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ABSTRACT Pathogenic bacteria that establish chronic infections in immunocompro-
mised patients frequently undergo adaptation or selection for traits that are advan-
tageous for their growth and survival. Clinical isolates of Pseudomonas aeruginosa, a
Gram-negative, opportunistic bacterial pathogen, exhibit a temporal transition from
a motile to a nonmotile phenotype through loss of flagellar motility during the
course of chronic infection. This progressive loss of motility is associated with in-
creased resistance to both antibiotic and immune clearance. We have previously
shown that loss of bacterial motility enables P. aeruginosa to evade phagocytic clear-
ance both in vitro and in vivo and fails to activate the phosphatidylinositol 3-kinase
(PI3K)/Akt-dependent phagocytic pathway. Therefore, we tested the hypothesis that
clearance of phagocytosis-resistant bacteria could be induced by exogenously pre-
treating innate immune cells with the Akt-activating molecule phosphatidylinositol-
(3,4,5)-trisphosphate (PIP3). Here, we demonstrate that PIP3 induces the uptake of
nonmotile P. aeruginosa by primary human neutrophils �25-fold, and this effect is
phenocopied with the use of murine phagocytes. However, surprisingly, mechanistic
studies revealed that the induction of phagocytosis by PIP3 occurs because polyphos-
phoinositides promote bacterial binding by the phagocytes rather than bypassing the
requirement for PI3K. Moreover, this induction was selective since the uptake of other
nonmotile Gram-negative, but not Gram-positive, bacteria can also be induced by PIP3.
Since there is currently no treatment that effectively eradicates chronic P. aeruginosa in-
fections, these findings provide novel insights into a potential methodology by which to
induce clearance of nonmotile pathogenic bacteria and into the endogenous determi-
nants of phagocytic recognition of P. aeruginosa.
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Over the course of chronic infections, bacterial pathogens undergo phenotypic and
genetic changes that facilitate their persistence (1). One of the established tem-

poral adaptations of bacteria in chronic infections is the transition from a motile to a
nonmotile lifestyle (1–3). This is perhaps best described from longitudinal studies of
cystic fibrosis (CF) patients with chronic respiratory infections, which revealed that
isolates of the motile Gram-negative bacterium Pseudomonas aeruginosa consistently
demonstrate progressive loss of flagellar motility due to downregulation or mutation
(4, 5). This transition from a motile to nonmotile lifestyle is correlated with increased
bacterial burdens and poor prognoses for CF patients (1) and is also observed at other
sites of infection, including ocular infections and burn wounds (6–8).

The emergence of nonmotile P. aeruginosa during chronic infection has a profound
impact on the ability to eradicate the bacteria. Functional innate immunity mediated by
professional phagocytic cells (neutrophils and macrophages) is essential for effective
clearance of P. aeruginosa. This is supported by clinical observations that neutropenic
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patients are very susceptible to P. aeruginosa infections, while immunocompetent
individuals, in the absence of immunocompromised tissue, are largely resistant, and
this finding has been recapitulated in animal models (9–12). Thus, the previous findings
that loss of flagellar swimming motility by P. aeruginosa, regardless of flagellar expres-
sion, confers in vitro and in vivo resistance (�100-fold) to phagocytic clearance pro-
vided key insights into how nonmotile bacteria evade intrinsic innate immune defenses
(13, 14). Additionally, nonmotile P. aeruginosa achieves antibiotic tolerance that ex-
ceeds standard-of-care clinical treatments, particularly upon formation of microcolonies
or biofilms (15, 16). Since chronic P. aeruginosa infections cannot currently be eradi-
cated due to their phagocytic and antibiotic resistance, there is an obvious need to
identify novel mechanisms and methodologies by which to promote their clearance.

The current studies were initially guided by a previous insight that nonmotile P.
aeruginosa fails to activate the mammalian phosphatidylinositol-3-kinase (PI3K)/Akt
kinase signaling pathway, which is necessary for phagocytosis of P. aeruginosa (17, 18).
The intracellular lipid kinase PI3K is activated following bacterial engagement at the
phagocyte cell surface and phosphorylates PI-(4,5)-bisphosphate (PIP2) to PI-(3,4,5)-
trisphosphate (PIP3) at the inner leaflet of the plasma membrane. PIP3 recruits and
activates the master regulator kinase Akt, which facilitates the downstream signaling
that is responsible for actin polymerization and cytoskeletal arrangement, thereby
controlling host phagocytic activities (19). Therefore, since the PI3K/Akt pathway is
preferentially activated by motile P. aeruginosa and efficiently mediates the clearance
of this bacterium, we hypothesized that exogenous activation of this pathway could be
a mechanism by which host cells could be induced to phagocytose nonmotile bacteria.

In this study, based on the aforementioned premise, we have identified a strategy
to induce uptake of nonmotile P. aeruginosa bacteria by human and murine phagocytic
cells using PIP3. Quantitative phagocytosis assays employed to assess the effect of
pretreatment of phagocytes with PIP3 revealed that this methodology massively pro-
motes the phagocytosis of nonmotile P. aeruginosa by human and murine phagocytes
to a greater extent than other interventions reported. Importantly, and unexpectedly,
mechanistic studies identified that while the induction of phagocytosis by PIP3 is
dependent upon PI3K/Akt activity, it promotes phagocytosis by increasing bacterial
binding by the phagocytes. We provide evidence that PIP3 induces the phagocytic
uptake of nonmotile mutants of a variety of Gram-negative bacterial genera; however,
there is specificity to this effect since PIP3 is ineffective at promoting the phagocytosis
of motile P. aeruginosa and Gram-positive bacteria. These findings provide novel
insights into molecular mechanisms that facilitate motility-dependent bacterial inter-
actions with phagocytic cells and identify a methodology by which to induce the
clearance of nonmotile bacteria that are present in chronic bacterial infections.

RESULTS
PIP3 induces phagocytosis of nonswimming P. aeruginosa. We have previously

shown that phagocytosis of P. aeruginosa requires PI3K and Akt activities and that
motile bacteria preferentially activate the PI3K/Akt pathway to induce phagocytosis
(17). Phagocytic uptake of every isolate of P. aeruginosa tested is dependent on PI3K
activity, as quantitatively assessed by phagocytic inhibition following pretreatment of
cells with LY-294002, a pharmacological inhibitor of PI3K (see Fig. S1A in the supple-
mental material). Thus, PI3K activity is necessary for uptake of P. aeruginosa, which led
us to hypothesize that exogenous activation of this pathway with the use of the PI3K
enzymatic product and Akt activator PIP3 could overcome the nonmotile P. aeruginosa
evasion of phagocytosis. Therefore, we preincubated murine bone marrow-derived
dendritic cells (BMDCs) in the absence or presence of PIP3 and then assessed their
relative abilities, in parallel, to phagocytose two nonmotile mutants of PA14 P. aerugi-
nosa, PA14 motAB motCD and flgK strains, of which the former has flagella but lacks
motility and the latter lacks both flagella and swimming motility (13). Treatment of
phagocytes with PIP3 prominently increased the uptake of both the motAB motCD and
flgK bacteria (�10-fold compared to levels in untreated phagocytes), suggesting that
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the effect may be broadly applicable to nonmotile P. aeruginosa and, specifically, that
the effect is not dependent upon flagellar expression (Fig. 1A).

We then tested the specificity of PIP3 treatment for the phagocytic induction of
nonswimming P. aeruginosa with regard to the contribution of two additional bacterial
extracellular structures that promote alternative forms of motility and adherence of
bacteria to epithelial cells (20–22). Thus, we investigated whether the O-antigen of
lipopolysaccharide (LPS) and type IV pili are required for the PIP3 effect on nonmotile
P. aeruginosa. To do so, we first employed the PA14 waaL motAB motCD mutant, which
is nonmotile, lacks O antigen, and is still resistant to phagocytosis (21). Results of a
gentamicin protection assay to quantitatively assess phagocytosis indicated that PIP3

phagocytic induction of nonswimming P. aeruginosa is independent of LPS O antigen
since PIP3 significantly increased the uptake of PA14 waaL motAB motCD (Fig. 1B).
Second, we assessed induction of phagocytic uptake of type IV pilus-deficient mutants
that lack twitching motility but have intact swimming motility and have phagocytic
susceptibility equivalent to that of wild-type (WT) bacteria (20, 23). Phagocytosis levels
of all mutants tested that lack surface pili (pilA, pilB, and pilG) were comparable in
PIP3-treated cells and the untreated groups, which contrasted with high phagocytic
induction of nonswimming motAB motCD bacteria (Fig. 1C). Hence, treatment with PIP3

selectively induces the phagocytosis of nonswimming P. aeruginosa. Taken together,
these data demonstrate that PIP3 treatment of phagocytes induces a significant uptake
of nonmotile P. aeruginosa by BMDCs, independent of O antigen and pilin.

PIP3 induction of nonmotile P. aeruginosa can be competed with motile WT
bacteria. Our data (Fig. 1) support the observation that PIP3 significantly increased the
uptake of nonmotile P. aeruginosa; however, the studies employing pilus-deficient

FIG 1 PIP3 induces uptake of nonmotile P. aeruginosa by BMDCs. Murine WT bone marrow-derived dendritic cells
(BMDCs) were assayed for relative phagocytosis of the indicated P. aeruginosa PA14 strains (MOI of 10) without or after
treatment of cells with 12 �M PIP3. The data are normalized to phagocytosis of bacterial strains without PIP3 treatment
and represented as fold increase in phagocytosis. All data were analyzed using an unpaired t test with Welch’s correction
and are representative of at least two independent biological experiments (n � 8). ***, P � 0.0005; *, P � 0.05; ns, not
significant, for results compared to results without PIP3 treatment.
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bacteria (Fig. 1C) led us to assess the extent to which PIP3 affects the phagocytosis of
motile WT PA14 bacteria. Pretreatment with PIP3 was notably effective, reconstituting
the phagocytosis of nonmotile P. aeruginosa to �40% of the level for WT bacteria (Fig.
2A). As a control, histone, the PIP3 carrier protein, was insufficient to enhance the

FIG 2 PIP3 preferentially induces uptake of nonmotile compared to that of motile P. aeruginosa. (A and
B) Murine WT BMDCs were assayed for relative phagocytosis of the PA14 WT or motAB motCD strain (MOI
of 10) without or after treatment of cells with 12 �M PIP3. The PIP3 was complexed with a histone carrier
which, in itself, was ineffective at inducing phagocytosis (B, inset). (C) Murine BMDCs were pretreated
with PIP3 and assayed for relative in vitro phagocytosis of motAB motCD bacteria (carbenicillin resistant)
upon addition of increasing ratios of WT PA14 bacteria. For panel A, phagocytic uptake levels were
normalized as percentages of mean WT PA14 phagocytosis in untreated cells. For panels B and C, the
data were normalized to phagocytosis of PA14 motAB motCD without PIP3 treatment and are represented
as fold increase in phagocytosis. All data were analyzed using one-way ANOVA with Tukey’s post hoc
analyses (A and C) or an unpaired t test with Welch’s correction (B) and are representative of at least two
independent biological experiments (n �8). ***, P � 0.0005; **, P � 0.005; ns, not significant, for results
compared to results without PIP3 treatment.

Demirdjian et al. Infection and Immunity

August 2018 Volume 86 Issue 8 e00215-18 iai.asm.org 4

http://iai.asm.org


uptake of nonmotile motAB motCD bacteria and required associated PIP3 for the effect
(Fig. 2B, inset). Surprisingly, there was no additional increase in phagocytosis of WT
bacteria upon PIP3 treatment in comparison to the �10-fold increase in phagocytosis
of nonmotile P. aeruginosa (Fig. 2B). Therefore, PIP3 preferentially induces uptake of
nonmotile compared to motile P. aeruginosa.

Since phagocytosis of WT bacteria was not enhanced by PIP3 treatment, we tested
whether the PIP3 treatment enables association of nonmotile bacteria to different
binding sites (compared to sites for the WT) on the phagocytic cells or whether it
enables access to the binding sites normally accessed by the WT bacteria. To address
this, we performed a competition experiment with constant numbers of nonmotile
motAB motCD bacteria (carbenicillin resistant [Carbr]) and increasing ratios of motile WT
PA14 bacteria (carbenicillin sensitive), followed by quantitative evaluation of the inter-
nalized nonmotile (Carbr) bacteria. Importantly, PIP3-mediated uptake of nonmotile
bacteria was dose-dependently competed by the presence of increasing numbers of
WT bacteria (Fig. 2C). Therefore, since PIP3 does not induce the uptake of motile P.
aeruginosa but does enable nonmotile bacteria to access binding sites that are com-
peted by the presence of motile bacteria, the competition experiment supports the
notion that PIP3 pretreatment makes the binding sites responsible for the uptake of
motile bacteria accessible to nonmotile bacteria.

PIP3 integration into the phagocyte cell membrane is essential for phagocytic
induction of nonmotile P. aeruginosa. Next, we wanted to determine whether
PIP3-mediated induction of phagocytosis was due to effects on the bacteria or the
phagocytes. To address this, we first assessed whether PIP3 treatment of the bacteria
could recapitulate the phagocytic induction of nonmotile bacteria observed with
PIP3-pretreated phagocytes. Therefore, we pretreated either BMDCs or PA14 motAB
motCD bacteria with PIP3 before initiating the phagocytosis assay. In contrast with PIP3

treatment of phagocytes, incubation of PIP3 exclusively with the bacteria was not
sufficient to mediate phagocytic induction of nonmotile P. aeruginosa (Fig. 3A). This
suggests that PIP3 treatment is specific to phagocytes and does not affect the bacteria
directly. To extend this line of inquiry, we tested the hypothesis that the PIP3 phago-
cytic effect requires integration of the phospholipid into the plasma membrane of
phagocytes. We coincubated PA14 motAB motCD with the soluble inositol phosphate,
inositol 1,3,4,5-tetrakisphosphate (IP4), which has a structure similar to that of PIP3 but

FIG 3 PIP3 treatment of cells and integration in the plasma membrane are essential for phagocytic induction of nonmotile P. aeruginosa. (A) Murine WT BMDCs
were assayed for relative phagocytosis of PA14 motAB motCD (MOI of 10) without or after treatment of bacteria (gray bar) or cells (white bar) with 12 �M PIP3.
The data were normalized to phagocytosis of PA14 motAB motCD without PIP3 treatment and are represented as fold increase in phagocytosis. (B) Phagocytic
uptake of P. aeruginosa PA14 motAB motCD (MOI of 10) by murine WT BMDCs in the absence or presence of 12 �M inositol 1,3,4,5-tetrakisphosphate (IP4).
Phagocytic uptake was normalized as a percentage of the mean phagocytosis of motAB motCD bacteria in untreated cells. (C) The killing rate of PA14 WT and
motAB motCD bacteria by BMDCs treated with PIP3 was assayed by a gentamicin protection assay. Following a 45-min incubation of bacteria with BMDCs (MOI
of 10), gentamicin was added, and at the indicated time points following gentamicin addition (20, 40, and 60 min), cells were lysed to assess remaining CFU
counts. The number of CFU recovered was plotted relative to recovery at 20 min after gentamicin addition. All data were analyzed using one-way ANOVA with
Tukey’s post hoc analyses (A) or using an unpaired t test with Welch’s correction (B) and are representative of at least two independent biological experiments
(n �8). ***, P � 0.0005; *, P � 0.05; ns, not significant, for results compared to those without PIP3 treatment.
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lacks acyl tails and does not stably integrate into membranes. In contrast to PIP3, IP4 did
not induce the phagocytosis of PA14 motAB motCD and was even a modest competitor
of phagocytosis (Fig. 3B). Together, these data demonstrate that PIP3 induction of
phagocytosis requires phagocytic cell, rather than bacterial, treatment and integration
of the phospholipid into the plasma membrane.

Based on the results shown in Fig. 2 that PIP3 induces the uptake of nonmotile but
not motile P. aeruginosa, an important consideration was investigating the relative
intracellular killing rates for these bacteria in PIP3-treated BMDCs. Both genotypes of
bacteria exhibited similar rates of intracellular killing following ingestion (Fig. 3C); this
finding is consistent with previously derived intracellular bacterial killing kinetics (13).
These results suggest that PA14 and PA14 motAB motCD are equally susceptible to
killing by phagocytes pretreated with PIP3 and that the observed induction of phago-
cytosis is not an artifact of differential killing kinetics between the bacterial strains.

Polyphosphoinositides (PIP3 and PIP2) specifically elicit efficient phagocytic
induction of nonmotile P. aeruginosa. Based on the induction of phagocytosis by
PIP3, we tested the specificity of PIP3 with regard to whether this effect could be
recapitulated with other phospholipids. Equivalent molar concentrations of phospho-
lipids with different head groups and identical tails were used in parallel to prime
BMDCs, followed by quantitative phagocytosis assays of PA14 motAB motCD. Interest-
ingly, the precursor to PIP3, PIP2, was as effective as PIP3 and elicited similar phagocytic
induction of motAB motCD bacteria by BMDCs (Fig. 4A). In contrast, pretreating BMDCs
with phosphatidylserine (PS), phosphatidylethanolamine (PE), or phosphatidylcholine
(PC) was much less effective than treatment with PIP3 and PIP2 (Fig. 4A and B). These
results suggest that polyphosphoinositides are far more potent at inducing the phago-
cytosis of nonmotile bacteria than the other phospholipids tested (PS, PE, and PC). This
led us to test the breadth of the effect utilizing human cells and other genera of
bacteria and, in light of the efficacy of PIP2, to define the governing mechanism of
polyphosphoinositide-induced phagocytosis, particularly with regard to the role of the
PI3K/Akt pathway.

PIP3 induces uptake of nonmotile P. aeruginosa by primary human phagocytes.
To determine whether the described findings are exclusive to murine BMDCs or
represent a widespread mechanism applicable to the human neutrophils and mono-
cytes responsible for clearance of P. aeruginosa infections (9), we pretreated primary
human phagocytes with PIP3 and tested their ability to phagocytose nonmotile P.
aeruginosa. Human neutrophils and monocytes recapitulated the studies that em-
ployed murine cells, such that nonmotile PA14 motAB motCD was phagocytosed to a
much greater extent (�10-fold) in PIP3-treated cells (Fig. 5A to C). Importantly, since P.

FIG 4 Phospholipid specificity of phagocytic induction of nonmotile P. aeruginosa. Murine WT BMDCs were assayed
for relative phagocytosis of PA14 motAB motCD (MOI of 10) without or after treatment of cells with equivalent
molar concentrations (12 �M) of PIP3, PIP2 or PS (A) and PIP3, PC, or PE (B). The data were normalized to
phagocytosis of bacterial strains without treatment and are represented as fold increase in phagocytosis. All data
were analyzed using one-way ANOVA with Tukey’s post hoc analyses and are representative of at least two
independent biological experiments (n �8). ***, P � 0.0005; ns, not significant, for results compared to results with
no treatment.
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aeruginosa is responsible for high incidences of chronic infections in CF patients, we
decided to test whether PIP3 treatment of neutrophils directly derived from these
patients would be effective for induction of phagocytosis of nonmotile P. aeruginosa.
Indeed, PIP3 pretreatment of blood-derived neutrophils obtained from CF patients
similarly promoted the uptake of motAB motCD bacteria (Fig. 5B). In addition to loss of
bacterial motility, another conserved phenotypic adaptation observed in chronic CF
infections includes the loss of O antigen, frequently described as conversion from
smooth to rough LPS. Therefore, we tested a P. aeruginosa nonmotile mutant with
rough LPS (PA14 waaL motAB motCD), which resulted in similar and effective phago-
cytic induction following pretreatment of healthy or CF human neutrophils with PIP3

(Fig. 5D and E). Thus, induction of nonmotile P. aeruginosa by PIP3 is effective regardless
of a smooth or rough LPS phenotype. Importantly, these findings demonstrate that PIP3

induces the uptake of nonmotile P. aeruginosa by primary human phagocytes and
therefore has broad applicability to phagocytic cells across multiple cell types and
species.

PIP3 induction of phagocytosis is effective against multiple genera of nonmo-
tile Gram-negative bacteria. Additional flagellated Gram-negative pathogens besides
P. aeruginosa, such as Escherichia coli and Vibrio cholerae, also resist phagocytosis
through the loss of swimming motility (14). Therefore, we sought to evaluate whether
PIP3 treatment of murine BMDCs would overcome this evasion of phagocytosis by
testing multiple nonmotile genera of Gram-negative bacteria. We performed similar
assays using nonswimming flagellated V. cholerae (motX) and nonflagellated E. coli K-12
(fliC), genetic mutants that contain orthologous mutations to the P. aeruginosa mutants
described previously (14, 24). In assays using V. cholerae and E. coli, priming BMDCs with
PIP3 significantly increased the uptake of the bacteria compared to that in the un-
treated groups (Fig. 6). Moreover, we tested the effect of PIP3 on cells incubated with

FIG 5 Primary human neutrophils and monocytes are induced by PIP3 to phagocytose nonmotile P. aeruginosa. Primary human neutrophils from healthy donors
(A and D), primary human neutrophils from CF patients (B and E), and primary human monocytes from healthy donors (C) were assayed for relative phagocytosis
of PA14 motAB motCD and PA14 waaL motAB motCD, as indicated, without or after, treatment of cells with 12 �M PIP3. The data were normalized to
phagocytosis of bacterial strains without PIP3 treatment and are represented as fold increase in phagocytosis. An MOI of 10 was used for all experiments. All
data were analyzed using an unpaired t test with Welch’s correction and are representative of at least two independent biological experiments (for A, C, D, E,
n �8; for B, n �4). ***, P � 0.0005; **, P � 0.005, for results compared to those in the absence of PIP3 treatment.
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the opportunistic, nonflagellated Klebsiella pneumoniae (KPPR1) bacteria and observed
robust induction of phagocytosis in PIP3-treated cells (Fig. 6). These results support a
general mechanism by which PIP3 intervention enables enhanced recognition and
uptake of nonmotile Gram-negative bacteria by phagocytic cells.

Selectivity of PIP3-induced phagocytosis. In order to address the selectivity of the
PIP3 phagocytic induction, the analyses were expanded to assess Gram-positive, as well
as Gram-negative, bacterial pathogens. Phagocytic assays employing two different
nonmotile strains of Staphylococcus aureus (USA300 and rn4220) revealed no measur-
able phagocytic induction of these bacteria upon PIP3 treatment of cells (Fig. 7A). In
fact, the treatment groups exhibited slightly lower uptake of both S. aureus bacterial
strains than the untreated groups. As a control, we confirmed the dependence of S.
aureus on the PI3K/Akt signaling pathway for phagocytosis by inhibiting PI3K with
LY-294002 (Fig. S1B). To test whether the resistance to PIP3-induced phagocytosis was
specific to S. aureus, we extended these studies to incorporate Bacillus subtilis strain
JH642. PIP3-treated cells exhibited lower uptake of B. subtilis than untreated cells (Fig.
7B). Taken together, these data support the notion that PIP3 induction of phagocytosis
is selective to Gram-negative bacteria.

Since the phagocytosis of Gram-negative bacteria, as opposed to that of Gram-
positive bacteria, is preferentially induced by PIP3, we hypothesized that the LPS
recognition receptor Toll-like receptor 4 (TLR4) could potentially mediate this specific-
ity. Therefore, we evaluated the contribution of TLR4 to our system by performing
parallel phagocytosis assays in BMDCs that genetically lack TLR4. However, we ob-
served significant induction of uptake of motAB motCD bacteria by PIP3-treated
TLR4�/� BMDCs, similar to that with WT BMDCs, suggesting that the PIP3 effect is
independent of TLR4 expression (Fig. 7C).

In order to further test the selectivity of the PIP3 treatment for uptake of P.
aeruginosa rather than S. aureus, we mixed cultures of nonmotile P. aeruginosa (PA14
flgK) with S. aureus (USA300) in equal numbers and monitored the uptake of both
bacteria by BMDCs in the presence or absence of PIP3 pretreatment. Intriguingly, the
number of recovered USA300 CFU after coincubation with PA14 flgK and BMDCs was
not significantly different than that when USA300 was incubated alone with both
untreated and PIP3-treated cells. In contrast, uptake of flgK bacteria by BMDCs primed
with PIP3 was still induced upon coincubation with USA300 S. aureus bacteria (Fig. 7D).
This indicates that PA14 flgK is not able to confer additional susceptibility to S. aureus
uptake in trans and that the PIP3-treated BMDCs are able to preferentially phagocytose
nonmotile P. aeruginosa from a mixed bacterial culture (in the presence of Gram-

FIG 6 PIP3 broadly induces the phagocytosis of nonmotile Gram-negative pathogens. Murine WT BMDCs
were assayed for relative in vitro phagocytosis of V. cholerae motX, K. pneumoniae KPPR1, or E. coli K-12
fliC (MOI of 10) by standard gentamicin protection assay after preincubation in the absence or presence
of 12 �M PIP3. The data were normalized to phagocytosis of bacterial strains without PIP3 treatment and
are represented as fold increase in phagocytosis. All data were analyzed using an unpaired t test with
Welch’s correction and are representative of at least two independent biological experiments (n �8). ***,
P � 0.0005; **, P � 0.005, for results compared to those without PIP3 treatment.
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positive bacteria). Overall, we inferred that the PIP3 effect is selective for uptake of
nonmotile P. aeruginosa and other Gram-negative bacteria, independent of TLR4
expression.

PIP3-induced phagocytosis is dependent upon PI3K and Akt activity. Based on
our observations that PIP3 treatment induces substantial internalization of nonmotile P.
aeruginosa and since PI3K and Akt are necessary for phagocytosis of P. aeruginosa (Fig.
S1A) (17), we hypothesized that addition of PIP3 may promote Akt activation. To assess
this, relative Akt activation was quantitatively measured by intracellular staining for
phosphorylated Akt (phospho-Akt) followed by fluorescence-activated cell sorting
(FACS) analyses. Indeed, PIP3-treated cells exhibited a significant increase in Akt acti-
vation following coincubation with bacteria compared to the level in control cells
lacking PIP3 treatment (Fig. 8A). However, this result does not distinguish between two
possibilities for how PIP3 treatment acts to increase uptake of nonmotile P. aeruginosa.
One possible explanation is that exogenous PIP3 treatment of cells bypasses the
requirement for PI3K kinase to activate Akt and promote phagocytosis. An alternative,
though not mutually exclusive, potential mechanism is that PIP3 potentiates an earlier
step in the phagocytic pathway such that PI3K activity is still required. To test the
former hypothesis, that exogenous addition of PIP3 would bypass the requirement of
PI3K and directly activate Akt to induce uptake of nonmotile P. aeruginosa, PI3K or Akt
was inhibited with LY-294002 or Akt inhibitor VIII, respectively, and the uptake of PA14
motAB motCD by PIP3-treated BMDCs was quantitatively assessed. Unexpectedly, the
PIP3 effect on phagocytic induction of nonmotile P. aeruginosa was abrogated upon
inhibition of PI3K activity (Fig. 8B). Inhibition of Akt, which is downstream of PIP3, also

FIG 7 PIP3 selectively induces phagocytosis of nonmotile P. aeruginosa but not S. aureus or B. subtilis. (A and B) Murine WT BMDCs were assayed for relative
in vitro phagocytosis of S. aureus USA300 and rn4220 (MOI of 1) or B. subtilis JH642 (MOI of 10), as indicated, by standard gentamicin protection assay after
preincubation in the absence or presence of 12 �M PIP3. (C) Phagocytic uptake of P. aeruginosa PA14 motAB motCD (MOI of 10) with murine TLR4�/� BMDCs
pretreated with 12 �M PIP3. (D) Murine BMDCs were pretreated with PIP3 and assayed for relative in vitro phagocytosis of PA14 flgK bacteria and USA300 upon
mixing the bacteria in a 1:1 ratio. The data were normalized to phagocytosis of bacterial strains (either PA14 flgK or USA300) incubated alone without PIP3

treatment and are represented as fold increase in phagocytosis. All data were analyzed using an unpaired t test with Welch’s correction (A to C) or one-way
ANOVA with Tukey’s post hoc analyses (D) and are representative of at least two independent biological experiments (n �8). ***, P � 0.0005, for results
compared to those without PIP3 treatment.
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abolished the phagocytic induction of PA14 motAB motCD in PIP3-treated cells, sup-
porting the idea that phagocytosis in PIP3-induced cells still occurs through Akt
(Fig. 8C). As a positive control for blockade of phagocytosis, cytochalasin D (CytoD), an
inhibitor of actin polymerization, was used (Fig. 8B). These data strongly support the
notion that the induction of phagocytosis by PIP3 still requires PI3K and Akt activities.
Since the addition of PIP3 does not bypass the requirement for PI3K for phagocytosis,
we sought the potential contribution of an alternative mechanism at an earlier step in
the phagocytic pathway that could account for the PIP3 effect on induction of phago-
cytosis of nonmotile bacteria.

PIP3 markedly increases phagocyte cell surface interactions with nonmotile
Gram-negative bacteria. In an effort to determine the mechanistic basis for the PIP3

effect on phagocytic induction of nonmotile Gram-negative bacteria, we assessed the
total association and binding of bacteria by phagocytic cells. First, to visualize the
interactions that occur between P. aeruginosa and BMDCs by fluorescence microscopy,
murine BMDCs were primed with PIP3, followed by incubation in the presence or
absence of Akt inhibitor VIII, and subsequently incubated with green fluorescent
protein (GFP)-expressing PA14 motAB motCD. Representative images demonstrate that
cells pretreated with PIP3 associate with these bacteria to a much greater extent than
untreated cells (Fig. 9A). Importantly, blocking phagocytosis in PIP3-treated cells by
inhibition of Akt (Fig. 9A) did not diminish the total binding of nonmotile P. aeruginosa
by the BMDCs, thereby supporting the notion that PIP3 can potentiate cell surface
interactions with these bacteria.

As quantitative metrics to measure cell surface association of the bacteria with the
phagocytes, we employed two complementary assays: FACS analyses, which provided
an alternative and quantitative technique by which to validate the microscopy data,
and analysis of bacterial type III secretion system (T3SS)-induced cytotoxicity, which is
dependent upon interaction of the bacteria with the cell surface but not upon
phagocytic uptake (25). Of note, both the nonmotile and motile PA14 bacteria are
equally capable of T3SS activity, but the nonmotile bacteria elicit less cytotoxicity by
virtue of less cellular association (25). Consistent with previous data (13, 14), GFP-
expressing PA14 WT bacteria exhibited significantly greater association with untreated
cells than motAB motCD bacteria (9B, inset). However, consistent with the phagocytosis
data (Fig. 2), the fold increases in bacterial binding (Fig. 9B) and induced cytotoxicity
(Fig. 9C) following PIP3 pretreatment of the cells were both far greater for the nonmo-
tile bacteria than for the motile bacteria. The PIP3 treatment induced similar fold
increases in binding and phagocytosis of the nonmotile P. aeruginosa, quantitatively
supporting the increased binding as a predominant contributing factor to the increased
phagocytosis. Intriguingly, PIP3 pretreatment of the phagocytes also elicited small but

FIG 8 PI3K and Akt activities are required for PIP3-induced phagocytosis of nonmotile P. aeruginosa. (A) Murine BMDCs were coincubated with PA14 motAB
motCD bacteria for 45 min after pretreatment of cells in the absence or presence of 12 �M PIP3. Following intracellular staining for phospho-Akt, Akt activation
was quantified by FACS analyses. Mean fluorescence intensity (MFI) was normalized to untreated cells (set as 1, y axis). (B and C) Phagocytic uptake of PA14
motAB motCD (MOI of 10) by gentamicin protection assay with murine WT BMDCs pretreated with 12 �M PIP3 with or without 100 �M LY-294002, 5 �M Akt
inhibitor VIII, or 10 �M cytochalasin D, as indicated. The data were normalized to phagocytosis of PA14 motAB motCD without PIP3 treatment and are
represented as fold increase in phagocytosis. Data were analyzed using one-way ANOVA with Tukey’s post hoc analyses and are representative of at least two
independent biological experiments (A, n � 4; B and C, n � 8). ***, P � 0.0005; ns, not significant.
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significant increases in binding and cytotoxicity by the motile bacteria (Fig. 9B and C)
that were not reflected in measurable increases in phagocytosis (Fig. 1C and 2B); it is
not clear if this is reflective of differing sensitivities of the assays or of an additional
rate-limiting step within the phagocytic process. Last, K. pneumoniae, which inherently
lacks flagellar motility, recapitulated the observations derived from nonmotile P. aerugi-
nosa, such that the total association of fluorescent bacteria with PIP3-treated cells as
measured by FACS analysis was significantly greater than that in untreated cells
(Fig. 9D). These data support our gentamicin protection assays and reveal (i) that PIP3

promotes phagocytosis by increasing overall bacterial binding by the phagocytes and
(ii) that the PIP3-induced phagocytosis is dependent on both PI3K and Akt activities
and, specifically, does not bypass the requirement for PI3K. Thus, PIP3 preferentially
supports cell surface association, and associated elicited cytotoxicity, by nonmotile
bacteria in comparison to its effect on motile bacteria.

DISCUSSION

Flagellar motility has long been recognized as a major colonization and virulence
factor in many bacterial pathogens, including P. aeruginosa. While flagellar motility is
necessary for initial establishment of infection (23), it is well accepted that clinical
isolates recovered from patients suffering from chronic P. aeruginosa infections have

FIG 9 PIP3 significantly increases binding of nonmotile bacteria to phagocytes. (A) Representative images of WT BMDCs pretreated with 12 �M PIP3 with or
without 5 �M Akt inhibitor VIII and incubated with GFP-expressing PA14 motAB motCD (green) at an MOI of 10 (magnification, �40). The nuclei of BMDCs are
stained with 4=,6=-diamidino-2-phenylindole (blue), and cells are viewed by differential interference contrast overlay. (B) Relative association of GFP-expressing
PA14 WT or motAB motCD bacteria with PIP3-pretreated murine WT BMDCs, quantitatively measured by FACS analyses. PIP3-dependent increases in bacterial
association with BMDCs are shown as the fold increase compared to the level of association in the absence of PIP3 pretreatment. The relative association of
GFP-expressing PA14 WT or motAB motCD bacteria to BMDCs in the absence of PIP3 pretreatment is also shown (B, inset). (C) WT BMDCs either untreated or
pretreated with PIP3 were assayed for relative cellular cytotoxicity following infection with the PA14 WT or motAB motCD strain (MOI of 10) for 45 min. BMDC
cellular cytotoxicity was analyzed by propidium iodide (PI) staining followed by flow cytometric analysis. (D) Flow cytometry to assay KPPR1-YFP bacterial
association with murine WT BMDCs pretreated with PIP3. The data were normalized in the same manner as described for panel B. All data were analyzed using
an unpaired t test with Welch’s correction (B and D) or one-way ANOVA with Tukey’s post hoc analyses (C) and are representative of at least two independent
biological experiments (n � 8). ***, P � 0.0005; **, P � 0.005; *, P � 0.05; ns, not significant, for results compared to those without PIP3 treatment.
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downregulated flagellar gene expression or no flagella entirely, resulting in loss of
motility (4, 5). This nonmotility phenotype observed in clinical strains isolated from
established infections is likely reflective of the selective pressure exhibited by the
immune system to clear motile bacteria by phagocytosis. In this regard, phagocytic
clearance of bacteria by neutrophils and macrophages is the major mechanism of host
control of P. aeruginosa (9), and while flagellar motility is a potent activator of
phagocytosis by P. aeruginosa, the nonswimming bacteria evade uptake by phagocytes
(13, 14). Indeed, effective phagocyte function in immunocompetent individuals is
typically sufficient to protect them from establishment of chronic P. aeruginosa infec-
tions (11). We reasoned that if we could boost the ability of phagocytes to bind and
engulf nonmotile bacteria closer to the levels that they achieve with motile bacteria,
then bacterial clearance would drastically improve, and similar levels of protection
might be achieved. In this work, we have described a methodology and identified a
potential mechanism by which uptake of these nonmotile bacteria is enhanced by
pretreating immune cells with phospholipids (PIP3 and PIP2).

PI3K activity is broadly required for internalization of P. aeruginosa, as well as that of
other bacterial genera, by phagocytic cells. These data were recapitulated by the PI3K
dependence for phagocytosis of all motile and nonmotile strains tested in this report.
Moreover, these data also complement and extend previous reports exploring PI3K
dependence using epithelial and phagocytic cells with P. aeruginosa (17, 26, 27), as well
as several other bacteria, including Escherichia coli K1, Listeria monocytogenes, and
Helicobacter pylori (28–30). Previously, we determined that the PI3K/Akt signal trans-
duction pathway was responsible for motility-induced uptake of P. aeruginosa such that
flagellar motility results in Akt activation and ultimately phagocytosis (17). Moreover,
murine alveolar macrophages that lack PTEN phosphatase, which converts PIP3 to PIP2,
exhibit enhanced phagocytosis of P. aeruginosa (31). Therefore, taking these observa-
tions into account, our initial hypothesis was that exogenous activation of Akt by
pretreating immune cells with PIP3 would stimulate the uptake of the phagocytosis-
resistant nonmotile P. aeruginosa.

Indeed, using multiple independent nonmotile mutants of P. aeruginosa, we report
substantial (10- to 30-fold) induction of phagocytosis upon priming of human and
murine cells with PIP3. Notably, the magnitude of the PIP3 induction of phagocytosis is
much greater than that observed with other interventions meant to increase uptake of
bacteria. For instance, Leid et al. reported that uptake of P. aeruginosa biofilms (PAO1
and FRD1 strains) lacking alginate (algD deletion bacteria) by human leukocytes was
increased about 4-fold after exogenous treatment with gamma interferon (IFN-�), while
uptake of wild-type bacteria was unaffected by the treatment (32). Similarly, another
study demonstrated that treatment of human blood neutrophils or monocyte-derived
macrophages with resolvin D1 increased phagocytosis of the P. aeruginosa clinical
strain RP73 �3-fold (33).

Although our original premise was that phagocytic induction by PIP3 was through
direct activation of Akt, a series of informative experiments altered our hypothesis.
Notably, since our data revealed that addition of PIP3 does not bypass the requirement
for PI3K and that PIP2 also elicited a level of induction of phagocytosis similar to that
of PIP3, it is unlikely that PIP2 works by getting converted to PIP3. Additionally, we
observe that the polyphosphoinositides induce cell surface binding of the bacteria.
Since the effect elicited by lipids was specific to the phosphoinositides tested (PIP3 and
PIP2) in comparison with other lipids tested, we speculate that the phosphatidyl inositol
head groups and the negative charge mediate the interaction. Thus, we believe that the
most likely mechanism is that the PIP3 integrated in the host membrane after exoge-
nous treatment binds directly to bacteria, facilitating the internalization into cells.
However, an alternative scenario is that the addition of PIP3 might affect phagocytic cell
membrane permeability or fluidity or even the distribution and clustering of phagocytic
receptors on the membrane, thereby promoting productive binding and uptake of
bacteria. Since the PIP3 effect is completely abrogated upon inhibition of either Akt or
PI3K activities in PIP3-treated cells, this supports the notion that the requirement for
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PI3K is not bypassed, despite addition of the direct Akt activator PIP3, and thus that the
stimulus is likely not working directly upon Akt. Instead, the main driver of our
phagocytic phenotype upon PIP3 pretreatment seems to be at the level of bacterial
association to the outside of cells, which occurs in an Akt-independent manner. Thus,
the increase in bacterial binding to cells results in increased uptake of those bacteria
though the addition of PIP3 may also accelerate the kinetics of internalization.

Interestingly, our results support the idea that PIP3 pretreatment of cells is effective
only for uptake of Gram-negative bacteria and not Gram-positive bacteria. In fact, the
uptake of S. aureus and B. subtilis modestly decreased upon PIP3 treatment of cells.
Moreover, the mixed-culture experiment where nonmotile P. aeruginosa was preferen-
tially phagocytosed in the presence of S. aureus suggests that there are no soluble
factors being secreted into the extracellular environment that would alter the phago-
cytic activity of the BMDCs. This selectivity in the response might be accounted for by
the inherent differences between these bacteria, such as the chemical composition of
the structural (cell) envelopes, that would facilitate binding/interaction with eukaryotic
cells. The outer shell of Gram-positive bacteria consists of a thick cell wall (peptidogly-
can) containing teichoic acids and lipoteichoic acids (LTA) while, in contrast, exclusive
to Gram-negative bacteria is an additional outer membrane with lipopolysaccharides,
lipoproteins, and pore-forming proteins (porins) outside their thin cell walls (34).
Therefore, it is conceivable that these unique structures and potential interacting
bacterial ligands (adhesins) associated with Gram-negative bacteria mediate a produc-
tive interaction with the PIP3-treated cells which enables their uptake, contrasting with
the interaction of Gram-positive bacteria. With the use of nonmotile P. aeruginosa
mutants lacking O antigen ligase, we provide the key insight that the PIP3 induction of
phagocytosis is independent of the presence of O antigen on the LPS. We also
demonstrate that TLR4 on phagocytic cells is not responsible for PIP3 selectivity toward
Gram-negative bacteria since TLR4-deficient BMDCs were still induced by PIP3 to
phagocytose nonmotile P. aeruginosa. Moreover, it is worth noting that both groups of
bacteria have an overall negative charge since surface charge is an important factor for
mediating bacterial attachment to surfaces (including cells). However, the negative
charge on Gram-positive bacteria is conferred due to teichoic acids, whereas the
Gram-negative bacteria are negatively charged due to the presence of lipopolysaccha-
rides in the outer membrane (34).

In addition to gaining insights about the mechanisms by which PIP3 enhances
uptake of nonmotile bacteria, this study is also informative regarding the mechanistic
requirements for phagocytosis of P. aeruginosa. Previous work in the lab illustrated that
bacterial swimming motility as a function of flagellar rotation is utilized by phagocytes
to recognize bacteria for uptake. Specifically, the motility promotes engagement
between the bacteria and the cell surface of the phagocyte, which results in a stimulus
for internalization. From the results of the competition experiment with motile wild-
type and nonflagellated (flgK) P. aeruginosa, we inferred that both genotypes of
bacteria are able to access the same binding sites on the cell surface in PIP3-treated
cells. Since the bacteria devoid of flagella (and flagellar motility) are taken up by
PIP3-treated cells, this supports the concept that flagellar motility enables engagement
with the cell but that the flagellum is not the ligand recognized by phagocytic cells for
uptake; the exact bacterial ligand(s) supporting phagocytic uptake is currently un-
known. From these studies, we speculate that P. aeruginosa and other Gram-negative
bacteria favor binding to negatively charged molecules on the cell surface. Consistent
with this notion, Kierbel et al. demonstrated that PIP3-rich membrane sites can facilitate
motile P. aeruginosa (PAK) invasion into epithelial cells (27). However, given the
subcellular distribution of PIP3 within phagocytes and, specifically, the lack of polyphos-
phoinositides on the cell surface, it appears unlikely that they are endogenous ligands
that mediate bacterial uptake. Therefore, this study paves the way for further identifi-
cation of cellular determinants for phagocytosis of P. aeruginosa, especially with regard
to charge-mediated effects in conjunction with as yet poorly described phagocytic
receptor(s).
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In conclusion, there is a great need to develop and optimize methodologies to
effectively eradicate nonmotile bacteria in chronic infections. With the use of a variety
of nonmotile bacterial genera and bacterial mutants, including P. aeruginosa, we
demonstrate that PIP3 pretreatment of phagocytic cells helps to overcome the phago-
cytic evasion exhibited by nonmotile bacteria. Importantly, our data support a model
whereby increased bacterial association to phagocytic cells upon PIP3 treatment is
mainly responsible for the enhanced internalization of nonswimming bacteria. Overall,
our findings provide key insights into poorly understood determinants of phagocytic
recognition of bacteria and reveal the basis for a potential therapeutic intervention
whereby plasma membrane-anchored polyanions, potentially phospholipids, could be
leveraged to mediate bacteria clearance.

MATERIALS AND METHODS
Bacteria. All bacteria used in this study are listed in Table S1 in the supplemental material and have

been previously published. B. subtilis JH642 and many of the P. aeruginosa strains on the PAO1 and PA14
backgrounds, except PA14 waaL motAB motCD (21), were provided by G. O’Toole and D. Hogan
(Dartmouth Medical School, Hanover, NH) (13, 14, 25, 35, 36). P. aeruginosa PAK and PA103 strains were
provided by B. Kazmierczak (Yale University, New Haven, CT) (37). The remaining bacteria used are as
follows (source): E. coli K-12 fliC (E. coli genetic stock center), S. aureus USA300 (ATCC) and rn4220 (A.
Cheung, Dartmouth Medical School, Hanover, NH), V. cholerae O395 motX (24), and K. pneumoniae KPPR1
(M. Wargo, University of Vermont, Burlington, VT) (38, 39). Bacteria were cultured overnight at 37°C and
subsequently subcultured to log-phase growth for 2 h in Luria Bertani (LB) broth, and the concentrations
were determined by optical density at 600 nm.

Cells. Bone marrow-derived dendritic cells (BMDCs) were cultured from C57BL/6 WT mice (Charles
River Laboratories) or C3H/HeJ TLR4-knockout (TLR4�/�) mice (Jackson Laboratories) as previously
described (40). Six- and 7-day-old BMDCs were used for these studies. Blood was collected from healthy
volunteers and patients with CF by venipuncture into heparinized tubes. Donor blood samples were
procured from three CF patients with the following cystic fibrosis transmembrane conductance regulator
(CFTR) gene mutations: R1162X/W1282G, E60X/A455E, and ΔF508/ΔF508. Neutrophils were enriched
with a Ficoll-Paque Plus (GE Healthcare Biosciences) discontinuous gradient followed by dextran sedi-
mentation as previously described (21). Human peripheral blood monocytes were kindly provided by P.
Guyre (Dartmouth Medical School, Hanover, NH).

Ethics statement. The Dartmouth Committee for the Protection of Human Subjects (CPHS) approved
procurement and use of human cells in this study (22781 and 22634). All samples were obtained with
informed consent and subsequently deidentified. Animal use was conducted in strict compliance with
the Guide for the Care and Use of Laboratory Animals of the National Research Council (41) and was
approved by the Dartmouth Institutional Animal Care and Use Committee (IACUC).

Gentamicin protection assay. Phagocytosis of live bacteria was performed as previously described
(21). Nonadherent phagocytic cells (2.5 � 105) were preincubated with exogenous PIP3 (P-3916; Echelon
Biosciences) with the use of an established protocol (42). Briefly, 12 �M PIP3 was loaded onto 6 �M
histone carrier (P-9C2; Echelon Biosciences) (5 min at room temperature [RT]) and then incubated with
BMDCs in serum-free Hanks balanced salt solution (HBSS) for 10 min at RT. Excess lipids were then
removed by centrifugation prior to incubation of cells with the bacteria in HBSS. Similarly, phagocytic
cells were preincubated with equivalent molar concentrations (12 �M) of phosphatidyl-(4,5)-
bisphosphate (PIP2), phosphatidylserine (PS), phosphatidylcholine (PC), and phosphatidylethanolamine
(PE) (Avanti Polar Lipids); histone carrier was also used for all of these treatments. In the experiment
involving direct incubation of bacteria with PIP3 (Fig. 3A), free PIP3 was washed out by layering bacteria
on a sucrose pad (0.3 M sucrose in 1� phosphate-buffered saline [PBS]) after the 10-min incubation and
pelleting the bacteria through the sucrose by centrifugation.

For inhibitor studies, 2.5 � 105 cells were preincubated in 100 �M LY-294002 (LY9908; Sigma),
5 �M Akt inhibitor VIII (124018; Calbiochem), 10 �M cytochalasin D (C8273; Sigma), or serum-free
HBSS for 15 min at RT before being coincubated with bacteria. PIP3 was added to the cells as
described above 5 min after the initial start of the incubation with the inhibitors. The BMDCs were
then cocultured in the presence of the inhibitors with the bacterial strains indicated in the figures
(at multiplicities of infection [MOI] of 10 or 1 as specified in the figure legends) for 45 min at 37°C.
For studies using inositol 1,3,4,5-tetrakisphosphate (IP4) (Q-1345; Echelon Biosciences), 12 �M
phosphoinositol was added to the cells at the same time as the bacteria.

For all conditions, after the 45-min coincubation with bacteria, 100 �g/ml gentamicin was added to
the cells for 20 min at 37°C. The cells were then washed twice with HBSS and lysed with 500 �l of 0.1%
Triton X-100 solution or 0.1% Tween 20 solution (for B. subtilis only) in 1� PBS. Lysates were plated on
LB plates and incubated overnight at 37°C. For phagocytosis assays, the number of recovered CFU on LB
plates is represented as the percentage of the mean of WT bacteria phagocytosed or fold increase in
phagocytosis (normalized to phagocytosis of bacterial strains without PIP3 pretreatment), as indicated in
the figures, to quantitatively compare relative phagocytosis levels.

Microscopy. WT BMDCs were incubated with GFP-expressing PA14 motAB motCD at an MOI of 10 for 45
min as previously described (13). Where indicated, WT BMDCs were pretreated with 12 �M PIP3 with or
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without 5 �M Akt inhibitor VIII before incubation with PA14 motAB motCD expressing GFP (as described
above). Microscopy was performed on an inverted Zeiss Axiovert 200 microscope with a 40� objective.

FACS-based bacterial association assay for fluorescent bacteria. WT BMDCs were incubated with
GFP-positive (GFP�) PA14 WT, GFP� PA14 motAB motCD, or yellow fluorescent protein (YFP)-positive
(YFP�) Klebsiella pneumoniae KPPR1 (M. Wargo, University of Vermont, Burlington, VT) bacterial strains for
45 min at 37°C following published protocols (13, 14). WT BMDCs were pretreated with 12 �M PIP3 before
incubation with fluorescent bacteria in HBSS. Fluorescence-activated cell sorting (FACS) analyses were
subsequently used to quantitatively measure the association of fluorescent bacteria with the BMDCs,
with nonassociated bacteria excluded by gating on scatter. In order to combine data derived from
multiple independent experiments, the fluorescence values from each experiment were normalized to
the mean fluorescence intensity (MFI) of uninfected BMDCs, with this background fluorescence subse-
quently subtracted from the data in which fluorescent bacteria were employed.

To assess cellular cytotoxicity using FACS analysis, WT BMDCs were untreated or pretreated with 12
�M PIP3 before incubation with PA14 WT or motAB motCD bacteria (MOI of 10) for 45 min at 37°C. At 45
min postinfection, cells were washed twice with HBSS, followed by staining with propidium iodide ([PI]
1:200, diluted in HBSS) for 5 min on ice, followed by flow cytometric analysis.

Akt activation assay. Akt activation assays were performed with previously described reagents and
methodology (21). Akt activation (phospho-Akt levels) was quantified by FACS analyses.

Statistical analyses. Means � standard deviations (SD) derived from multiple independent experiments
with technical replicates are shown for each graph. Sample sizes for each experiment are noted in the figure
legends. As indicated in the legends, unpaired Student’s t test with Welch’s correction or one-way analysis of
variance (ANOVA) with Tukey’s post hoc analyses was performed using Prism, version 7.02, to determine
statistical significance of the data. Statistical significance is represented in the figures by asterisks.
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