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Microinjection of Francisella tularensis and Listeria monocytogenes
Reveals the Importance of Bacterial and Host Factors for Successful
Replication
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Certain intracellular bacteria use the host cell cytosol as the replicative niche. Although it has been hypothesized that the suc-
cessful exploitation of this compartment requires a unique metabolic adaptation, supportive evidence is lacking. For Francisella
tularensis, many genes of the Francisella pathogenicity island (FPI) are essential for intracellular growth, and therefore, FPI mu-
tants are useful tools for understanding the prerequisites of intracytosolic replication. We compared the growth of bacteria
taken up by phagocytic or nonphagocytic cells with that of bacteria microinjected directly into the host cytosol, using the live
vaccine strain (LVS) of F. tularensis; five selected FPI mutants thereof, i.e., AiglA, AiglC, AiglG, Aigll, and ApdpE strains; and
Listeria monocytogenes. After uptake in bone marrow-derived macrophages (BMDM), ASC™/~ BMDM, MyD88~'~ BMDM, J774
cells, or HeLa cells, LVS, ApdpE and AiglG mutants, and L. monocytogenes replicated efficiently in all five cell types, whereas the
AiglA and AiglC mutants showed no replication. After microinjection, all 7 strains showed effective replication in J774 macro-
phages, ASC™’~ BMDM, and HeLa cells. In contrast to the rapid replication in other cell types, L. monocytogenes showed no rep-
lication in MyD88 '~ BMDM and LVS showed no replication in either BMDM or MyD88~/~ BMDM after microinjection. Our

data suggest that the mechanisms of bacterial uptake as well as the permissiveness of the cytosolic compartment per se are im-
portant factors for the intracytosolic replication. Notably, none of the investigated FPI proteins was found to be essential for

intracytosolic replication after microinjection.

acteria and other microbes have developed an ability to invade

host cells and use them as a principal habitat for replication.
These so-called intracellular pathogens are able to trigger their
uptake by mammalian cells, by phagocytosis when the host cells
are professional phagocytes, e.g., monocytes or macrophages, or
by triggered phagocytosis in the case of nonprofessional phago-
cytic host cells, such as epithelial or endothelial cells, hepatocytes,
and fibroblasts (1, 2). After internalization, virulence factors pro-
duced by the intracellular pathogen modulate the intracellular
environment to facilitate microbial survival (3, 4). For protection
against intracellularly located microorganisms, the immune sys-
tem is dependent on pattern recognition receptors (PRR) that
identify conserved microbial components (5). The best-charac-
terized family of PRR is the one of Toll-like receptors (TLR), a
group of integral membrane proteins that recognize microbial
components, such as lipopolysaccharide, bacterial lipoprotein,
and CpG DNA (6, 7). Triggering of TLR leads to rapid initiation of
an antimicrobial proinflammatory response (8, 9). These innate
defense mechanisms are normally sufficient to mediate the erad-
ication of phagocytosed extracellular pathogens but not to control
those capable of intracellular replication.

Many intracellular bacteria, e.g., Mycobacterium, Brucella, Sal-
monella, Legionella, and Chlamydia spp., reside and replicate in-
side phagosomal compartments after subverting their composi-
tion, whereas others, such as Listeria, Francisella, Shigella, and
Rickettsia spp., show further specialization and manage to escape
from the confined intracellular compartments to directly use the
cytoplasm as their replicative habitat (10). To combat the latter
group, the macrophage utilizes cytosolic sensors belonging to the
Nod-like receptor (NLR) or AIM2-like receptor families (11, 12).
Engagement of these receptors leads to the formation of the in-
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flammasome, a multiprotein complex composed of a sensor pro-
tein belonging to the NLR or AIM2-like families, an adaptor pro-
tein, ASC, and caspase-1 (13). The inflammasome activation leads
to macrophage death, normally beneficial to the host since it elim-
inates the pathogen’s normal habitat. Upon microinjection into
the host cytosol, bacteria capable of phagosomal escape, unlike
extracellular bacteria or normally vacuole-confined intracellular
pathogens, show cytosolic replication (14). This finding implies
that, despite the fact that the cytosol is a nutrient-rich compart-
ment, access to the cytosol of mammalian cells per se is not suffi-
cient for replication. Therefore, it was hypothesized that bacteria
which successfully replicate in the cytosol harbor a metabolic ma-
chinery that is adapted to this niche in order to utilize available
nutrients (14). However, there is accumulating evidence that the
metabolic requirements may be similar for bacteria residing
within the eukaryotic cytosol and bacteria residing extracellularly
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(15-19), thus indicating that modulation of the cytosolic compo-
sition, e.g., by deprivation of the availability of metabolites, may
be an important factor to control replication of intracellular bac-
teria. To add further complexity, there is recent evidence that ma-
nipulation of autophagy is used as a means by pathogens to ac-
quire energy and nutrients. With regard to Francisella tularensis,
indirect evidence implies that it uses autophagy to increase the
cytosolic nutrient pool and thereby provides energy for its rapid
cytosolic replication (20, 21).

Two facultative intracellular pathogens with distinct intracel-
lular behaviors and disease outcome are Listeria monocytogenes
and F. tularensis. The former bacterium is the causative agent of
the food-borne disease listeriosis, which rarely presents as a gas-
trointestinal disease but instead leads to meningitis with high fa-
tality rates, particularly in immunocompromised individuals.
Once taken up by macrophages, the bacterium escapes the hostile
environment of the phagosomal compartment via hemolysin- and
phospholipase-mediated lysis of the vacuole and reaches the cyto-
sol, where it rapidly multiplies and from which it can move to
adjacent cells by exploiting the host actin cytoskeleton (22). Also,
F. tularensis replicates in the cytosol of macrophages, and it is the
etiological agent of the zoonotic disease tularemia (23). The dis-
ease is relatively infrequent in humans, although there are areas of
endemicity in the world with high incidence, most notably in Fin-
land and Sweden (23). Outbreaks occur predominantly among
rabbits, hares, and small rodents. The bacterium is highly infec-
tious, and strains of the subspecies Francisella tularensis subsp.
tularensis are highly virulent and cause a potentially life-threaten-
ing disease (24). An often-used surrogate F. tularensis strain is the
live vaccine strain (LVS), which was derived by attenuation
through plate passaging. Although not licensed for use in the gen-
eral population, it has been employed as a vaccine for high-risk
groups like laboratory personnel since the 1960s (23). LVS is
highly virulent in mice and thus a useful strain for studies of ex-
perimental infection.

The intramacrophage survival and replication of F. tularensis
are intimately dependent on the expression of most of the proteins
expressed by the Francisella pathogenicity island (FPI), a locus
that comprises 17 to 19 genes which are highly conserved among
different subspecies (25). Exactly how Francisella executes its
unique intracellular lifestyle is, however, not well understood. It
has been hypothesized that the FPI proteins constitute a type VI
secretion system (T6SS); there is accumulating evidence that this
is indeed the case, and a number of secreted proteins have recently
been identified (26-28). Bioinformatic analysis has demonstrated
that the FPI gene cluster forms a group evolutionarily distinct
from other described T6SSs (29). The best-characterized FPI pro-
teins are encoded by the iglABCD operon, and it has been found
that the four encoded Igl proteins are required for escape from the
phagosome and for replication within the macrophage cytosol
(30-33). Whereas IglC and IglD appear to be unique to F. tular-
ensis, IglA and IgIB are conserved components that constitute the
sheath of the T6SS tubular structure (33-35). The IglG and IglI
proteins are other examples of components that contribute to the
phagosomal escape; however, they are not essential for this pro-
cess, since the corresponding mutants are both capable of delayed
phagosomal escape and at least the former is also capable of intact
cytosolic replication (27). In contrast, the FPI component PdpE is
not required for escape or intracellular growth (27, 28). Interest-
ingly, IglC, Igll, and PdpE, but not IglA or IglG, are secreted in a
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T6SS-dependent manner during infection (28). Thus, the spec-
trum of phenotypes observed for FPI mutants renders them useful
tools to understand the prerequisites of cytosolic growth since
some show intact phagosomal escape and intracellular replica-
tion, whereas others are defective for both or show delayed escape
but intact intracellular replication (25, 36).

The macrophage defense strategy to control Francisella and
Listeria infection is unusual, since it fully or partially depends on
AIM2, but not on any NLR (3, 37-40). Accordingly, AIM2-, ASC-,
or caspase-1-knockout mice are highly susceptible to F. tularensis
and L. monocytogenes infections (38, 39, 41). However, before
reaching the cytosol, these bacteria interact during the phago-
somal phase with TLR2, the principal TLR responsible for their
recognition (42—47). Therefore, TLR2- and TLR-adaptor MyD88-
deficient mice are highly susceptible to infections with F. tularensis
and L. monocytogenes (45,48-50), and the macrophage inflamma-
tory responses to both pathogens are critically dependent on
MyD88 (48,49, 51). Interestingly, the MyD88- and ASC-signaling
pathways appear to interact, since MyD88-dependent TLR2 acti-
vation is necessary for the rapid AIM2-inflammasome-mediated
responses during infection with Francisella (44).

Here, we investigated the requirement for the intracellular
growth of F. tularensis and the prototypic intracytosolic pathogen
L. monocytogenes and specifically asked if the FPI proteins IglA,
IglC, IglG, Igll, and PdpE are necessary for the intracytosolic rep-
lication of the former pathogen. This was performed by compar-
ing the intracellular growth rates of wild-type bacteria and of bac-
terial mutants lacking either of the FPI proteins after normal
phagocytic uptake or after microinjection into the cytosol of mac-
rophages or epithelial cells. Our data indicate that efficient cyto-
solic growth appears to be intricately dependent on both host and
pathogen factors and that none of the investigated FPI proteins are
essential for intracytosolic replication.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains used in this study are
listed in Table S1 in the supplemental material. F. tularensis was cultivated
on modified GC agar base, with 10 pg/ml of kanamycin when appropri-
ate. L. monocytogenes was grown on brain heart infusion (BHI) agar with
10 pg/ml erythromycin at 37°C. A green fluorescent protein (GFP)-ex-
pressing plasmid, pKK289Km (32) or pNF8 (52), was introduced into F.
tularensis or L. monocytogenes, respectively, by electroporation.

Cultivation and infection of macrophages and HeLa cells. The J774
macrophage-like cell line (ATCC TIB-67), bone marrow-derived macro-
phages (BMDM), and the HeLa (ATCC CCL-2) human epithelial carci-
noma cell line were used in cell infection assays. Cells were cultured and
maintained in Dulbecco modified Eagle medium (DMEM; Gibco BRL,
Grand Island, NY) with 10% heat-inactivated fetal bovine serum (FBS;
Gibco) at 37°C and 5% CO,. BMDM were isolated by flushing cells from
femurs and tibias of C57BL/6 or MyD88 '~ or ASC™/~ knockout mice,
and the extracted cells were cultured for 4 days in DMEM containing 10%
FBS, 2 pg/ml gentamicin, and 10% conditioned medium from 1929 cells
(ATCC catalog no. CCL-1). After 4 days, cells were cultivated in condi-
tioned medium without gentamicin. One day prior to infection, cells were
seeded in tissue culture plates in medium appropriate for the respective
cell type. Next day, cells were washed and reconstituted with fresh culture
medium and allowed to recover for at least 30 min prior to infection. Cells
were infected with a multiplicity of infection (MOI) of 200 for 2 h (J774
and BMDM) or 5 h (HeLa). After infection, cells were washed and kept in
DMEM with 10% FBS and 5 pug/ml gentamicin. Cells were lysed with 0.1%
deoxycholate after indicated time points, and lysates were plated on mod-
ified GC base agar to determine viable counts.
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All animal experiments were approved by the Ethical Committee on
Animal Research, Umed, approval no. A100-11, and the Stockholm North
Region Ethical Animal Research Committee, approval no. 487/11.

Microinjection of macrophages and HeLa cells. J774, BMDM, or
HeLa cells were seeded at a density of 2 X 10 cells in glass-bottom petri
dishes (MatTek Corporation, Ashland, MA) in appropriate medium.
Prior to injection, medium was replaced by fresh DMEM with appropriate
supplements. The cells were allowed to recover for 60 to 90 min. Plate-
grown GFP-expressing bacteria were resuspended in phosphate-buffered
saline (PBS) to 1 X 10° CFU/ml and mixed with the dye rhodamine
dextran (RD; 25 mM in PBS, pH 7.5; Sigma-Aldrich). The dye allowed
visualization of injected cells. Injections were carried out with Femtotips
II (Eppendorf, Hamburg, Germany) with an injection pressure of 40 hPa
supplied by an automated InjectMan NI 2 micromanipulator (Eppen-
dorf). This pressure was carefully selected to avoid damage of cells during
the injection process. According to information from the manufacturer,
the maximal volume is approximately 300 fl using the standard proce-
dure. We routinely shortened the capillary tip to enable bacteria to pass
freely, and the maximal volume per injection was therefore estimated to
be at most 500 fl, allowing 2 to 20 bacteria and RD to be delivered into the
cell cytosol. Injected cells were washed with DMEM containing 2 pg/ml of
gentamicin and 1 pg/ml of cytochalasin D (53) and incubated at 37°C for
1 h. The former was added to eradicate extracellular bacteria resulting
from unsuccessful injection, and the latter was added to avoid phagocy-
tosis of such bacteria during the incubation. The medium was then
changed to DMEM with 10% FBS and with or without L-glutamine, and
cultures were incubated at 37°C with 5% CO,. For each injection experi-
ment, triplicate samples were used and 30 to 50 cells per strain and sample
were injected. Out of these, typically 70 to 100% of the cells were success-
fully microinjected. At 2 h, colocalization of bacteria and RD was con-
firmed and pictures were taken using a live-cell microscope (Nikon
Eclipse Ti-E equipped with an Andor iXon+ electron-multiplying
charge-coupled device [EMCCD] camera). At 24 h, microscopic counting
was performed on RD-positive cells only and an approximate number of
bacteria per infected cell was determined, resulting in the three categories
of 0 to 20, 20 to 100, and 100 to 1,000 bacteria/infected cell. The average
number of bacteria of each strain per cell was calculated by multiplying the
mean number of bacteria and number of cells for each category, calculat-
ing the sum of the three categories, and dividing the sum by the number of
total infected cells. Typically, 100 to 150 cells were counted per bacterial
strain for each cell type, with the exception of HeLa cells, for which 50 to
100 cells were counted.

Statistical analysis. For statistical evaluation of intracellular replica-
tion after phagocytosis, a two-sided Student ¢ test with equal variance was
used. For pairwise comparisons between bacterial numbers after micro-
injection, the chi-square test was used in most instances since the power of
the chi-square test is higher than that of Fisher’s exact test. However, when
the data sets were very unbalanced, i.e., the classification categories were
unevenly represented, the chi-square test was not appropriate, and in
these instances, Fisher’s exact test was used. Bacterial replication was as-
sessed by comparing initial values after washing of the cell cultures, de-
noted as the 2-h time point, with those at the 24-h time point.

RESULTS

Requirement of FPI proteins for replication after phagocytic
uptake. Previous studies have demonstrated that many of the FPI
proteins are necessary for replication in J774 cells. Thus, the AiglA
and AiglC mutants do not escape from the phagosome and show
deficient intramacrophage replication (30, 31, 33, 54). The AiglG
mutant replicates efficiently in the J774 macrophage cell line and
in primary macrophages, whereas the Aigll mutant replicates only
in the former cell type (27). We previously noted, however, that
the latter two mutants induced much less prominent host cell
cytopathogenic effects than did the parental strain, suggesting a
requirement for the encoded proteins in modulating the host cell
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death pathway induced by F. tularensis (27, 55). In contrast, the
ApdpE mutant is one of the few FPI mutants that exhibits wild-
type phenotypes with regard to replication and cytopathogenicity
in monocytic cells (27). In view of these previously published find-
ings, the abovementioned 5 FPI mutants were included in this
study together with L. monocytogenes, since the latter is a proto-
typic bacterium with regard to intracytosolic replication (14, 56).

To study the prerequisites of intracellular growth, we included
the murine J774 macrophage-like cell line, since it has been widely
used to investigate various aspects of L. monocytogenes and F. tu-
larensis host cell infections in the past and therefore will serve as a
comparison with previously published studies (14, 56—63). The
available evidence indicates, however, that J774 cells do not pos-
sess as potent an antimicrobial capacity as do various forms of
primary macrophages (64), and in support of this view, we have
previously observed that the Aigll mutant replicated readily in
J774 macrophages but not in BMDM (27). Therefore, we also
investigated how the bacterial strains replicated in murine
BMDM. In addition, there is very limited knowledge regarding the
phenotypes of FPI mutants upon infection of nonphagocytic cell
types, and to this end, HeLa cells were included as a model in the
study.

After phagocytosis, L. monocytogenes showed rapid replication,
between 2 and 3 log, , after 8 h, in all five types of cells infected, and
the rapid replication led to extensive host cell death already within
24 h, resulting in a corresponding decrease of the bacterial num-
bers (see Fig. S1 in the supplemental material; also data not
shown).

After phagocytosis, we observed that the AiglG, Aigll, and
ApdpE mutants replicated very effectively in J774 cells and, in fact,
slightly better than did LVS (Table 1; see also Fig. S2 in the sup-
plemental material), whereas the Aigl[A and AigIC mutants
showed no growth, which was in agreement with previously pub-
lished data (27, 55). Significant growth of LVS and the AiglG and
ApdpE mutants was observed also in BMDM, whereas none of the
other three mutants showed any replication (see Fig. S3).

We hypothesized that the efficient control effectuated by the
BMDM on bacterial growth would be dependent on MyD88 or
ASC since each of them performs such essential immune func-
tions against F. tularensis (38, 39, 41, 45, 48-50). Thus, the ability
of the mutants to replicate after phagocytic uptake was investi-
gated in ASC™/~ and MyD88 '~ BMDM. The ApdpE mutant
consistently showed efficient replication, in fact, significantly bet-
ter than LVS at both 24 h and 48 h. The AiglA, AiglC, AiglG, and
Aigll mutants showed minimal or no growth in both of the defi-
cient BMDM lines at 24 h (Table 1; see also Fig. S4 and S5 in the
supplemental material), although the latter two replicated as well
as LVS in ASC™/~ BMDM at 48 h (see Fig. S4). In contrast, the
AiglG and Aigll mutants showed less replication than LVS in
MyD88 '~ BMDM at 48 h (see Fig. S5) and the AiglA and AiglC
mutants showed no replication. In fact, the numbers of the latter
two decreased significantly at 48 h, suggesting that they were being
killed (see Fig. S5). Interestingly, ASC appeared to be significant
for the control of Aigll after phagocytosis, since this mutant rep-
licated well in the ASC™'~ BMDM but not in the wild-type
BMDM (see Fig. S3 and S4).

We also investigated the ability of each mutant to grow within
HeLa cells. The LVS strain replicated in HeLa cells, although with
protracted uptake compared to macrophages (see Fig. S6 in the
supplemental material). Again, the AiglG mutant, ApdpE mutant,
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TABLE 1 Replication of F. tularensis strains and L. monocytogenes upon phagocytic uptake or microinjection into various cell types

Growth in cell line after®:

Phagocytosis* Microinjection”
Bacterium 774 BMDM ASC™/~ MyD88 ™/~ HelLa 774 BMDM ASC™'~ MyD88 ™/~ HeLa
Listeria monocytogenes +++€ +4++° +++° +4++° +4++° +++ +++ +++ - +++
F. tularensis strains
LVS ++ ++ ++ +++ ++ ++ + ++ + +++
AiglA mutant - - - - - ++ ++ +++ +4+ ++
AiglC mutant - - - - - ++ + +++ +4+ 4+
AiglG mutant ++4+ ++ ++ + +++ +++ ++ +++ ++ +++
Aigll mutant +++ - + + ++ ++ ++ +++ +++ +++
ApdpE mutant +++ +++ +++ +++ +++ +++ ++ +++ +++ +++

“ The actual numbers of bacteria are shown in Fig. S1 to S6 in the supplemental material.

Y The estimated number of bacteria per cell and the differences indicated are based on statistical evaluations as summarized in Table 2.

¢ Due to rapid growth, the number of L. monocytogenes bacteria was determined at 8 h.

4 Bacterial numbers were recorded after 24 h and are represented as a sliding scale ranging from very significant replication (+++) to no replication (—).

and, to some extent, also the Aigll mutant all replicated effectively,
while the Aig/A and AiglC mutants did not replicate (see Fig. S6).

Bacterial replication within J774 macrophages after micro-
injection. Several of the FPI mutants, e.g., the AiglA and AigiC
mutants, have been demonstrated to not escape from the phago-
some after phagocytic uptake (30-33). Since these mutants never
reach the cytosolic compartment where the intracellular growth
occurs, it has not been possible to determine whether the corre-
sponding FPI proteins also play a role for the latter process. To
circumvent the step of phagosomal escape, we used microinjec-
tion. Only limited information exists regarding replication of bac-
teria in the cytosol of phagocytic cells after microinjection (14).
Thus, we developed a protocol for microinjection of GFP-labeled
bacteria using automated injection equipment to compare the
growth of microinjected L. monocytogenes and F. tularensis strains
in various cell types. The dye RD was coinjected with bacteria to
identify the injected cells. After 24 h, microscopic counting was
performed on RD-positive cells and an approximate number of
bacteria per infected cell was determined for each strain, resulting
in the three categories of 0 to 20, 20 to 100, and 100 to 1,000
bacteria/infected cell (see Fig. S7 in the supplemental material).
The mean number of the bacteria per cell was used as a measure of
the propensity of intracytosolic replication.

After injection into J774 cells, L. monocytogenes replicated rap-
idly, and it occupied most of the cytosol within 24 h and started to
spread to neighboring cells (Fig. 1), which is in agreement with
previously published data (14). Of the L. monocytogenes-infected
cells, the majority contained high bacterial numbers (Fig. 1; Table
2). Due to the rapid cell-to-cell spread of the bacterium, a consid-
erable proportion of L. monocytogenes-infected cells were not
stained with RD (Fig. 1). Injection of F. tularensis into J774 cells
demonstrated that all of the five FPI mutants were capable of
efficient intracytosolic replication during the 24-h period, equiv-
alent to or even better than LVS (Fig. 2; Table 2).

Collectively, our results demonstrate an ability of all tested F.
tularensis strains and L. monocytogenes to replicate in the J774
cytosol upon microinjection. Notably, the absence of IglA or IglC
did not have a negative impact on growth after microinjection,
which is in contrast to the inability of the corresponding mutants
to replicate after phagocytic uptake.

Replication within BMDM after microinjection. The avail-
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able evidence indicates that BMDM demonstrate better control of
intracellular infection after phagocytosis than do J774 cells. For
example, we have observed that with the exception of the ApdpE
strain, other FPI mutants do not replicate, or show delayed repli-
cation, in BMDM, as demonstrated here and in previous publica-
tions (see Fig. S2 in the supplemental material) (27). After micro-
injection of bacteria, however, we observed that L. monocytogenes
and all F. tularensis mutants showed efficient replication within 24
h and all five mutants showed significantly better replication than
did LVS (Fig. 1 and 3), which, in fact, showed no significant in-
crease between 2 and 24 h (Table 2). Thus, our results indicate that
the key mechanisms required for cytosolic replication in BMDM
as well as J774 cells are present in all mutant strains of F. tularensis
as well as L. monocytogenes, whereas the LVS strain showed no
significant replication in the former cell type.

Roles of ASC and MyD88 for control of the intracytosolic
replication after microinjection. Since ASC and MyD88 each

FIG 1 Microinjection of L. monocytogenes into indicated cell types. Pictures
were taken at 24 h after injection with a live-cell imaging microscope equipped
with an EMCCD camera. Colocalization of injected cells containing RD (red)
and GFP-expressing bacteria (green) resulted in yellow signals, although due
to the rapid cell-to-cell spread of L. monocytogenes, many of the infected cells
did not contain RD. Representative pictures shown from at least three inde-
pendent experiments. “Mock” indicates uninfected cells, i.e., cells injected
with RD only.
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TABLE 2 Mean number of bacteria per cell in indicated cell types

Intracytosolic Replication of Bacteria

Mean no. of bacteria of strain or species/cell”

F. tularensis

Cell type Time (h) LVS AiglA mutant AiglC mutant  AiglG mutant Aigll mutant  ApdpE mutant  Listeria monocytogenes
J774 2 15 15.3 13.6 16.1 14.5 19.4 13.8

24 63.2* 73.7°4% 95.8** 129.6°% 97.84%% 144.8°4% 335.8%%
BMDM 2 22.7 18.3 16.2 18.1 18.6 20.6 15.6

24 33.9 90.1¢* 56.0°4% 84.6%* 99.5%** 66.0** 155.5%%¢
ASC™'™ 2 28.3 25.4 26.5 30.1 27.7 28.4 11.6

24 63.7°+% 128.7¢% 113.6°** 119.3°%% 146.6** 153.8°4% 218.704%
MyD88 '~ 2 15.2 17.3 15.0 17.5 16.1 18.4 10.8

24 27.2 123.2°04% 93.0%** 51.0** 129.6%** 78.2%%* 12.9
HelLa 2 12.9 17.1 18.6 13.3 10 15.8 15.6

24 162.7*4** 135.5* 302.5%** 259.5%** 237.7* 225.2%%* 199.4***

“ Mean bacterial numbers of each strain at 2 h were compared to the mean numbers at 24 h, and the P values determined by the chi-square test or Fisher’s exact test are indicated by
asterisks (*, P = 0.05; **, P = 0.01; ***, P =< 0.001). Significant differences (P = 0.05) between each of the F. tularensis mutants and LVS for the 24-h time point are indicated in

bold.

perform such essential immune functions against F. tularensis and
L. monocytogenes, their importance for intracellular growth upon
microinjection was assessed. To this end, the replication of bacte-
ria was followed after microinjection in ASC™'~ or MyD88™/~
BMDM. We observed that all F. tularensis strains were capable of
efficient replication in ASC™/~ BMDM (Fig. 4). In most instances,
the mean values of the number of bacteria per cell were only mar-
ginally different between the strains, with the exception of the
lower mean value for the LVS strain (Table 2). Also, in MyD88 /™
BMDM, the mutants showed efficient intracellular replication,
whereas LVS showed no significant replication (Fig. 5; Table 2).
Thus, the cytosolic replication of the microinjected F. tularensis
mutants was rapid also in the absence of MyD88 or ASC. Notably,
LVS showed significant replication in ASC™/~ BMDM but not in
MyD88 '~ BMDM (Table 2). Replication of L. monocytogenes was

very rapid in ASC™/~ BMDM; however, remarkably, there was

essentially no replication in MyD88 /'~ BMDM after microinjec-
tion, even at 48 h (Fig. 1; also data not shown).

Replication within HeLa cells after microinjection. The
knowledge regarding the behavior of FPI mutants in nonphago-
cytic cells is very limited, and the number of published studies on
the subject is low (65, 66). For this reason, HeLa cells were in-
cluded in the study to investigate if differences in the cytosolic
milieus of professional phagocytic cells and nonphagocytic cells
would affect the fate of the bacteria after microinjection. Within
24 h, L. monocytogenes showed very rapid replication upon micro-
injection (Fig. 1 and Table 2) and also all the F. tularensis strains
replicated efficiently (Fig. 6). The mean numbers were generally
higher than those in the phagocytic cells and were for all strains
between 130 and 300 bacteria per cell (Table 2). Thus, the cytosol

FIG 2 Microinjection of indicated F. tularensis strains into J774 cells. Pictures
were taken at 24 h after injection with a live-cell imaging microscope equipped
with an EMCCD camera. Colocalization of injected cells containing RD (red)
and GFP-expressing bacteria (green) resulted in yellow signals. Representative
pictures for each strain from at least three independent experiments are
shown.
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FIG 3 Microinjection of indicated F. tularensis strains into BMDM. Pictures
were taken at 24 h after injection with a live-cell imaging microscope equipped
with an EMCCD camera. Colocalization of injected cells containing RD (red)
and GFP-expressing bacteria (green) resulted in yellow signals. Representative
pictures for each strain from at least three independent experiments are
shown.
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FIG 4 Microinjection of indicated F. tularensis strains into ASC™/~ BMDM.
Pictures were taken at 24 h after injection with a live-cell imaging microscope
equipped with an EMCCD camera. Colocalization of injected cells containing
RD (red) and GFP-expressing bacteria (green) resulted in yellow signals. Rep-
resentative pictures for each strain from at least three independent experi-
ments are shown.

of HeLa cells is very permissive to bacterial replication upon mi-
croinjection.

Effect of coinjection of bacteria on intracytosolic replication.
Since the replication of LVS upon microinjection was unexpect-
edly low in comparison to the FPI mutants, we asked whether
coinfection would affect the cytosol and make it more permissive
for intracytosolic growth. Previously, the AiglG mutant has been
shown to display a distinct phenotype with intact intracellular
replication in J774 cells and BMDM but impaired modulation of
the inflammatory response (27). Therefore, we performed coin-
jection with non-GFP-labeled AiglG bacteria together with GFP-
labeled LVS. The experiments were performed as described previ-
ously, and injected J774 and BMDM cells were followed over 24 h.
As determined by microscopic counting, again the LVS strain
showed only limited replication (see Fig. S8 in the supplemental

FIG 5 Microinjection of indicated F. tularensis strains into MyD88 '~
BMDM. Pictures were taken at 24 h after injection with a live-cell imaging
microscope equipped with an EMCCD camera. Colocalization of injected cells
containing RD (red) and GFP-expressing bacteria (green) resulted in yellow
signals. Representative pictures for each strain are shown from at least three
independent experiments.
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FIG 6 Microinjection of HeLa cells with LVS or isogenic FPI mutants thereof.
Pictures were taken at 24 h after injection with a live-cell imaging microscope
equipped with an EMCCD camera. Colocalization of injected cells containing
RD (red) and GFP-expressing bacteria (green) resulted in yellow signals. Rep-
resentative pictures for each strain from at least three independent experi-
ments are shown.

material; also data not shown). Thus, we conclude that potential
changes in the cytosolic environment due to the replication of the
AiglG mutant did not have an impact on the replication of the LVS
strain in the tested cell types.

Relative permissiveness of the investigated cell types. The
overall numbers of the intracellular bacteria were categorized for
each cell type and bacterial strain (Table 1; also see Fig. S9 in the
supplemental material). The mean numbers of the F. tularensis
mutants in phagocytic cells after 24 h were in all cases very signif-
icantly increased compared to the numbers after 2 h and ranged
between 51 and 154 bacteria/cell, whereas the number of LVS
bacteria varied from 27 to 64 and the latter showed no significant
replication in BMDM and MyD887/ ~ BMDM (Table 2). There
were high numbers of F. tularensis bacteria in HeLa cells; means
ranged from 136 to 303, and these numbers were as high as, or
higher than, those in any of the phagocytic cell types (Table 2). The
mean numbers of L. monocytogenes bacteria were high in J774
cells, BMDM, ASC™’~ BMDM, and HeLa cells, between 156 and
336, whereas they were only 13 in MyD88 ~/~ BMDM, suggesting
that Listeria is unable to replicate within this cell type (Table 2).

DISCUSSION

Much is unknown regarding the prerequisites for cytosolic repli-
cation of intracellular bacteria. Accumulating evidence indicates
that the nutrient composition of the cytosol is a critical denomi-
nator, since deficiencies in metabolic pathways render intracyto-
solic bacteria incapable of intracellular replication (15-18, 67—
69). In addition, evidence indicates that primary phagocytic cells,
such as BMDM, generally control infection caused even by patho-
gens that replicate in the cytosol better than most macrophage-
derived cell lines. Although this indirectly implies that the cytosol
of certain phagocytic cells would inherently be less permissive for
replication, the direct evidence for this hypothesis is essentially
lacking. Our present findings demonstrate that the cytosolic com-
partments of different cell types exhibited discrete abilities to con-
trol growth of microinjected bacteria, most distinctly that the cy-
tosol of HeLa cells was more permissive than those of phagocytic
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cells. Even in the latter cell types, there was, however, significant
replication, and notably, even the lack of fundamental innate im-
mune factors such as ASC or MyD88 did not markedly affect the
cytosolic permissiveness for the F. tularensis mutants. This was
somewhat unexpected but indicates that the successful adaptation
to the cytosolic compartment is dependent on both host factors
and bacterial factors and that the lack of expression of the inves-
tigated FPI proteins does not affect intracytosolic replication.

There were several notable findings regarding the phenotypes
of the investigated FPI mutants, one of which was the lack of
replication of the AiglA and AigIiC mutants after uptake in the
phagocytic cells as well as in HeLa cells, a cell type that was other-
wise highly permissive for intracellular replication, whereas both
mutants showed efficient replication after microinjection. IgIC
has also been shown to be translocated into the cytosol of J774
macrophages, which indicates the importance of that protein for
phagosomal escape (27, 55). In addition, we observed that the
AiglG mutant replicated efficiently after phagocytic uptake in all
tested cell types and also after microinjection. Despite this, we
have previously observed that it induces much less pronounced
cytopathogenic effects and specifically modulates a host cell death
pathway (27, 55). Thus, IglG seems to play a critical role in the
interaction with the intracellular environment, although it is not
essential for growth after phagocytosis or microinjection. After
phagocytosis, the Aigll mutant was found to lack replication in
BMDM, in agreement with previous studies using BMDM and
peritoneal cells, but demonstrated intact replication in J774 cells
(27). Here, we found that AiglI effectively replicated after micro-
injection. Thus, Igll appears to perform important roles for the
intracellular survival of F. tularensis after phagocytosis (27), but,
like IglA and IglC, it is dispensable for cytosolic replication. Based
on our results, the mutants fall into three categories: (i) those that
replicated efficiently upon normal infection as well as after micro-
injection, i.e., the ApdpE mutant; (ii) those that replicated to a
variable degree after phagocytosis and consistently after microin-
jection, i.e., the AiglG and Aigll mutants; and (iii) those that did
not replicate upon phagocytosis but did after injection into the cell
cytosol, i.e., the AiglA and AiglC mutants. Notably, the LVS strain
showed somewhat impaired growth compared to most of the mu-
tants after microinjection, which may emphasize the importance
of the phagosomal escape step for intracellular bacteria to effi-
ciently adapt to the host cell environment. Wehrly et al. identified
both early and late induction events of FPI genes, a finding con-
sistent with a need for FPI proteins during the early phagosomal
stage and at the end of the cytosolic replication stage (70). This
could indicate that it may not be beneficial for the bacterium to
have an active T6SS during the intermediate stage; perhaps, this
increases the risk for host-mediated clearance. Based on this rea-
soning, LVS may be more easily recognized by the host than any
FPI mutant that carries an inactive or defective T6SS, which then
will result in a growth disadvantage for LVS upon microinjection;
this was most notable in BMDM and MyD88-deficient macro-
phages.

The essential role of ASC as the adaptor protein for the inflam-
masome-mediated recognition of F. tularensis and L. monocyto-
genes has been thoroughly documented, and the critical role of
MyD88 for the early inflammatory response to F. tularensis and
Listeria is well established, although bacterial replication is not
increased in MyD88-deficient macrophages (38, 41, 48, 50, 51).
Therefore, we analyzed whether these innate immune pathways
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contributed to the bacterial control in the cytosol; however, after
microinjection, the pattern of replication for the F. tularensis mu-
tants was essentially indistinguishable between the wild-type mac-
rophages and ASC™/~ BMDM, whereas the MyD88 '/~ BMDM
generally were slightly less permissive, resulting in lower bacterial
numbers, and in fact, LVS showed no significant growth. Neither
did LVS show any significant replication in BMDM. The most
notable finding regarding the role of MyD88 was related to Liste-
ria. In contrast to its very rapid replication in all other cell types
after phagocytosis or microinjection, the bacterium exhibited es-
sentially no replication in MyD88-deficient macrophages. Al-
though the finding appears paradoxical in view of the important
role of MyD88 for innate immune functions, it is possible that its
absence affects the cytosolic response such that the cytosol will not
be permissive for LVS and Listeria, e.g., by the lack of essential
metabolites. Recent studies have identified that the release of bac-
terial components, e.g., DNA, from the phagosome induces a spe-
cific cytosolic response (11, 12, 51, 71, 72). Although it is often
assumed that the sensing of bacterial products is a prerequisite for
the control of intracellularly located bacteria, it is possible that
successful intracellular pathogens have developed means to ex-
ploit this host response to their advantage and that, in fact, it is a
necessity for the intracytosolic bacterial replication in certain cell
types. Moreover, this implies that signaling after the microinjec-
tion will not trigger the same type of cytosolic responses and
thereby the cytosolic environment may be distinct after phago-
cytic uptake versus microinjection. In addition, it was obvious
that the average increase of bacterial numbers was generally lower
after microinjection than after phagocytosis, and we cannot ex-
clude the possibility that the microinjection technique per se may
physically affect the host cell in such a way that the bacterial intra-
cellular replication becomes adversely affected.

The present findings demonstrate the utility of the microinjec-
tion technique for delineating the prerequisites of intracytosolic
growth. Although it provides direct evidence for the ability of
bacteria to replicate in the cytosol, the technique has rarely been
used (14). The previous study concluded that replication in the
cytosolic compartment occurred only for bacteria that normally
inhabit this niche, and it was hypothesized that successful cytoso-
lic replication requires a metabolic adaptation that is not present
in extracellular bacteria or intracellular vacuole-enclosed bacteria
(14). Our findings imply, in addition, that the metabolic adapta-
tion of intracytosolic microbes is a necessary, but alone not suffi-
cient, factor for their replication and that an intricate host-bacte-
rium interaction is required for the intracytosolic replication. In
fact, using the microinjection technique, we previously demon-
strated its utility to directly elucidate metabolic requirements for
cytosolic replication, since it was demonstrated that a biotin bio-
synthesis mutant of Francisella novicida was incapable of intracy-
tosolic growth unless biotin was added to the culture medium
(19).

Experimentally, the live vaccine strain (LVS) of F. tularensis is
widely used as a model of virulent strains of the species, although
it is very significantly attenuated in the mouse model. Dysregula-
tion of the iron uptake is the major mechanism behind its atten-
uation (73, 74). Despite this dysregulation, LVS proliferates as
effectively as virulent strains within resting macrophages, presum-
ably because there is an ample supply of iron under in vitro con-
ditions. However, upon activation, the intracellular replication of
LVS is constrained, and it is obvious that LVS is much more sus-
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ceptible to certain intracellular killing mechanisms than the highly
virulent strain SCHU $4 (75, 76). In addition, there are multiple
immunomodulatory mechanisms executed by SCHU S4 that ap-
pear to be missing in LVS (77, 78). Collectively, these distinctions
between virulent strains and LVS imply that the biological rele-
vance of our current findings for F. tularensis strains in general will
ultimately require that the work be validated using virulent
strains. Further, it was recently shown that the AigIC mutant of F.
novicida U112 was unable to replicate upon delivery into the cy-
tosol of mammalian cells (79), in contrast to our findings after
microinjection. Thus, phenotypic differences appear to exist be-
tween the different subspecies of F. tularensis that affect their in-
tracellular survival.

Based on our findings, we conclude that the mode of uptake,
the location in and escape from the phagosomal compartment,
and the intracellular milieu of the host cell cytoplasm control the
fate of intracellular F. tularensis and Listeria. Moreover, our study
shows that several FPI proteins are important for successful rep-
lication after phagocytosis but not to facilitate growth in the cyto-
sol. The findings illustrate some previously unanticipated require-
ments for intracytosolic replication in phagocytic cells and
provide a basis for the future exploration of how the intracytosolic
microbes successfully exploit the intracellular environment as
their replicative niche.
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