissue environment in vivo. While we did not
observe apoptosis in vitro, others have reported apoptosis in splenic and liver macro-
phages in vivo following infection with SchuS4 (34). However, apoptosis is not detect-
able in macrophages in lung tissue of SchuS4-infected mice (2). Therefore, induction of
apoptosis may also be dependent upon the tissue environment and the specific
metabolic requirements of that tissue or reflect impaired rates of clearance of apoptotic
cells within lesions.

We also determined that programmed cell death among BMM is dependent on the
strain of Francisella. The inability of strain LVS to manipulate host cell bioenergetics,
similar to the inability of SchuS4, was anticipated since LVS induces some inflammation
early during infection, likely driving decreasing mitochondrial function and steering the
host cell fate toward apoptosis and/or necroptosis (14–16, 32, 33, 35). Considering the
reported similarities between LVS and SchuS4 capsule (36), differences in mitochondrial
manipulation may be surprising. However, to our knowledge, there is no study con-
firming that the molecular presentations of SchuS4 and LVS capsule are identical or that
O antigen is present in a similar abundance. Rather, reports suggest that the O-antigen
component of capsule on LVS is associated with core antigen at a ratio higher than that
for SchuS4 and/or that it may be less abundant (37, 38). Furthermore, we found that
addition of SchuS4 capsule to LVS-infected BMM impaired inflammation and promoted
greater intracellular replication of LVS (data not shown). This suggests that any capsule
present in LVS is not sufficient to manipulate host cell function and that SchuS4 capsule
is more effective at manipulating host inflammation.

The difference between the ability of SchuS4 and LVS to induce inflammation early
during infection is likely a key factor in promoting other forms of cell death observed
with attenuated strains. For example, consistent with prior observations that described
a drop in mitochondrial function in cells infected with attenuated strains of Francisella,
we observed decreased OCR at the end stage of LVS infection (16). However, in contrast
to the findings for SchuS4-infected cells, the timing of these events was key with regard
to the outcome of cellular health. SchuS4 mediated a rapid loss in mitochondrial
potential, resulting in noninflammatory oncosis, whereas the protracted manipulation
of mitochondrial function induced by LVS likely contributes to the inflammatory
necroptosis and apoptosis reported by others (16, 32, 33, 35). Thus, identifying the
temporal difference in the control of mitochondrial bioenergetics has uncovered the
mechanism by which attenuated and virulent strains of Francisella progress their host
cells to either inflammatory (LVS) or noninflammatory (SchuS4) cell death.

In contrast to the capsule-dependent maintenance of mitochondrial health and
cell survival, the capsule-independent phase II in SchuS4-infected BMM was char-
acterized by a rapid drop in cellular ATP levels, Δ�M, and OCR. Without sufficient
ATP reserves, cells can no longer maintain important cellular functions, including
maintenance of Na/K� ion pumps, leading to a characteristic osmotic swelling of
the cell (18). Our data demonstrate that oncosis was the primary form of cell death
in F. tularensis subsp. tularensis-infected macrophages and, importantly, was paired
with rapid replication of the bacterium within the last few hours of infection of the
primary target cell. The timing and speed by which oncosis occurs are tightly tied
to whether the cells will trigger an inflammatory response (21). Rapid mitochondrial
failure, induced by depletion of NAD pools, is not associated with the generation of
significant inflammation. However, when mitochondrial dysfunction was prolonged
(as observed with LVS infection), activation of autophagy and apoptosis occurred,
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as did the release of more proinflammatory stimuli, resulting in the establishment
of an inflammatory environment (21). The specific oncotic event (cell blistering) in
SchuS4-infected BMM occurred rapidly (over the course of 1 to 2 h following a rapid
drop in OCR and mitochondrial membrane potential), and this response is consis-
tent with the delay in inflammation observed. Furthermore, rapid oncosis was also
observed in bystander cells that did not have bacterial burdens detectable by
microscopy. The ability to trigger oncosis in uninfected/low-burden cells may be a
strategy employed by SchuS4 to promote a noninflammatory cell death in respond-
ing cells that could become activated. Indeed, we have routinely observed a
suppression of inflammatory responses among uninfected cells present in SchuS4-
infected cultures (39). The mechanism by which oncosis occurs in bystander cells in
SchuS4-infected cultures was not clear and is actively being pursued in our labo-
ratory.

Taken together, these studies establish that the manipulation of host mitochon-
drial metabolism by virulent F. tularensis subsp. tularensis is a central strategy to
limit inflammation and control cell death for optimal bacterial replication. Further
understanding of the temporal nature by which host cell metabolism is manipu-
lated during infection with highly virulent pathogens, including but not limited to
F. tularensis subsp. tularensis, could lead to the development of novel antimicrobial
treatment strategies. In support of this concept, treatment of F. tularensis subsp.
tularensis-infected BMM with Torin-1 and cyclosporine, which prevent mitochon-
drial failure in phase II, was effective at reducing oncosis and bacterial replication
in these studies. Future studies determining the effectiveness of the blocking of the
F. tularensis subsp. tularensis-mediated increase in mitochondrial function during
phase I to control infection are warranted. Collectively, our data support the
targeting of mitochondrial function as a therapeutic strategy for F. tularensis subsp.
tularensis infection in future in vivo studies, and this study provide an important
analysis of the multiple phases of mitochondrial manipulation that may be selec-
tively blocked to control infection.

MATERIALS AND METHODS
Mice and generation of bone marrow-derived macrophages. Female C57BL/6 mice were pur-

chased from The Jackson Laboratory and housed in animal biosafety level 2 facilities at the Rocky
Mountain Laboratories. Mice were provided food and water ad libitum. All research involving animals was
conducted in accordance with Animal Care and Use Committee guidelines that were approved by the
Animal Care and Use Committee at the Rocky Mountain Laboratories. Bone morrow-derived macro-
phages (BMM) were generated using M-CSF (PeproTech, Rocky Hill, NJ) as described in prior work (40).

Bacterial strains. Stock cultures of SchuS4 (Jeannine Peterson, Centers for Disease Control and
Prevention, Ft. Collins, CO) and capsule mutant SchuS4 Δ1238 (Bradley Jones, University of Iowa, Iowa
City, IA) were generated and used as previously described (39). Genetic complementation of the capsule
mutant SchuS4 Δ1238 was accomplished in trans by reintroduction through electroporation of a
full-length copy of the deleted gene using plasmid pFNLTPomp26 (41). Forward primer 5=-GAGGCTAG
CATGAAGCAAGATATATTTCC-3= and reverse primer 5=-GAGGCTCGAGCTACCCTTGTTTGATCTTTA-3= were
used to amplify FTT1238c from SchuS4 genomic DNA to obtain a 1.3-kb product. Following electropo-
ration, bacteria were plated and kanamycin resistance was used to select for successfully complemented
colonies. Complementation was verified using the anticapsule antibody MS a-11B7 (Michael Apicella,
University of Iowa, Iowa City, IA) at a 1:10,000 dilution (see Fig. S10 in the supplemental material).
Avirulent F. tularensis subsp. holarctica LVS (Karen Elkins, U.S. Food and Drug Administration, Silver
Spring, MD) and F. novicida strain U112 (Denise Monack, Stanford University School of Medicine,
Stanford, CA) were generated and used similarly to the virulent strains. All experiments were performed
under approved biosafety level 3 protocols at Rocky Mountain Laboratories.

Purification of F. tularensis subsp. tularensis capsule. Capsule was isolated and purified from F.
tularensis subsp. tularensis as previously described (7, 36). Briefly, F. tularensis subsp. tularensis was grown
on modified Mueller-Hinton (MMH) agar plates and collected in tubes containing 6 mM Tris, 10 mM
EDTA, and 3% (wt/vol) SDS at pH 6.8. Tubes with bacterial isolates were incubated for 24 h at 65°C,
followed by addition of 50 �g/ml proteinase K (Thermo Fisher Scientific, Waltham, MA). Bacterial isolates
were then incubated for an additional 24 h at 37°C. SDS was removed by ethanol precipitation, and
samples were centrifuged at 12,000 � g at 4°C. The resulting pellets were resuspended in 10 mM Tris
base with 10 mM CaCl2 (pH 7.4) containing 80 U micrococcal nuclease (Thermo Fisher). Samples were
incubated for an additional 24 h and then hot phenol extracted at 65°C for 30 min. Samples were then
cooled on ice and centrifuged at 2,000 � g for 10 min at 4°C. The aqueous layer was collected, and the
residual phenol layer was back extracted with deionized water. The aqueous layers were then combined,
and the phenol was removed via ethanol precipitation. The pellet was then resuspended in high-
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performance liquid chromatography-grade water containing 5% (vol/vol) Triton X-114 and incubated at
4°C for 24 h, followed by an additional incubation at 37°C for 1 h. Samples were then centrifuged at
2,000 � g for 10 min, and the aqueous phase containing capsule was collected and then lyophilized. Prior
to assay, lyophilized capsule was resuspended in sterile tissue culture-grade water.

Purification of Klebsiella pneumoniae capsule. Klebsiella pneumoniae capsule was generously
provided by Frank DeLeo (Rocky Mountain Laboratories, Hamilton, MT). Klebsiella pneumoniae was grown
from a frozen stock in HYEM medium (2% Hycase-SF, 0.3% yeast extract, 2% maltose) at 37°C with
shaking (100 rpm) for 16 h. Bacteria were removed from the cultures by centrifugation at 8,000 � g for
30 min. Culture supernatants were then passed through a 0.45-�m-pore-size nylon filter to remove any
remaining cells. A 10% stock of N-acetyl-N,N,N-trimethylammonium bromide (CTAB; Millipore-Sigma, St.
Louis, MO) was added to the supernatants to achieve a final concentration of 0.5% (vol/vol). Supernatants
were then incubated at room temperature with stirring for 30 min. The precipitate was then collected by
centrifugation (4,200 � g for 30 min). The pellet was then dissolved in 1 M CaCl2. Ethanol was added to
precipitate the capsule material. The crude capsule material was then treated with proteinase K (100
�g/ml) for 2 h at 37°C. Proteinase K was inactivated by heat denaturing (75°C for 30 min). Samples were
cooled back down to 37°C and treated with RNase and DNase (100 �g/ml each; Thermo Fisher) for 2 h
at 37°C. RNase and DNase were then deactivated by heat denaturing (75°C for 30 min). Finally, K.
pneumoniae capsule was treated with polymyxin B (100 �g/ml; Thermo Fisher) for 2 h. Polymyxin B was
also added with the capsule to BMM (100 �g/ml) to inhibit residual lipopolysaccharide (LPS) activity.

Infection of BMM for analysis of mitochondrial function. BMM were seeded at a density of 80,000
cells per well in 80 �l complete Dulbecco modified Eagle medium (cDMEM; Dulbecco modified Eagle
medium [DMEM] supplemented with glutamine, HEPES, nonessential amino acids, and 10% fetal bovine
serum [FBS]) in a 96-well Seahorse bioanalyzer tissue culture plate (Agilent Technologies, Santa Clara, CA)
and incubated overnight at 37°C. The SchuS4, Δ1238, or LVS inoculum was prepared from frozen stocks
at 5 times the target MOI (MOI, 50) in cDMEM. Capsule was also prepared at 5 times the target
concentration (10 �g/ml) in cDMEM. BMM were then infected or treated with capsule by adding 20 �l
of the 5� inoculum to the 80-�l well volume to achieve the target MOI or capsule concentration.
Infected or capsule-treated BMM were then incubated for the designated times.

Mitochondrial function assay (whole cell). At 1 h prior to analysis of the mitochondrial function of
infected or capsule-treated cells, cDMEM was removed, leaving 40 �l of residual volume, and the BMM
were washed 2 times with 200 �l of Seahorse Mito Stress medium (DMEM with 25 mM glucose, 2 mM
sodium pyruvate, and 2 mM L-glutamine; Agilent Technologies). Next, 140 �l of assay medium was
added to each well to make the final well volume 180 �l. Cells were then incubated for 1 h at 37°C in
a non-CO2 incubator. Mitochondrial function was then assessed on a Seahorse XFe96 bioanalyzer
(Agilent Technologies) in real time following injection of oligomycin (1.5 �M), carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP; 2.0 �M), antimycin (0.5 �M), and rotenone (0.5 �M) following
the manufacturer’s standard instructions. Specific mitochondrial parameters were obtained according to
calculations described in Fig. S2.

Mitochondrial function assay (permeabilized cells). BMM were prepared and infected (MOI, 50) or
treated with capsule (10 �g/ml) and incubated for 6 h as described above. Mitochondrial function was
then assessed using methods adapted from those reported by others (9). Immediately prior to the assay,
all cDMEM except for 40 �l of residual volume was removed, and the cells were washed once with 300
�l of 1� MAS buffer (220 mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1
mM EGTA, pH 7.2, plus 0.2% [wt/vol] fatty acid-free bovine serum albumin [BSA]). MAS buffer (1�)
containing the plasma membrane permeabilizer reagent (1 nM; Agilent Technologies), ADP (4 mM,
Millipore-Sigma), and complex I- or complex II-specific substrates was added to the washed wells to
achieve a final volume of 180 �l. For complex I substrate utilization, 1� MAS buffer contained
glutamate-malate (10 mM and 10 mM, respectively), palmitoyl-L-carnitine– octanyl-L-carnitine–malate (40
�M, 40 �M, and 1 mM, respectively), or pyruvate-malate (10 mM and 1 mM, respectively). For complex
II substrate utilization, 1� MAS buffer contained succinate-rotenone (10 mM and 2 �M, respectively). The
plates were immediately placed on the Seahorse XFe96 bioanalyzer, and mitochondrial function was
assessed using mix, wait, and measure times of 0.5 min, 0.5 min, and 2 min, respectively. No non-CO2

incubation period or instrument equilibration steps were done prior to the start of the assay to minimize
the time that the permeabilized cells were in nonionic medium. Three basal (state 3) measurements of
OCR were obtained, and then oligomycin was injected (1.5 �M) to induce state 4o. Three consecutive
measurements of the state 4o OCR were obtained. The respiratory control ratio (RCR) was calculated as
the mean of the state 3 OCR divided by the mean of the state 4o OCR.

Real-time XFe96 bioanalyzer analysis of basal respiration over time. BMM were washed, and the
medium was replaced with Seahorse Mito Stress medium containing mock-infected, SchuS4-infected
(MOI, 50), or LVS-infected (MOI, 50) cells. BMM were incubated for 1 h in a non-CO2 incubator at 37°C and
then analyzed on a Seahorse XFe96 bioanalyzer. The basal OCR was assessed every 5 min for a minimum
of 12 h.

OCR analysis of bacteria only. The Seahorse XFe96 bioanalyzer was used to assess the OCR of
SchuS4 using methods adapted from those of Lobritz et al. (8). Seahorse XFe96 bioanalyzer 96-well tissue
culture plates were coated with poly-D-lysine (0.1 mg/ml; Millipore-Sigma) for 30 min at 37°C. Seahorse
tissue culture plates were then washed with sterile water and air dried for 1 h. Increasing numbers of
SchuS4 were prepared in Seahorse Mito Stress medium or modified Mueller-Hinton (MMH) broth
(supplemented with 10% [vol/vol] glucose, 2.5% [vol/vol] ferric pyrophosphate, 10% [vol/vol] IsoVitaleX
[Thermo Fisher]). One hundred microliters of bacteria was then added to the Seahorse XFe96 bioanalyzer
tissue culture plate and centrifuged at 1,400 � g for 10 min to pellet them to the bottom of the tissue
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culture plate. The plates were immediately placed on the Seahorse bioanalyzer, and OCR were assessed
using mix, wait, and measure times of 3 min, 0.5 min, and 3 min, respectively, for 5 cycles.

Infection of BMM for analysis of cytotoxicity, numbers of CFU, and oncosis. BMM were infected
with SchuS4 or LVS as previously described using gentamicin protection (40). Briefly, bacteria were
resuspended at an MOI of 5, 50, or 500 in complete DMEM (cDMEM; DMEM supplemented with
glutamine, HEPES, nonessential amino acids, and 10% FBS). The medium was removed from BMM
(reserve medium), and the inoculum at the MOI designated above and in the figure legends was added
to the BMM in a 200-�l final volume. BMM were incubated with the bacteria for 90 min, after which the
inoculum was removed and gentamicin (50 �g/ml; Thermo Fisher) was added to the cells for 45 min to
eliminate the remaining extracellular bacteria. Gentamicin was then removed, the cells were washed 3
times with phosphate-buffered saline (PBS), and then the reserved medium was added back to the
cultures. Where indicated, cells were pretreated with cyclosporine (5 �M; R&D Systems, Minneapolis,
MN), Torin-1 (500 nM; R&D Systems), or necrostatin-1 (50 �M; R&D Systems) for 2 h, and the drugs were
maintained in the culture throughout the infection. Rotenone (8 �M; Millipore-Sigma) was added to BMM
immediately after infection, and cytotoxicity was assessed after 24 h. For studies in which apoptosis was
induced by M-CSF depletion, BMM were infected as described above. M-CSF was routinely added after
24 h of infection but was left out for the M-CSF-depleted groups. Cytotoxicity was assessed 24 h later.
Intracellular bacteria were enumerated by lysing the cells in distilled water, after which the lysates were
serially diluted and plated on MMH agar.

Cytokines, cytotoxicity, and cell permeability assays. IL-12p40 was assessed in cell culture super-
natants at 24, 48, and 72 h using a commercially available enzyme-linked immunosorbent assay (BD
Biosciences, San Jose, CA). Extracellular lactate dehydrogenase (LDH) activity was used as a marker of
cytotoxicity and was measured using a CytoTox 96 nonradioactive cytotoxicity assay according to the
manufacturer’s instructions (Promega, Madison, WI). Cell permeability was measured using the NucGreen
Dead 488 ReadyProbes reagent (Thermo Fisher; excitation wavelength, 504 nm; emission wavelength, 523
nm) and an EVOS FL Auto 2 imaging system (Thermo Fisher). Briefly, 1 drop of the NucGreen reagent was
added to each well, and the cultures were incubated for 15 min at 37°C. Cell nuclei were counterstained using
the NucBlue Fixed Cell ReadyProbes reagent (excitation wavelength, 360 nm; emission wavelength, 460 nm;
Thermo Fisher) and incubated for 5 min at 37°C. Six consecutive fields were imaged per well at a �10
magnification for both the DAPI (4=,6-diamidino-2-phenylindole) and GFP channels and stitched together to
form a larger tiled image. Total NucGreen-positive cells and NucBlue-positive cells within the tiled image were
counted using ImageJ software. A minimum of 4,000 NucBlue-positive cells were counted per stitched image
to generate the percentage of total permeabilized cells.

ATP quantification. Cellular ATP levels were quantified using the mitochondrial ToxGlo reagent
according to the manufacturer’s instructions (Promega). Briefly, BMM were plated at 40,000 cells/well in
a 96-well tissue culture plate and incubated overnight at 37°C in cDMEM. The cDMEM was then removed
and saved (reserve medium), and 50 �l of the SchuS4 inoculum (MOI, 5 and 50 in cDMEM) was added
to the cells. The cells were incubated for 90 min, and then the inoculum was removed and 100 �l of
cDMEM containing gentamicin (50 �g/ml) was added to each well. The cells were incubated with
gentamicin for 45 min, and then the gentamicin was removed. The cells were carefully washed 3 times
with PBS, and the reserve medium was added back to the infected cells. At the assay time points, the
cDMEM was removed and the cells were washed 2 times with serum-free galactose-containing DMEM
(gDMEM plus nonessential amino acids, HEPES, L-glutamine, and 100 mM glutamate). One hundred
microliters of serum-free gDMEM was then added to the cells. Oligomycin (60 ng/ml; Cayman Chemical,
Ann Arbor, MI) was used as the positive control for ATP inhibition and was added to the cells 90 min prior
to the reading of the assay results on a plate reader. The plates were equilibrated to room temperature
in the dark, and 100 �l of ATP detection reagent was added to each well. Luminescence was then
quantified on a GloMax multidetection system (Promega).

Quantification of oncotic and GFP-SchuS4-laden cells. Oncotic cells were quantified using live cell
imaging. Briefly, cells in 48-well plates were infected with GFP-SchuS4 (MOI, 5, 50, and 500, as described
above using gentamicin protection) and incubated for 24 and 48 h. Using an EVOS FL Auto 2 imaging
system and transwell illumination, the oncotic cells in 6 consecutive fields per well were manually
counted at a �40 magnification. GFP-SchuS4-laden cells in the same corresponding fields were also
manually counted in the GFP channel. In the same fields in which oncotic and GFP-positive cells were
manually counted, cells were counterstained with the NucBlue reagent and imaged. The number of
nuclei was quantified using ImageJ software, and the corresponding percentage of oncotic or GFP-
SchuS4-laden cells was calculated as a percentage of the total number of DAPI-positive cells counted. A
minimum of 200 DAPI-positive cells were counted per well.

Western blotting. At the indicated time points, cDMEM was removed from the BMM and the cells
were lysed in 150 �l 1� cell lysis buffer supplemented with phenylmethylsulfonyl fluoride (1 mM;
Millipore-Sigma). Lysates were added to NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Thermo
Fisher) and heated at 95°C for 10 min. Samples were homogenized by centrifugation using a QIAshredder
homogenizer (Qiagen, Hilden, Germany) and loaded onto 4 to 12% SDS-NuPAGE gradient gels (Thermo
Fisher). After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes and
blocked with 5% BSA in Tris-buffered saline with Tween 20 prior to detection of target proteins. Rabbit
polyclonal anti-mouse immunoglobulin antibodies to cytochrome c, caspase-9, cleaved caspase-9
(Asp353), caspase-3, cleaved caspase-3 (Asp175), phospho-S6 ribosomal protein (Ser235/236), MLKL
(D6W1K), phospho-MLKL, and phospho-RIP (Ser166) were used for detection. Rabbit monoclonal anti-
bodies anti-mouse RIPK (D94C12) and �-actin (13E5) were used to detect total RIPK and �-actin,
respectively.
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MitoTracker Red staining. BMM were plated on 12-mm glass coverslips in a 24-well plate and
infected or treated with capsule (10 �g/ml) following the protocols described for assessment of
mitochondrial function. After 6 h, the cDMEM was then aspirated from each well and the cells were
washed once with 1 ml Dulbecco’s PBS (dPBS). MitoTracker Red CMXRos (50 nM in dPBS; Thermo Fisher)
was added to each well, and the plates were incubated at 37°C in the dark for 25 min. Following
incubation, the MitoTracker Red solution was aspirated and each well was washed 2 times with 1 ml of
dPBS. The cells were fixed with 3% paraformaldehyde in dPBS for 30 min at room temperature in the dark
and then washed 3 times with dPBS. Samples were permeabilized and blocked by inversion on 40 �l of
0.3% Triton X-100, 10% horse serum in dPBS for 15 min at room temperature. Cells were labeled by
inversion on 40 �l of antibody or stain in 0.3% Triton X-100, 10% horse serum in dPBS for 30 min at room
temperature, followed by 3 washes in dPBS. F. tularensis subsp. tularensis was detected with primary
anti-LPS antibody (U.S. Biological, Salem, MA) and then Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:1,000; Thermo Fisher). All cells were stained with DAPI (0.02 �g/ml; Thermo Fisher) for 15 min before
washing 3 times in dPBS. Cells were washed a further 2 times in water, wicked until dry, and mounted
overnight in 5 �l of Mowiol 4-88 mounting medium (Millipore-Sigma). Samples were imaged using a
Zeiss LSM 880 microscope with an Airyscan scanner using a 63� objective (Zeiss Micro Imaging, Jena,
Germany). z-stack images, each of which was 1,024 by 1,024 pixels, were acquired across the entire depth
of each field with a 0.016-�m spacing, and subsequently, the Airyscan image was processed using ZEN
image acquisition and processing software (Zeiss Micro Imaging). Images were analyzed and prepared for
display using Imaris software (Bitplane Software, Concord, MA). Mitochondrial and cytosol volumes were
constructed using user-established parameter sets (Table S1). Images for figures were captured in the 3D
surpass view in Imaris software.

Live cell imaging of oncosis, mitochondrial membrane potential, and SchuS4-GFP. Cells were
plated in 24-well cover glass plates and infected with SchuS4-GFP at an MOI of 50 using the gentamicin
infection protocol described above. At 2 h after removal of the gentamicin, TMRE (Thermo Fisher) was
added to the cells as a 10� stock to a final concentration of 50 nM. Time-lapse series were acquired using
an EVOS FL Auto 2 imaging system, a 40� objective, and an on-stage incubator. The well plate was
allowed to equilibrate for 20 min in the on-stage incubator prior to imaging. z-stacks were acquired every
15 min in all channels across the entire depth of the field every 2 �m.

mtDNA PCR. Mock- or SchuS4-infected BMM in 48-well plates were washed and scraped into dPBS
at 6 h following infection with SchuS4, as described above for analysis of mitochondrial function. Three
wells from each treatment were pooled for each sample. The cells were lysed, and DNA was purified
using a QIAamp DNA minikit (Qiagen) per the manufacturer’s recommendations. The mtDNA copy
number was quantified using a mouse mitochondrial DNA copy number assay kit (Detroit R&D, Detroit,
MI) per the manufacturer’s recommendations.

Drug effects on bacterial replication. One hundred and 100,000 CFU was resuspended in MMH
broth and exposed to increasing doses of Torin-1 or cyclosporine. The cultures were then incubated for
24 h with mixing (600 rpm). After 24 h, the bacterial cultures were serially diluted in PBS and then plated
on MMH agar plates for enumeration of the CFU.

Quantification and statistical analysis. Statistical analysis was performed using GraphPad Prism
software (version 7.0). A two-tailed Student’s t test was used for comparisons between two individual
groups. For multiple comparisons, one-way or two-way analysis of variance (ANOVA) was used followed
by the Tukey posttest for parametric samples. P values of �0.05 were considered significant.
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