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Abstract
We have shown previously that ulcerogenic (type I) strains of Helicobacter pylori (Hp) retard their
entry into macrophages. However, the signaling pathways that regulate Hp phagocytosis are largely
undefined. We show here that Hp strongly activated class IA phosphoinositide3-kinases (PI3Ks) in
macrophages, coincident with phagocytosis, and endogenous p85 and active protein kinase Bα
accumulated on forming phagosomes. PI3K inhibitors, wortmannin and LY294002, inhibited
phagocytosis of Hp in a dose-dependent manner, and blockade of engulfment correlated directly with
loss of 3′-phosphoinositides in the membrane subjacent to attached bacteria. During uptake of large
immunoglobulin G (IgG)-coated particles, PI3Ks regulate pseudopod extension and phagosome
closure. In marked contrast, we show here that 3′-phosphoinositides regulated actin polymerization
at sites of Hp uptake. Moreover, Hp and IgG beads activated distinct PI3K isoforms. Phagosomes
containing IgG-coated particles accumulated 3′-phosphatase and tensin homologue deleted on
chromosome 10 and Src homology 2 domain-containing inositol 5′-phosphatase, yet Hp phagosomes
did not. Finally, rapid uptake of IgG-opsonized Hp or a less-virulent type II Hp was PI3K-
independent. We conclude that Hp and IgG beads are ingested by distinct mechanisms and that PI3Ks
regulate the actin cytoskeleton during slow phagocytosis of ulcerogenic Hp.
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INTRODUCTION
Helicobacter pylori (Hp) is a highly successful pathogen that has colonized the gastric
epithelium of ~50% of humans [1]. These Gram-negative, microaerophilic organisms cause a
broad spectrum of disease that includes gastritis, peptic ulceration, or more rarely, gastric
adenocarcinoma. In general, strains of Hp have been divided into two groups [2,3]. Type II
organisms induce moderate inflammation and are common in persons with asymptomatic
gastritis. In contrast, ulcerogenic (type I) Hp induce substantial inflammation and tissue
damage that is accompanied by a prominent influx of phagocytes to the gastric mucosa. The
virulence of type I Hp is mediated, in part, by secretion of a potent vacuolating cytotoxin and
the presence of a type IV secretion system encoded by the cag pathogenicity island. These
virulence factors act on the gastric epithelium to induce cell death and trigger phagocyte influx,
respectively.
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Several research groups have demonstrated that a subset of Hp strains avoids killing after they
are ingested by macrophages or neutrophils in vitro (reviewed in ref. [3]). In vivo, the ability
of Hp to survive inside epithelial cells and macrophages contributes to organism persistence
and treatment failure [4,5]. We have shown previously that type I Hp evade phagocytic killing
and actively modulate their entry into macrophages, whereas the less-virulent type II strains
do not [6]. Delayed phagocytosis requires bacterial protein synthesis and is specific for live,
type I organisms [6,7]. In contrast, type II Hp are ingested rapidly and killed [6,8]. As delayed
phagocytosis is unique to type I Hp, we hypothesized that these organisms may define a distinct
phagocytic pathway. Nevertheless, receptors for Hp remain obscure, and the signaling
pathways that control bacterial engulfment are only beginning to be explored.

Class IA phosphoinositide3-kinases (PI3Ks) are heterodimers composed of a regulatory
subunit and a catalytic subunit (p110α, p110β, or p110δ) [9,10]. PI3Kδ is expressed primarily
in leukocytes, whereas PI3Kα and PI3Kβ are widely distributed [11]. The p85 regulatory
subunit targets these enzymes to membranes by interaction of its Src homology 2 (SH2)
domains with phosphotyrosine residues or by interaction of its SH3 domain with proline-rich
sequences [12]. At the membrane, the catalytic subunit phosphorylates the D3 position of the
inositol ring of phosphatidylinositol-4,5-bisphosphate and to a lesser extent,
phosphatidylinositol 4-phosphate [12]. In vitro, phosphoinositide can also be used as a substrate
[10]. Activation of PI3K downstream of tyrosine kinases is required for Fc receptor for
immunoglobulin G (IgG; FcγR)-mediated phagocytosis in macrophages and neutrophils [13–
15]. In this context, 3′-phophoinositides regulate pseudopod extension and closure of
phagosomes containing large IgG-coated particles but are dispensable for local actin
polymerization [14,15]. To our knowledge, PI3K activity has not been measured following
engagement of other phagocytic receptors. However, PI3K inhibitors wortmannin (WTM)
[16,17] and/or LY294002 [18] prevent phagocytosis of zymosan [19], αvβ3-mediated uptake
of apoptotic cells [20], and in some cases, particle ingestion via CD11b/CD18 [19,21–23].
Conversely, WTM and LY294002 do not prevent ingestion of yeast, Escherichia coli, Yersinia
enterocolitica, Legionella pneumophilia, Salmonella, or Brucella by macrophages [22–26].
PI3K is also dispensable for phagocytosis in Dictyostelium discoideum [27], and depletion of
PI3Kα does not prevent engulfment of Mycobacterium tuberculosis [28]. Collectively, these
data suggest that PI3Ks regulate only a subset of phagocytic processes.

Herein, we used biochemical approaches and confocal microscopy to assess the role of PI3K
in Hp uptake by macrophages. We now show that class IA PI3Ks are activated strongly by
ulcerogenic Hp and that accumulation of phospha-tidylinositol-3,4,5-trisphosphate [PI(3,4,5)
P3] on forming phagosomes is essential for bacterial engulfment. In addition we demonstrate
that PI3K activity regulates the actin cytoskeleton in Hp-infected cells, and as such, the results
of this study define a new function for class IA PI3Ks in macrophages.

MATERIALS AND METHODS
Materials

Trypticase soy agar was obtained from Difco Laboratories (Detroit, MI). Pyrogen-free
phosphate-buffered saline (PBS), Hepes-RPMI, minimum essential medium-α (MEMα), L-
glutamine, and penicillin-streptomycin were from Bio-Whittaker (Walkersville, MD). Fetal
bovine serum (FBS) was from Gibco (Grand Island, NY). Zymosan-opsonizing reagent,
rhodamine-phalloidin, and rabbit antibody to PI(3,4,5)P3 were from Molecular Probes
(Eugene, OR). IgG beads were from Dynal (Brown Deer, WI). Polyclonal antibodies (pAb) to
Hp were from Accurate (Westbury, NY). Monoclonal antibodies (mAb), specific for Hp
lipopolysaccharide (LPS) were from Biogenesis Limited (Kingston, NH). WTM, mouse anti-
protein kinase Bα (PKBα) hybridoma supernatant [29], rabbit anti-p85 antiserum, and purified
anti-p85 IgG [30] were the generous gift of Dr. Marcus Thelen (Institute for Research in
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Biomedicine, Bellinzona, Switzerland). Rabbit anti-p110α, -p110β, and -p110δ pAb and mouse
mAb to phosphatase and tensin homologue deleted on chromosome 10 (PTEN) were from
Santa Cruz Biotechnology (CA). Mouse mAb to SH2 domain-containing inositol 5′-
phosphatase (SHIP) and class II PI3K (PI3KC2α) were from BD Biosciences (San Jose, CA).
Mouse mAb to phosphorylated Ser473 of PKB and rabbit pAb to phosphorylated Thr308 of
PKB were from Upstate Biotechnology (Charlottsville, VA) and Biosource (Camarillo, CA),
respectively. Leupeptin was obtained from Boehringer-Mannheim (Indianapolis, IN). Affinity-
purified fluorescein isothiocyaante (FITC)- and rhodamine-conjugated secondary antibodies
were from Jackson ImmunoResearch Laboratories (West Grove, PA). PolyScreen
polyvinylidene difluoride (PVDF) transfer membranes were from New England Nuclear
(Boston, MA). Horseradish peroxidase (HRP)-conjugated secondary antibodies were from
Amersham (Piscataway, NJ). Latrunculin B was from Biomol (Plymouth Meeting, PA).
LY294002 was from Calbiochem (San Diego, CA). Coomassie Plus and bicinchoninic acid
(BCA) protein assay kits and enhanced chemiluminescence (ECL) reagents were from Pierce
(Rockford, IL). Additional reagents were obtained from Sigma Chemical Co. (St. Louis, MO).

Bacterial strains and culture
Hp were obtained from the American Type Culture Collection (Manassas, VA). Strains 11637,
11916, and DT61A contain the cag pathogenicity island and secrete an active form of VacA
[31–33] and as such, are ulcerogenic (type I) organisms [2]. Strains Tx30a and MC123 are
cag-negative, produce an inactive form of VacA [34,35], and are classified as type II Hp [2].
All Hp were grown on pH 6 trypticase soy agar containing 5% sheep blood (Remel, Lenexa,
KS) under microaerophilic conditions (5% O2, 10% CO2, 85% N2) as described previously
[6]. Where indicated, Hp were opsonized with anti-Hp pAb or anti-LPS mAb for 30 min at 37°
C, washed, and resuspended in MEMα [36].

Macrophage isolation and culture
Resident peritoneal macrophages (PMφ) and marrow for cultivation of bone marrow-derived
macrophages (BMMs) were obtained from female CD-1 mice (Charles River Laboratories,
Wilmington, MA) using procedures approved by the University Animal Care and Use
Committee of the University of Iowa (Iowa City). BMMs were maintained in Hepes-RPMI
containing 15% heat-inactivated (HI) FBS, 1% L-glutamine, 100 U/ml penicillin G, 100 μg/
ml streptomycin, and 20% L cell-conditioned medium as a source of colony-stimulating factor
(CSF)-1 and used after 7–16 days in culture. For each experiment, BMMs were scraped off
petri dishes and replated on coverslips or in tissue-culture dishes as indicated. BMMs were
switched to MEMα containing 10% HI FBS and 1% L-glutamine (without antibiotics or CSF-1)
and were incubated overnight at 37°C prior to infection. Similarly, PMφ were plated on glass
coverslips or tissue-culture dishes in MEMα containing 10% HI FBS and 1% L-glutamine,
washed after 2 h to remove lymphocytes, and incubated overnight at 37°C prior to infection.

Drug treatments
To prevent actin rearrangements and phagocytosis, macrophages were treated with 2 μg/ml
cytochalasin B or 63 nM latrunculin B for 30 min at 37°C prior to addition of Hp. To inhibit
PI3K activity, macrophages were treated with 0 –100 nM WTM or 0 –100 μM LY294002 for
1 h at 37°C in serum-free MEMα prior to infection. Drugs were maintained in the medium for
the duration of each experiment

Synchronized phagocytosis
Washed Hp, IgG beads, or IgG-opsonized zymosan (IgG-Z) were dispersed in a tissue-culture
medium to achieve a ratio of five to 15 bacteria and three to five particles per macrophage (for
microscopy experiments) or ~25 bacteria and 10 –12 particles per macrophage (for
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biochemistry experiments). In all cases, phagocytosis was synchronized using centrifugation
as described previously [6,37].

Immunofluorescence microscopy
An established, a differential staining procedure was used to distinguish intracellular and
extracellular macrophage-associated Hp [36]. Fluorescence was visualized with a Zeiss
Axioplan2 microscope (Carl Zeiss, Inc., Thorn-wood, NY). For each experiment Hp associated
with at least 100 infected macrophages were counted on triplicate coverslips. By this assay,
≥80% of cell-associated Hp were ingested after 15 min at 37°C, and phagocytosis was blocked
by ~95% in the presence of the actin filament-destabilizing agents cytochalasin or latrunculin
B [36]. Ingestion of IgG-Z was quantified in a similar manner using rhodamine or FITC-
conjugated secondary antibodies directed against the opsonin.

To assess the association of F-actin and marker proteins with forming phagosomes, cells were
fixed in formalin, permeabilized with −20°C acetone, blocked, and then stained with rhodamine
phalloidin and anti-Hp antibodies as described [6,38]. Reagents were diluted as follows:
rhodamine phalloidin (1:200); rabbit anti-Hp pAb (1:2000); mouse mAb to Hp LPS (1:400);
rabbit anti-p85 IgG (1:50); mouse hybridoma supernatant to PKBα (neat); mouse mAb to
phospho-PKB (1:200); mouse anti-PTEN mAb (1:20); mouse anti-SHIP mAb (1:30); mouse
anti-PI3KC2 mAb (1:30); secondary antibodies (1:200). Fluorescence was viewed using an
Axioplan2 photomicroscope or an LSM-510 laser-scanning confocal microscope (both from
Carl Zeiss Inc.). Composite images were generated using Photoshop 6.0 (Adobe Systems Inc.,
Mountain View, CA).

Subcellular fractionation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and immunoblotting

BMMs (1 × 106/35 mm dish), which had ingested Hp or IgG-opsonized particles for 0 –15 min
at 37°C, were disrupted by nitrogen cavitation, and post-nuclear supernatants were fractionated
into total membranes and cytosol as described previously [36,38]. Each sample (20 μg) was
resolved by 8% SDS-PAGE and then transferred to PVDF membranes. Blocked membranes
were probed overnight at 4°C with primary antibodies, washed with PBS-Tween, and then
incubated with secondary antibody conjugated to HRP. Bands were developed using ECL
reagents and quantified using an IS-1000 digital imaging system (Alpha Innotech, San Leandro,
CA).

In vitro PI3K assay
To measure total class IA PI3K activity, BMMs (2 × 106 cells/60 mm dish) were treated with
0 –100 nM WTM and then infected with Hp or IgG particles, as described above. Thereafter,
cells were washed twice with ice-cold PBS containing 1 mM Na3VO4 and scraped into lysis
buffer (1% Triton X-100, 20 mM Tris-HCl, pH 8, 137 mM NaCl, 10% glycerol, 2 mM EDTA,
1 mM Na3VO4, 5 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 50 μg/ml leupeptin, 10 μg/
ml pepstatin, and 0.09 tyrpsin inhibitor unit aprotinin). Samples were normalized for protein
content and then incubated at 4°C with anti-p85 antiserum. Immune complexes were collected
on protein A sepharose beads and washed twice with lysis buffer and three times with 10 mM
Tris-HCl, pH 7.4. PI3K activity was measured using an in vitro kinase assay that detects
conversion of phosphatidylinositol into phosphatidylinositol 3-phosphate [PI(3)P] in the
presence of [γ-32P]adenosine 5′-triphosphate (ATP) [39]. Extracted lipids were resolved by
thin-layer chromatography on oxalate-impregnated silica gel plates using
CHCl3:MeOH:H2O:NH4OH (18:14:3:1, v/v). PI(3)P was detected by autoradiography and
quantified by liquid scintillation counting.
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To quantify PI3K activity at the membrane during phagocytosis, BMMs were infected with
Hp or IgG particles for 0 –15 min at 37°C, washed with cold PBS-Na3VO4, and disrupted by
nitrogen cavitation, and postnuclear supernatants were fractionated to obtain membranes and
cytosol. Isolated membranes were solubilized with lysis buffer, and PI3K activity associated
with p85 immune complexes was measured as described above.

Antisense treatment
Phosphorothioate-modified sense (5′-atg-agt-gct-gag-ggg-tac-ca-3′) and anti-sense (5′-tgg-
tac-ccc-tca-gca-ctc-at-3′) oligonucleotides directed against the transcription start site of murine
p85 [40] were synthesized, and high-pressure liquid chromatography was purified by Sigma
Genosys (Haverhill, UK). BMMs were left untreated or exposed to 25 μM sense or antisense
oligos for 48 h at 37°C. Thereafter, Hp phagocytosis was assessed by differential staining, and
macrophage p85 content was quantified by immunoblotting of cell lysates.

Other methods
Protein concentrations were determined using Coomassie-Plus or BCA kits (Pierce). IgG-Z
particles were prepared as directed by Molecular Probes. Statistical significance was
determined by Student’s t-test for paired samples or by ANOVA. P < 0.05 was considered
significant.

RESULTS
Active class IA PI3K accumulate on type I Hp phagosomes

We and others [6,7,36] have shown that ulcerogenic type I Hp actively retard their entry into
macrophages. Accordingly, local actin polymerization begins ~4 min after Hp attachment, and
complete engulfment occurs after 15–20 min [6,36]. To assess whether Hp uptake was
accompanied by activation of class IA PI3Ks in primary murine macrophages, we determined
first whether infection triggered PI3K translocation to the membrane. Using pAb to the PI3K
regulatory subunit p85, we found that 4.4 ± 1.6% of class IA PI3K was associated with the
membrane in resting BMMs, and infection with Hp 11637 increased membrane p85 levels 4.8
±1.2-fold (n=3, P=0.032; Fig. 1A). Moreover, membrane p85 in Hp-infected cells exhibited
slightly slower electrophoretic mobility compared with the soluble protein (Fig. 1A,
arrowheads).

Translocation to the membrane positions PI3K in close proximity to substrate, and in this
locale, enzyme activity is regulated by allosteric mechanisms. We measured PI3K activity
directly at the membrane of Hp-infected BMMs using an established in vitro kinase assay in
which p85 immune complexes are incubated with [γ-32P]ATP and phosphatidylinositol [39].
By this assay, PI3K activity increased significantly 3 min after Hp binding, peaked at 7 min,
and remained elevated for at least 15 min (Fig. 1B). It is important that the 6.1 ± 0.2-fold
increase in 3′-phosphoinositide synthesis observed at 7 min was ablated by pretreatment of
BMMs with 100 nM WTM (Fig. 1B). Comparable data were obtained for BMMs infected with
Hp strains 11916 and DT61A (not illustrated). These data demonstrate that class IA PI3Ks are
activated coincident with Hp internalization.

Next, we used confocal microscopy to localize PI3K and its lipid products in infected
macrophages. Endogenous PI3K was detected using affinity-purified anti-p85 IgG [30]. As
shown in Figure 1C, p85 was distributed diffusely throughout the cytoplasm and accumulated
in the membrane specifically at sites of Hp uptake. PKB (also called Akt) is a PI3K effector
that is recruited to membranes via the affinity of its pleckstrin homology (PH) domain for PI
(3,4,5)P3 and phosphatidylinositol-3,4-bisphosphate [41,42]. Therefore, local accumulation of
PKB or a tagged PH domain construct is used to define sites of class IA PI3K activity in whole
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cells [43–45]. During Hp infection, we found that endogenous PKBα accumulated on forming
phagosomes in control cells but not in macrophages pretreated with 100 nM WTM (Fig. 1C).
Thus, PKBα was recruited to sites of Hp engulfment in a PI3K-dependent manner.

After binding, PI(3,4,5)P3 PKB is activated by phosphorylation. Specifically, Thr308 is
phosphorylated by 3-phospho-inositide-dependent protein kinase-1, and Ser473 is
phosphorylated by DNA-dependent protein kinase [46,47]. Using mAb specific for phospho-
Ser473 and confocal microscopy, we found that active PKB was enriched on forming Hp
phagosomes (Fig. 1D). At the same time, immunoblotting demonstrated that phosphorylation
of Thr308 increased markedly~7 min after Hp binding and continued to increase for at least
20 min (Fig. 1E). Our finding that PKB phosphorylation was delayed slightly relative to PI3K
activation (compare Fig. 1, B and E) is consistent with the fact that PKB and 3-phosphoino-
sitide-dependent protein kinase-1 are PI3K effectors. Altogether, the biochemical and
microscopy data demonstrate that PI3K is activated specifically at sites of Hp engulfment and
indicate that PI(3,4,5)P3 is generated in amounts sufficient to induce membrane translocation
and activation of PKBα.

Class IA PI3Ks are required for Hp phagocytosis
Having established that PI3K was activated by Hp, we next asked whether synthesis of 3′-
phosphoinositides was essential for bacterial engulfment. BMMs were treated with increasing
concentrations of WTM or LY294002, infected with Hp for 30 min, and ingestion of cell-
associated bacteria was quantified by differential staining [36]. As shown in Figure 2A, WTM
blocked Hp internalization in a dose-dependent manner. Bacterial engulfment was significantly
inhibited in the presence of 10 nM WTM (67.8 ± 12.3% of control, P = 0.032, n = 4), profoundly
impaired by 50 nM WTM (30.7 ± 6.4% of control, P = 0.001, n = 4), and nearly ablated by
100 nM WTM (5.6 ± 2.9% of control, P < 0.001, n = 4). As 20 –50 nM concentrations of WTM
are highly specific for blockade of PI3K in intact cells [9], our data suggest that PI3K is a key
regulator of Hp phagocytosis. In support of this notion, the structurally and mechanistically
distinct PI3K inhibitor LY294002 [9,18] also prevented Hp entry into macrophages (Fig. 2B).

As WTM and LY294002 inhibit class IA, class IB, and class III PI3Ks with equal potency
[9], we tested directly the requirement for class IA PI3Ks in Hp phagocytosis by depleting cells
of p85α using antisense oligonucleotides [40]. As shown in Figure 2C, antisense treatment
reduced p85α levels ~70% and inhibited Hp phagocytosis by 76.6 ± 15.9% (n = 3, P = 0.008).
In contrast, sense oligonuceotides were without effect. These data indicate that class IA PI3Ks
are essential for Hp phagocytosis.

Blockade of Hp uptake by WTM parallels loss of phagosomal PKB
To assess more precisely the role of PI3K in Hp entry into macrophages, we compared the
ability of increasing concentrations of WTM to inhibit PI3K activity, impair recruitment of
PKBα to the membrane, and prevent phagocytosis. Cells stimulated with IgG-Z were used as
a positive control. As expected, WTM inhibited BMM class IA PI3K activity in a dose-
dependent manner (Fig. 3, A and B). In macrophages incubated with IgG-Z, particle
engulfment and local accumulation of PKBα fell in parallel with PI3K activity [WTM
inhibitory concentration of 50% (IC50) = 7 nM, 9 nM, and 11 nM, respectively; Fig. 3A].
Specific effects of WTM on PKBα recruitment to forming IgG-Z phagosomes are illustrated
in Figure 3C. In control BMMs, PKBα was present throughout phagocytic cups. As WTM
concentrations increased, fewer IgG-Z recruited PKBα (Fig. 3A), and where PKB was present,
its appearance changed from full cups (0 –10 nM WTM) to pedestals (25 nM WTM) and then
to small foci (50 –100 nM WTM; Fig. 3C).
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Surprisingly, we observed something somewhat different in Hp-infected cells (Fig. 3, B and
D). In support of the notion that Hp entry required 3′-phosphoinositides, bacterial engulfment
coincided precisely with local accumulation of PKBα (Fig. 3B). However, in the presence of
low concentrations of WTM, Hp phagocytosis and PKBα translocation declined more slowly
than PI3K activity (IC50 = 27 nM, 28 nM, and 11 nM, respectively). This discordance was
most pronounced in BMMs treated with 25 nM WTM (Fig. 3B, arrow), wherein ~26% of total
macrophage class IA PI3K activity supported ingestion of ~53% of Hp in PKBα-positive
compartments (Fig. 3, B and D). It is remarkable that the few Hp that were ingested by BMM
in the presence of 50 –75 nM WTM also recruited PKBα to forming phagosomes (Fig. 3, B
and D). These data demonstrate that local accumulation of PI(3,4,5)P3 is required for
phagocytosis of Hp and IgG-Z. However, under conditions where PI3K activity is limiting,
forming Hp phagosomes accumulate 3′-phosphoinositides more efficiently than IgG-Z
compartments.

Hp phagosomes do not acquire PI3KC2α, PTEN, or SHIP
PI3KC2α is at least tenfold less sensitive to inhibition by WTM than other PI3K isoforms
[48,49]. Our finding that 25 nM WTM did not ablate Hp phagocytosis suggested that
PI3KC2αs might contribute to 3′-phosphoinositide synthesis at sites of bacterial uptake.
Therefore, we localized this enzyme in BMMs using confocal microscopy. Unexpectedly, we
found that PI3KC2α accumulated on phagosomes containing IgG-Z yet was undetectable on
phagosomes containing Hp (Fig. 4, A and D).

Alternatively, slow phosphoinositide catabolism may allow Hp phagosomes to accumulate or
retain PI(3,4,5)P3 and PKBα. PI3K-dependent signaling is terminated by the combined actions
of the 3′-phosphoinositide phosphatase PTEN and the 5′-phosphoinositide phosphatase SHIP
[9]. In macrophages, overexpression of either enzyme impairs internalization of IgG-opsonized
particles [21,50]. Conversely, phagocytosis is enhanced in macrophages from PTEN or SHIP
null mice [21,51]. In support of these data, we found that PTEN and SHIP associated with
phagosomes containing IgG-Z (Fig. 4, C and D). PTEN was recruited to forming (1–3 min)
phagosomes but was no longer detectable at the membrane, once particle ingestion was
complete (Fig. 4C, 10 min). SHIP also accumulated on IgG-Z phagosomes (Fig. 4C); however,
SHIP differed from PTEN in one respect. As particles were drawn into the macrophage, SHIP
immunoreactivity accumulated at the phagosome apex before disappearing completely from
the membrane.

In marked contrast to IgG-Z, PTEN was detected on less than 5% of Hp phagosomes (P <
0.001, n = 3), and only a small fraction of these structures accumulated SHIP [13.7 ± 2.2% (n
= 3), P = 0.003; Fig. 4, B and D]. Taken together, the data demonstrate significant differences
in the composition of Hp and IgG-Z phagosomes. Moreover, our findings suggest a model in
which the paucity of SHIP and PTEN at the membrane may allow Hp phagosomes to
accumulate the lipid products of PI3K more efficiently under basal conditions and in cells
treated with small amounts of WTM.

PI3K regulates Hp-induced actin polymerization
During FcγR-mediated phagocytosis, PI3K activity is required for particle engulfment but not
the formation of F-actin-rich phagocytic cups [14,15,44]. To assess whether WTM blocked
Hp phagocytosis at a similar stage, BMMs were infected with IgG-Z or Hp in the presence and
absence of 100 nM WTM, stained with rhodamine-phalloidin to detect F-actin, and examined
by confocal microscopy. In good agreement with the results of previous studies [14,15,44], F-
actin was enriched on forming phagocytic cups containing IgG-Z in control and WTM-treated
BMMs (Fig. 5, A and B). By contrast, WTM prevented actin polymerization in the vicinity of
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bound Hp [88.6 ± 9.4% inhibition (n = 4), P = 0.014; Fig. 5, A and B]. These data demonstrate
that PI3K regulates actin rearrangements at sites of Hp uptake.

Hp and IgG beads activate distinct class IA PI3K isoforms
Our finding that Hp and IgG-coated particles differed in their ability to recruit PTEN and SHIP
to forming phagosomes and the ability of WTM to block Hp-induced actin polymerization
suggested that these two stimuli may activate distinct class IA PI3K isoforms. To test this
hypothesis, we incubated BMMs with Hp or IgG-coated beads and used subcellular
fractionation and immunoblotting to assess translocation of p110α, p110β, and p110δ to the
membrane. In unstimulated BMMs, ~20% of p110α was associated with the membrane
fraction, whereas p110β and p110δ were exclusively cytosolic (Fig. 6A and data not shown).
Phagocytosis of IgG beads was accompanied by a significant increase in membrane p110α and
p110β yet had no effect on p110δ; (Fig. 6A). These data lend support to the notion that
PI3Kα regulates cell adhesion [43,52,53] and are consistent with the findings of Leverrier et
al. [54], which indicate that PI3Kβ regulates FcγR-mediated phagocytosis in macrophages.
Conversely, infection of BMMs with Hp triggered membrane translocation of p110δ as well
as p110α and p110β (Fig. 6A). In addition, a faster-migrating band was reproducibly detected
in p110α immunoblots of membranes prepared from Hp-infected cells (Fig. 6A, arrow).
Whether this band is an artifact or reflects Hp-induced degradation of PI3Kα is unknown.

Effect of opsonins on Hp-induced PI3K activity
It is well documented that the requirement for PI3K activity during FcγR-mediated
phagocytosis depends on particle size but not particle load [15,21,55]. Consequently, WTM
prevents ingestion of 4.5– 6 μm IgG beads but not internalization of smaller beads that
approximate the size of most bacteria. Hp is ~0.5 μm × 2.5 μm, and we have shown previously
that opsonization with IgG increases the efficiency of phagocytosis, such that 85 ± 4% of IgG-
Hp are ingested within 3 min [36]. In accordance with their small size, rapid uptake of
opsonized Hp is not prevented by pretreatment of macrophages with 100 nM WTM or 100
μM LY294002 [36]. Although ingestion of IgG-Hp is PI3K-independent, whether opsonins
affect PI3K activation is unknown. We now show that coating Hp with IgG did not prevent
membrane translocation of p110δ (Fig. 6A) or PI3K activation (Fig. 6C).

Rapid ingestion of type II Hp neither activates nor requires PI3K
Unlike type I Hp, less-virulent type II organisms are ingested quickly by macrophages in the
absence of opsonins [6]. Interestingly, we found that infection of BMM with type II Hp (strain
Tx30a) did not stimulate robust translocation of PI3K to the membrane or markedly enhance
PI3K activity (Fig. 6, B and C). Total membrane p85 increased by only 12.8 ± 7.1% (n = 3,
P = 0.548; not illustrated), and 3′-phosphoinositide synthesis increased by only 19.1 ± 11.2%
(n = 3, P = 0.493; Fig. 6C). Indeed, Tx30a-infected cells resembled resting BMMs, as p110α
was detected in the membrane fraction, but p110β and p110δ were not (Fig. 6B). Comparable
data were obtained using the type II Hp strain MC123 (data not shown). Consistent with these
findings, phagocytosis of type II Hp was not prevented by 100 nM WTM or 100 μM LY294002
[83.9 ± 1.3 and 841 ± 4.5% of control, respectively (n = 3), P ≥ 0.151]. Although we cannot
exclude the possibility that type II Hp activated a form of PI3K that was not assayed here, the
fact that delayed phagocytosis of type I Hp required class IA PI3Ks, whereas rapid uptake of
type II Hp did not, suggests that these organisms were ingested by distinct mechanisms.

DISCUSSION
We and others [6,7,36] have shown previously that ulcerogenic type I Hp actively retard their
entry into macrophages. Delayed phagocytosis has not been described for other microbes and
is of interest, as the mechanism of entry has a profound effect on microbe fate [56,57].
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Accordingly, slowly ingested type I Hp resist intracellular killing, whereas rapidly ingested
IgG-Hp and type II Hp do not [6,36]. Herein, we explored the role of class IA PI3Ks in Hp
phagocytosis, and our findings are significant in several respects. First, we show that class IA
PI3Ks are activated specifically by type I Hp and demonstrate that the enzyme and its lipid
products accumulate on forming phagosomes. Inhibitor treatments and antisense depletion
studies indicate a requirement for class IA PI3Ks in phagocytosis of ulcerogenic bacteria. At
the same time, we document important differences between Hp and IgG-opsonized particles
with respect to PI3K isoform activation and effector recruitment. Most importantly, we show
that PI3Ks serve distinct functions in these two systems. Downstream of FcγRs, 3′-
phosphoinositides regulate phagosome closure but not local actin polymerization. Conversely,
class IA PI3Ks regulate the actin cytoskeleton at sites of Hp engulfment. Thus, the results of
this study document for the first time a new role for PI3K in macrophages and characterize
further the unusual mechanism of phagocytosis that is defined by ulcerogenic Hp.

By combining subcellular fractionation, in vitro kinase assays, and confocal microscopy, we
show here for the first time that class IA PI3Ks are activated sixfold by ulcergenic Hp and that
the enzyme and its lipid products accumulate specifically on forming phagosomes. The time
course of PI3K activation correlates precisely with the delayed and slow time course of Hp
entry, which we described previously [36]. More importantly, our findings indicate a critical
role for class IA PI3K in Hp engulfment. The PI3K inhibitors WTM and LY294002 have
distinct structures and mechanisms of action [16–18]. WTM is an irreversible inhibitor that
forms an enamine with a key lysine residue, whereas LY294002 is a competitive inhibitor of
ATP binding. LY294002 is more stable than WTM, but is 500- to 1000-fold less potent in
vitro, and its efficacy in intact cells is reduced further by high intracellular concentrations of
ATP. Although no pharmacological agent is absolutely specific for one target, at the doses
used in this study, WTM and LY294002 are highly specific inhibitors of PI3K in intact cells
[9]. Therefore, our finding that the effects of both agents were dose-dependent together with
the fact that Hp internalization was reduced profoundly (~70% inhibition) in BMMs treated
with 50 nM WTM or 50 7mu;M LY294002 indicate that PI3K activity is essential for Hp
engulfment. In addition, a specific role for class IA PI3Ks in Hp phagocytosis is suggested by
our finding that depletion of p85 prevented Hp uptake. Most importantly, our microscopy
analyses demonstrate that blockade of phagocytosis correlated directly with loss of 3′-
phosphoinositides in the membrane. Conversely, class IA PI3Ks were activated only slightly
by type II Hp, and neither WTM nor LY294002 prevented rapid phagocytosis of these less-
virulent organisms.

Prior to this study, a requirement for PI3K activity during phagocytosis has been described
exclusively for large particles (≥4.5 μm diameter) such as IgG- or C3bi-opsonized particles,
unopsonized zymosan, and apoptotic cells [14,15,19–21,54,58]. As Hp are significantly
smaller than these stimuli, we compared directly the ability of WTM to inhibit PI3K activity,
local accumulation of PKBα, and phagocytosis. In so doing, we found that Hp had the unusual
ability to accumulate 3′-phosphoinositides in BMM treated with low concentrations of WTM,
but IgG-Z did not. As a result, slightly higher concentrations of WTM were required to inhibit
Hp uptake. Specifically, PI3K activity was reduced by ~75% in BMM treated with 25 nM
WTM. Under these conditions, 53–55% of Hp accumulated PI(3,4,5)P3 in the subjacent
membrane and were ingested compared with only 25–33% of IgG-Z (P = 0.031). These data
are reminiscent of studies in human neutrophils, which indicate that 20 nM WTM is sufficient
to ablate the respiratory burst, whereas 75–100 nM WTM is required to inhibit degranulation
[59]. The small size of Hp cannot, in and of itself, explain why forming Hp phagosomes
accumulated the lipid products of PI3K under conditions where IgG-Z did not. Conversely,
confocal analysis demonstrated that phagocytic cups containing IgG-Z (but not Hp
compartments) acquired PI3KC2α, PTEN, and SHIP. The absence of PI3KC2α on Hp
phagosomes indicates that WTM-resistant synthesis also cannot account for the ability of Hp
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to accumulate 3′-phosphoi-nositides. Rather, our data suggest that PI3K signaling on forming
Hp phagosomes may be enhanced and/or sustained by the failure of these organelles to recruit
PTEN and SHIP. This notion is not without precedent, as exclusion of PTEN from the leading
edge of motile cells prolongs accumulation of PI(3,4,5)P3 and thereby amplifies downstream
signaling [60]. How PI3K signaling is terminated during phagocytosis of Hp is unknown and
whether these organisms activate other 5′-phosphatases remains to be determined.

The most striking finding of this study is that PI3K activity is essential for actin polymerization
beneath attached Hp. As such, our data define a new role for PI3K in phagocytosis, which is
distinct from its role as a regulator of membrane trafficking events that precede closure of
phagosomes containing large particles. Five lines of evidence support the notion that PI3Ks
serve distinct functions in these two systems. First, Hp is considerably smaller than other
particles, whose uptake requires 3′-phosphoinositides. Second, engulfment of most particles
is rapid, yet type I Hp are ingested slowly [6,36,37,61]. Third, Hp trigger membrane
translocation of PI3Kδ, but IgG beads do not. Fourth, IgG-opsonized Hp activate PI3Ks, but
their internalization is not prevented by PI3K inhibitors (ref. [36] and this study). Fifth, Hp
and large particles activate distinct PI3K effectors. Amphiphysin IIm, dynamin, and myosin
X control extension of pseudopodia around zymosan and IgG particles [19,58,62]. By contrast,
Hp activates the PI3K effector PKCζ, and both enzymes are required for actin polymerization
and bacterial engulfment (ref. [36] and this study). In future studies, it will be important to
define how PI3K and PKCζ modulate the cytoskeleton and to determine which class IA PI3K
isoforms are essential for this process.

Also of interest is the ability of Hp phagosomes to recruit and retain coronin [8], which is an
actin-binding protein that is recruited to phagosomes in a PI3K-dependent manner [63].
Typically, coronin associates with forming phagosomes and is shed along with F-actin after
particle internalization is complete [63,64]. By contrast, retention of coronin on phagosomes
containing Hp and Mycobacteria appears to play a role in blockade of phagosome-lysosome
fusion [8,65,66]. Therefore, activation of PI3Ks by Hp may have effects on macrophage
function that extend beyond modulation of bacterial engulfment. This notion is consistent with
our finding that rapid phagocytosis of type II Hp is PI3K-independent and the fact that these
less-virulent organisms neither retain coronin at the phagosome nor evade intracellular killing
[6,8].
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Fig. 1.
Class IA PI3K is activated at sites of Hp uptake. (A and B) BMMs were infected with Hp
11637 for 0 –15 min, and postnuclear supernatants were fractionated into membranes and
cytosol. (A) p85 immunoblots of membrane (M) and cytosol (S) fractions from resting
(Control) and Hp-infected BMMs. Arrowheads indicate mobility shift of membrane p85 in
Hp-infected cells. (B) PI3K activity at the membrane, as judged by in vitro kinase assays of
p85 immune complexes. PI(3)P synthesized is shown as average counts per min (cpm) ±SD
(n = 3). Pretreatment with 100 nM WTM abrogated PI3K activity (7 min infection). (C)
Confocal sections of PMφ infected with Hp 11637 for 3–15 min show Hp (red) and p85 or
PKBα (green). Arrows indicate enrichment of p85 and PKBα on forming phagosomes.
Pretreatment with 100 nM WTM prevented translocation of PKBα to the membrane beneath
Hp (far right, arrowheads). (D) Confocal sections of BMMs infected with Hp 11916 for 7 min
show active P-Ser473 PKB (green) and Hp (red). Arrows indicate phagosomes. (E) BMMs
were infected with Hp 11637 for 0 –20 min. Immunoblots of cell lysates show total PKB and
PKB phosphorylated on Thre308 (PKB-P).
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Fig. 2.
Class IA PI3Ks are essential for Hp phagocytosis. (A) BMMs pretreated with 0 –100 nM WTM
were infected with Hp 11637 for 30 min, and Hp internalization was quantified by differential
staining. Data are the average ± SD of three determinations performed in triplicate. *, P =
0.032, and **, P < 0.010, versus no drug control. (B) BMMs pretreated with 0 –100 μM
LY294002 were infected with Hp, and phagocytosis was quantified as in A. Data are the
average ± SD of three experiments performed in triplicate. (C, upper panel) Immunoblot,
demonstrating the effect of sense or antisense p85 oligos on BMM p85 content. Data shown
are representative of three independent experiments. U, Untreated BMMs; AS, antisense oligo-
treated; S, sense oligo-treated. (Lower) Internalization of Hp 11637 by control (Uninf.) or
antisense (p85-AS)- or sense (p85-S)-treated BMMs. Data shown are the average ± SD of three
independent experiments. *, P = 0.008, versus untreated or p85-S controls.
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Fig. 3.
Effect of WTM on PI3K activity, phagocytosis, and local accumulation of PKBα. (A and B)
Macrophages were treated with 0 –100 nM WTM and then infected with IgG-Z (A) or Hp
11637 (B). Thereafter, cells were lysed, and total class IA PI3K activity was quantified by in
vitro kinase assays of p85 immunoprecipitates (PI3K act.;●). Particle engulfment (Phago.;○;)
was assessed by differential staining, and recruitment of PKBα; to forming phagosomes (PKB
+; ▼) was scored using confocal microscopy. PI3K activity is normalized to cells infected in
the absence of WTM. Phagocytosis and PKBα recruitment are shown as a percentage of cell-
associated particles. In all cases, the data shown are the average ± SD of three to four
independent experiments. *, P < 0.010, for Hp phagocytosis and PKBα recruitment versus
PI3K activity at 25 nM WTM. (C and D) Effect of WTM on PKBα association with IgG-Z (C)
and Hp (D) phagosomes. PMφ were treated with 0 –100 nM WTM and then infected with IgG-
Z (C) or Hp (D). Arrowheads in each confocal section indicate areas of PKBα accumulation.
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Fig. 4.
PI3KC2, PTEN, and SHIP do not accumulate on Hp phagosomes. (A) Forming IgG-Z
phagosomes recruit PI3KC2 (arrowhead, left panel), but Hp phagosomes do not (right panel,
Hp, red; PI3KC2, green). (B) Confocal sections of PMφ show PTEN or SHIP (green) and Hp
(red). Arrowheads, Rare SHIP-positive Hp phagosomes. (C) Time course of PTEN and SHIP
accumulation on IgG-Z phagosomes (arrowheads). (D) Differential recruitment of PI3KC2,
PTEN, and SHIP to IgG-Z and Hp phagosomes. Data are the average ± SD of three independent
experiments performed in triplicate. *, P ≤ 0.003, for Hp versus IgG-Z. p’somes, Phagosomes.
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Fig. 5.
PI3K regulates actin polymerization at sites of Hp uptake. Control Mφ or cells treated with
100 nM WTM were infected with IgG-Z or Hp. F-actin was detected in fixed and permeabilized
cells using rhodamine-phalloidin and confocal microscopy. (A) Unlike IgG-Z, forming Hp
phagosomes accumulate F-actin in control macrophages but not in cells pretreated with WTM.
Hp are green, and F-actin is red or gray. Arrows and arrowheads indicate actin-positive and
actin-negative particles, respectively. (B) Differential effect of WTM on actin polymerization
triggered by Hp and IgG-Z. Data shown are the average ± SD of three independent experiments
performed in triplicate. *, P = 0.014, versus IgG-Z. Con, Control.
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Fig. 6.
PI3Kδ translocates in response to type I Hp but not IgG beads. (A) Membrane translocation of
class IA PI3K isoforms. BMMs were left uninfected (U) or incubated with type I Hp strain
DT61A (Hp), IgG-opsonized DT61A (IgG-Hp), or IgG beads for the indicated times.
Immunoblots of isolated membranes were probed with pAb to p110α, p110β, or p110δ as
indicated. Data shown are from one experiment that is representative of four independent
determinations. Note the faster-migrating band reactive with p110α pAb in Hp-infected cells
(arrow). (B) Unlike type I Hp (strain 11637), type II Hp (strain Tx30a) does not trigger
membrane translocation of p110β or p110δ. U, Uninfected BMM. Immunoblots are from one
experiment representative of three. (C) Relative effect of type II Hp (Tx30a), type I Hp 11637
(Hp), and IgG-opsonized Hp 11637 (IgG-Hp) on class IA PI3K activity in BMM. Data are
normalized to uninfected BMMs (516 ± 94 cpm) and are the average ± SD (n = 3– 4). *, P <
0.010, versus uninfected BMM. Con, Control.
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