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Culture and differentiation of HL-60 cells with 1.3%
dimethyl sulfoxide (DMSO) were performed as de-
scribed (4).

The fusions of the PH domains of the protein kinase
B (PKB/AKT) kinase and the CS5aR with GFP are
already described [P. Varnai and T. Balla, J. Cell Biol.
143, 501 (1998)] (4). HL-60 cells were transfected by
electroporation. Stable cell lines were generated with
1 mg/ml active G-418. Further details.of these meth-
ods are available at (9).

Supplemental material is available at www.
sciencemag.org/feature/data/1044239.shl.

. Microscopic analysis of HL-60 cells was performed at

room temperature as already described (4). For
point-source stimulation, custom-made micropipets
with an opening of 0.5 * 0.2 um (Eppendorf Fem-
totips; Fisher Scientific, Pittsburgh, PA) were used.
Chemoattractant was back loaded, and air bubbles
were pushed out with a microinjection device. The
micropipette was placed at the desired coordinates,
and a chemotactic gradient was generated with pas-
sive diffusion from the tip.

. Seventeen different sessions of point-source stimula-

tion were performed with PHAKT-GFP expressing HL-
60 cells. In these experiments, 15 of 23 cells migrating
toward the micropipette showed translocation at the
leading edge. Failure to detect recruitment in a minority
of the polarizing cells probably indicates a threshold
phenomenon. That is, the stimulation received by indi-
vidual cells exposed to the pipette is weaker than that
received by cells in a uniform concentration (100 nM) of
FMLP, which causes recruitment in 96% of cells [Web
figure 4D (9)]. Eleven different sessions of point-source
stimulation were performed with GFP-expressing HL-60
cells. In these experiments, as expected, we could not
detect any increase of the fluorescent signal at the
leading edge of 30 cells migrating toward the micropi-
pette. The C5a receptor-GFP chimera (C5aR-GFP) was
shown previously to behave as a spatially unbiased
probe of plasma membrane concentration when ex-
pressed in a neutrophil-like cell line, PLB-985 (4). Simi-
larly, we detected no apparent increase of C5aR-GFP
fluorescence at the leading edge of HL-60 cells.

To determine the apparent shape of the chemotactic
gradient generated by the Femtotips, we used a
fluorescent dye of molecular weight similar to fMLP
(MW: 437.6): sulforhodamine 101 (MW: 606.7; Mo-
lecular Probes, Eugene, OR). Two different Femtotips
were tested and similar gradients were observed. IVE
software [H. Chen, D. D. Hughes, T. A. Chan, J. W.
Sedat, D. A. Agard, J. Struct. Biol. 116, 56 (1996)] was
used to calculate fluorescence intensity along the
lines indicated for the fluorescent ligand and PHAKT-
GFP recruitment (Fig. 1B).

Virtually all differentiated HL-60 cells showed re-
cruitment of PHAKT-GFP to the plasma membrane
[96%; Web figure 4D (9)] when exposed to a uniform
increase in fMLP concentration (from 0 to 100 nM
fMLP), but only ~50% of the cells polarized morpho-
logically within the first 4 min of stimulation. Of the
cells that did polarize, ~50% (that is, ~25% of the
entire population) showed periods of asymmetric
recruitment of PHAKT-GFP to ruffles at the cell’s
protruding edge.

. Treatment of HL-60 cells with toxins and inhibitor were

as follows: latrunculin-B (Calbiochem, La Jolla, CA) was
added on plated cells at a final concentration of 20
ng/ml, and cells were incubated for 5 to 10 min at room
temperature. PTX (List Biological Laboratories, Camp-
bell, CA), which acts by inhibiting signal transduction by
G, proteins, was added directly to the cell culture me-
dium a final concentration of 1 pg/ml, and cells were
incubated at 37°C for a period of 16 to 22 hours. For LY
294002 (Calbiochem, La Jolla, CA) treatment, a stock
solution (100X) was prepared in 100% DMSO just
before use. Cells plated on glass cover slips as described
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(4), were incubated for 20 min at room temperature
with a freshly diluted solution (100 to 300 pM) of LY
294002 in modified Hank's balanced salt solution (4).
Clostridium difficile toxin-B (TechLab, Blacksburg, VA),
was added directly to the cell culture medium at a final
concentration of 90 pg/ml Cells were incubated at
37°C with the toxin for not less than 2 hours and not
more than 4 hours, a period in which the best inhibition
of fMLP-induced ruffling and actin polymerization re-
sponses was observed without excessive loss of cell
viability. Further experimental details for treatments
with LY 294002 and C. difficile toxin are available at (9).
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Function of PI3Kvy in Thymocyte
Development, T Cell Activation,
and Neutrophil Migration

Takehiko Sasaki,’? Junko Irie-Sasaki,"? Russell G. Jones,?
Antonio J. Oliveira-dos-Santos," William L. Stanford,>
Brad Bolon,* Andrew Wakeham," Annick Itie,’ Dennis Bouchard,’
Ivona Kozieradzki," Nicholas Joza,’ Tak W. Mak,"2
Pamela S. Ohashi, Akira Suzuki,’? Josef M. Penninger'-2*

Phosphoinositide 3-kinases (PI3Ks) regulate fundamental cellular responses
such as proliferation, apoptosis, cell motility, and adhesion. Viable gene-tar-
geted mice lacking the p110 catalytic subunit of PI3Ky were generated. We
show that PI3K<y controls thymocyte survival and activation of mature T cells
but has no role in the development or function of B cells. PI3Kvy-deficient
neutrophils exhibited severe defects in migration and respiratory burst in
response to heterotrimeric GTP-binding protein (G protein)—coupled receptor
(GPCR) agonists and chemotactic agents. PI3K'y links GPCR stimulation to the
formation of phosphatidylinositol 3,4,5-triphosphate and the activation of
protein kinase B, ribosomal protein S6 kinase, and extracellular signal-regulated
kinases 1 and 2. Thus, PI3Ky regulates thymocyte development, T cell activa-
tion, neutrophil migration, and the oxidative burst.

PI3Ks constitute a family of evolutionarily
conserved lipid kinases that regulate a vast
array of fundamental cellular responses, in-
cluding proliferation, transformation, protec-
tion from apoptosis, superoxide production,

cell migration, and adhesion (/). These re-
sponses result from the activation of mem-
brane-trafficking proteins and enzymes such

as

the phosphoinositide-dependent kinases

(PDKs), protein kinase B (PKB), and S6
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Table 1. Blood cell numbers in PI3Ky™/~ mice.
Seven- to 12-week-old PI3Ky*/~ (n = 5) and
PI3Ky~’~ (n = 5) littermate mice were used. Bold
numbers indicate statistically significant differenc-
es between PI3Ky*/~ and PI3Ky~/~ mice (Mann-
Whitney U test; P < 0.05). Values are given as the
mean * SEM. WBC, white blood cells.

Parameter PI3Ky*/~ PI3Ky~/~

Total WBC 3.10 = 0.44 5.98 + 1.30
(Xx103/pl)

Lymphocytes 242+038 381*110
(x103/pl)

Lymphocytes 778 = 357 54.1 = 7.92
(% in WBC)

Neutrophils 0.45 *0.10 1.72 = 0.60
(x103/ul)

Neutrophils 143 £ 2.20 27.8 * 6.47
(% in WBC)

Monocytes 0.05 + 0.01 0.19 = 0.06
(Xx103/pl)

Monocytes 1.82 £ 0.26 2.96 + 0.52
(% in WBC)

Eosinophils 0.09 * 0.02 0.60 = 0.16
(X103/pl)

Eosinophils 294+ 0.44 10.4 £ 2.09
(% in WBC)

Basophils 0.02 + 0.01 0.02 + 0.01
(X 103/pl)

Basophils 0.54 + 0.07 0.46 + 0.19
(% in WBC)

Erythrocytes 9.49 = 0.13 9.06 = 0.38
(X 10%/l)

Platelets 120 £5.25 959 + 5.55
(x107/pl)

kinases (S6Ks) by the key second-messenger
phosphatidylinositol 3,4,5-triphosphate [Pt-
dIns (3,4,5)P,] (2). PtdIns (3,4,5)P, is gener-
ated from phosphatidylinositol 4,5-bisphos-
phates through phosphorylation at the 3’ po-
sition by PI3Ks that are linked to tyrosine
kinase—based receptors or G proteins. PI3K+y
is activated in response to GPCRs and can be
directly activated by G protein By subunits
(GB7y) in vitro (/). The catalytic subunit of
PI3Ky (p110vy) associates with a p101 regu-
latory subunit but not with the p85 family
proteins that regulate other PI3K proteins (3).

To define the physiological roles of
PI3Ky, we disrupted the pl10y -catalytic
PI3Ky subunit and generated PI3K+y null
mice (4). Homozygous PI3Ky~'~ mice were
born at the expected Mendelian ratio, appear
healthy, and are fertile. Hematopoietic lin-
eages were examined in peripheral blood and
bone marrow of PI3Ky*'~ and PI3Kvy~™/'~
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Table 2. Cell populations in PI3Ky-deficient mice.
Seven- to 12-week-old PI3Ky*/~ and PI3Ky~/~
littermate mice were used. Total cells from thymi
(n = 7), spleens (n = 7), lymph nodes (n = 3), and
bone marrows (n = 3) were stained with antibod-
ies against the indicated proteins. Populations
were determined by FACScan. Bold numbers indi-
cate statistically significant differences between
PI3Ky*'~ and PI3Ky~/~ mice (Mann-Whitney U
test; P < 0.05). Values are given as the mean *
SEM.

PI3Ky*/~ PI3Ky~'~
Subsets (% of total) (% of total)

Thymus

CD4*CD8* 823 *1.10 77.8 + 325

CD4+CD8~ 10.2 = 0.84 9.77 £ 1.18

CD4-CD8™* 1.90 *+ 0.08 2.94 = 0.31

CD4-CD8~ 5.55 + 0.25 9.48 + 1.78
Spleen

CD4+CD8~ 239+ 245 129 + 235

CD4-CD8*  855*096 6.45 = 1.03

B220*slgM* 346 +3.12 353+ 1.24

Mac1*Gr1* 168 = 0.11 3.65 +0.79
Lymph node

CD4*CD8~ 59.9 + 2.87 52.3 343

CD4-CD8* 15.4 = 1.53 13.8 = 0.91
Bone marrow

B220*CD43* 9.70 = 1.03 10.7 = 0.35

B220*CD43~ 20.8 = 5.15 20.4 + 5.47

Mac1*Gr1* 456 *+ 7.51 453 *+ 743

littermates. No significant differences in ba-
sophil, erythrocyte, or platelet numbers were
observed, and all white blood cells exhibited
normal morphology on smears stained with
Wright-Giemsa or myeloperoxidase. Howev-
er, PI3K+y deficiency led to increases in neu-
trophil, monocyte, and eosinophil popula-
tions (Table 1). Total and relative numbers of
Grl™Macl™ myeloid cells were also signifi-
cantly increased in the spleen, but not in bone
marrow, of PI3Ky~'~ mice (Tables 1 and 2).
Thymocyte numbers were significantly re-
duced in PI3Ky~'~ mice (Table 3). The re-
duction in total thymocyte numbers was also
apparent when PI3Ky~'~ — ragl™'~ chi-
meric mice created by blastocyst complemen-
tation were compared to PI3Ky*'~ —
ragl ~'~ chimeric mice, showing that the de-
velopmental defect was intrinsic to thymo-
cytes. Thus, PI3Ky~'~ mice exhibit two
gross phenotypes: reduced numbers of thy-
mocytes and increased numbers of myeloid

cells in the spleen and blood.

In vitro studies indicate that, like PI3Ky,
type-IA PI3Ks can also be activated in re-
sponse to GPCR stimulation (5). We exam-
ined whether PI3Ky is essential for generat-
ing PtdIns (3,4,5)P, after GPCR stimulation
(6). Receptors of exogenous and endogenous
chemoattractants, including the peptide
N-formyl-Met-Leu-Phe (fMLP) and the com-
plement component C5a are coupled to G Pro-
tein (G;). No PtdIns (3,4,5)P, accumulation
could be detected in PI3Kvy-deficient neutro-
phils treated with the GPCR agonists fMLP or
C5a (Fig. 1A). PI3Ks and PtdIns (3,4,5)P, have
been implicated in Ca?* mobilization, phos-
photyrosine signaling, and the activation of ki-
nases such as PKB, S6Ks, and extracellular
signal-regulated kinases 1 and 2 (ERK1 and
ERK2, respectively) (I, 2, 7). Stimulation of
PI3Ky™'~ neutrophils with fMLP or C5a in-
creased kinase activity of PKB (Fig. 1B) and
ERKI1 and ERK2 (Fig. 1C). In contrast, activa-
tion of PKB (Fig. 1B) and phosphorylation of
PKB at Ser*”? (Fig. 1D) and Thr*°® induced by
SMLP or CSa were completely abrogated in
PI3Ky~'~ neutrophils. Phosphorylation of S6K
is regulated by PDKs and PKB, both of which
are activated by PtdIns (3,4,5)P,. No S6K phos-
phorylation was observed in PI3Ky~'~ cells
(Fig. 1E). Activation (Fig. 1C) and phosphoryl-
ation (Fig. 1D) of ERK1 and ERK2 in
PI3Ky~'~ neutrophils treated with fMLP or
C5a were decreased to amounts similar to those
observed in wortmannin-treated control cells.
Ca®* mobilization (Fig. 1F), activation of p38
kinase, and overall tyrosine phosphorylation in-
duced by fMLP or C5a treatment occurred to
the same extent and with the same kinetics in
PI3Ky*'~ and PI3Ky~'~ neutrophils. Acti-
vation of PKB in response to the tyrosine
kinase-coupled receptor agonist granulo-
cyte-macrophage colony-stimulating factor
was comparable in PI3Ky*'~ and
PI3Ky~'~ neutrophils, indicating that the
lack of PKB activation in PI3Ky~'~ cells
in response to GPCR agonists is not due to
an intrinsic defect of PKB activation.

To extend the role of PI3Ky in GPCR
signaling to a different cell type, we estab-
lished bone marrow mast cell (BMMC) lines.
BMMCs respond to engagement of the G
protein—coupled thrombin receptor, the ty-

Table 3. Numbers of lymphoid cells in PI3Ky~/~ mice. Thymi (n = 12), spleens (n = 5), and all lymph
nodes (n = 5) from 4- to 7-week-old PI3Ky*/~ and PI3Ky~/~ littermate mice or 6-week-old PI3Ky*/~
chimeric and PI3Ky~/~ chimeric mice (n = 4 for all organs) were analyzed. Bold numbers indicate

statistically significant differences between PI3Ky*/~ and PI3Ky~/~

mice or between PI3Ky*/~ —

rag1~/~ and PI3Ky~/~ — rag1~/~ chimeric mice (Mann-Whitney U test; P < 0.05). Values are given as

the mean * SEM.

. _ - PI3Ky*/~ PI3Ky='~
+/ /

Lymphatic organ PI3Ky PI3K~y = ragl—'- — rag1—'-
Thymus (X 108) 2.04 = 0.27 1.18 £ 0.10 1.53 = 0.40 0.52 £ 0.20
Spleen (X 107) 3.94 + 0.68 3.70 + 0.74 242 £ 0.71 2.25 +0.39
Lymph nodes (X 107) 2.68 = 0.50 2.70 = 0.52 3.02 £ 0.87 3.15 £0.95
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rosine kinase-based receptors for c-Kit, in-
terleukin-3 (IL-3), and immunoglobulin E
(IgE) (8). Stimulation of PI3Ky*~ BMMCs
with thrombin, stem cell factor (SCF or c-Kit
ligand), IL-3, and IgE led to phosphorylation
of PKB and ERK1 and ERK2 (Fig. 1G).
Phosphorylation of ERK1 and ERK2 and
PKB induced by the GPCR agonist thrombin

REPORTS

was abolished in PI3Ky~'~ BMMCs (Fig.
1G). Thrombin did not activate type-IA
PI3Ks in BMMCs assessed by PI3K activity
present in antiphosphotyrosine immunopre-
cipitates (Fig. 1H). SCF-stimulated activation
of type-IA PI3Ks occurred equally well in
PI3Ky~'~ and control BMMC. These data
show that PI3Ky is the essential lipid kinase

linking GPCRs to PtdIns (3,4,5)P, accumu-
lation and activation of PKB and S6K.

To determine the role of PI3Kwy in the
inflammatory response, we examined neutro-
phil migration in experimental models of
peritonitis in vivo. Accumulation of neutro-
phils in the peritoneal cavities was signifi-
cantly reduced in both casein- and Listeria
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Fig. 1. PI3Ky regulates Ptdins (3,4,5)P; production and activation of PKB and
ERKs. (A) Failure of PI3Ky~/~ neutrophils to produce Ptdins (3,4,5)P,. Cells
labeled with 32P were incubated with or without wortmannin (wort, 100 nM)
for 10 min before stimulation with f MLP (8 1.M) or C5a (100 ng/ml). Left
panel, thin-layer chromatography. Ori, origin. Right panel, Ptdins (3,4,5)P;
quantitation. (B through E) Activation of PKB [(B) and (D)}, ERK1 and ERK2
[(C) and (D)}, and S6K (E). Neutrophils were incubated with or without
wortmannin (wort, 100 nM) before stimulation with f MLP (8 uM) or C5a
(100 ng/ml). PKB and ERK1 and ERK2 activation were determined in tripli-
cate by in vitro kinase assays and with phospho-specific antibodies against
PKB (Ser*’3), ERK1 and ERK2 (Thr292/Tyr2%%), and S6K (Thr2'/Ser*2%). (F)
Ca®* mobilization. Indo-1-loaded neutrophils were stimulated with 8 uM

1042

fMLP, and Ca2™ flux was monitored in real time by FACS. Arrows indicate
the time of f MLP addition. (G) GPCR agonist-specific activation of PKB and
ERK1 and ERK2. Serum-starved BMMCs were treated with thrombin ( Thr, 5
units/ml), SCF (100 ng/ml), or IL-3 (5 ng/ml). Phosphorylation of PKB and
ERK1 and ERK2 was monitored by phospho-specific antibodies. (H) In vitro
PI3K activity. BMMCs were left untreated (none), or activated with SCF (100
ng/ml) or thrombin (Thr, 5 units/ml) for 1 min. Total phosphorylated
proteins were immunoprecipitated with an antibody to phosphotyrosine,
and the associated PI3K activity was determined. Baseline p85a/PI3K activ-
ity was similar in PI3Ky*/~ and PI3Ky~/~ BMMCs. Upper panel, thin-layer
chromatography; lower panel, quantitation of Ptdins (3,4,5)P5. Error bars in
(A), (B), (C), and (H) indicate =SD.
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monocytogenes—treated PI3Ky~'~ mice in
comparison to control animals (Fig. 2A). We
further tested purified neutrophils for in vitro
chemotaxis in response to GPCR agonists.
S/MLP- and C5a-induced chemotaxis of neu-
trophils from PI3Ky~'~ mice were decreased
by 70% in comparison to neutrophils from het-
erozygous littermates (Fig. 2B). PI3Ky ™'~ neu-
trophils adhered to fibronectin-coated surfaces
as tightly as PI3Ky™/~ cells (9), suggesting that
the decreased chemotaxis in PI3Ky~/~ neutro-
phils is due to impaired motility and not altered
adhesion. These in vivo and in vitro results
identify PI3K'y as a critical link between GPCR
stimulation and the chemotactic response.

In addition to chemotaxis, it has been
reported that PI3Ks link stimulation of
GPCRs to respiratory burst (superoxide anion
O3 production) (/0). GPCR-induced respira-
tory burst was decreased in freshly isolated
bone marrow neutrophils from PI3Ky~/'~
mice (Fig. 2C). The direct protein kinase
C-—activator phorbol 12-myristate 13-acetate
(PMA) induced superoxide anion formation

REPORTS

in both PI3Ky~'~ and PI3Ky*'~ neutrophils.
Thus, GPCR-triggered respiratory burst de-
pends on PI3K<y. However, the requirement
of PI3K<y for oxidative burst is not absolute
because primed neutrophils isolated from the
peritoneal cavity still produce Oj in response
to C5a and fMLP. PI3Ky~'~ neutrophils
were able to ingest IgG-coated particles as
readily as PI3Ky*'~ cells (Fig. 2D), suggest-
ing that PI3K-y does not act downstream of
these tyrosine kinase—based receptors. The
kinetics and extents of apoptosis were com-
parable among freshly isolated total myeloid
cells and neutrophils from the spleens of
PI3Ky*'~ and PI3Ky~'~ mice. Thus, in neu-
trophils, PI3K+y links GPCRs to cell migra-
tion and superoxide formation.

In addition to neutrophil defects, PI3Ky ™'~
mice exhibit a reduction in thymic cellularity
(Table 3). Thymocytes undergo defined stages
of development, from CD4-CD8~ double-
negative (DN) precursors to CD4*CD8™" dou-
ble-positive (DP) immature thymocytes, and
finally, they mature to single-positive (SP)
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Fig. 2. Neutrophil functions. (A) Impaired ac- 169 ‘%a 3 ?7 46% 9(063 ';_.,
cumulation of PI3Ky~/~ neutrophils in re- D ©
sponse to casein-induced peritonitis and Liste- 254 PI3Ky+-

ria infection. Mean (error bars, *SEM) neutro-
phil numbers in the peritoneal cavities of 12
(casein) and 8 littermates (Listeria) were deter-
mined after intraperitoneal injection of casein
or intraperitoneal Listeria infection. Baseline
numbers of peritoneal neutrophils are shown
(none). For all figures, statistical differences
between PI3Ky~/~ and PI3Ky"*/~ groups were
determined with the Student’s t test; *P <
0.05; **P < 0.01. (B) Decreased neutrophil
chemotaxis. Freshly isolated neutrophils were
tested for the ability to migrate in response to
8 uM f MLP. Basal migration of PI3Ky™/~ neu-
trophils is shown as 100%. Values represent
the mean (error bars, =SEM) (n = 8). (C)
Oxidative burst. Neutrophils were isolated
from the bone marrow and incubated for 15
min with fMLP (8 wM), C5a (100 ng/ml), or
PMA (0.5 pM). Mean values of O; production
(O; produced over 5 min by 10° cells) are
shown. (D) Normal FcyR-mediated phagocyto-
sis. Neutrophils were incubated with IgG-coated
beads at 0° or 37°C. Representative FACScan
profiles of ingested 1gG beads are shown. The
response was abolished by wortmannin.
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CD4™" or CD8™ T cells (11). The proportions of
mature CD4* and CD8™" SP thymocytes were
equal in PI3Ky~'~, PI3Ky*'~, and PI3Ky '~
— ragl™'~ mice. There was a slight decrease
in the proportion of DP cells and an increase in
DN cells (Table 2). No differences were found
in the amount of af T cell receptor (TCRaB),
CD3, CD4, CD8, CD28, CD45, TCRVf sub-
classes, and CD95 expressed on the surface of
SP and DP thymocytes. The maturation of DN
precursor populations (defined by surface ex-
pression of CD44 and CD25), maturation of DP
thymocytes to SP thymocytes (defined by ex-
pression of CD69, CD44, heat stable antigen,
CD5, and H2-KP), and proliferation of DN
precursors and mature thymocytes were similar
among PI3Ky*’*, PI3Ky*'~, and PI3Ky~'~
mice (/2). These data suggest that early thymo-
cyte development and progression from DP to
mature thymocytes do not require PI3Ky.

It is estimated that 90 to 95% of DP
thymocytes are lost to apoptotic “death by
neglect” due to the expression of nonfunc-
tional antigen receptors (/7). To examine the
impact of PI3Ky deficiency on thymocyte
survival, we evaluated DP thymocyte apopto-
sis to treatment with antibodies to CD3¢ and
Fas, vy irradiation, or dexamethasone (/3). No
differences in the kinetics or extents of apo-
ptosis were observed between mutant and
control mice (Fig. 3A). Human patients with
mutations in adenosine deaminase exhibit se-
vere combined immunodeficiency disease
and a defect in thymocyte maturation (/4).
Adenosine is naturally present in thymi in
vivo, and the adenosine A2A receptor is ex-
pressed on thymocytes. The adenosine A2A
receptor is a GPCR that can activate adenyl-
ate cyclase and PI3Kvy (/5). Stimulation of
PI3Ky*'~ thymocytes with adenosine A2A
receptor agonists N6-[4-[[[4-[[[(2-aminoeth-
yl)amino]carbonyl]Jmethy!]-anilino]carbonyl]
methyl]phenyl]adenosine (ADAC) or 2-p-(2-
carboxyethyl)phenethylamino-5'-N-ethylcar-
boxamidoadenosine hydrochloride (CGS)
caused a small amount of cell death (Fig.
3A). However, PI3Ky~'~ thymocytes exhib-
ited much more apoptosis after stimulation
with either adenosine receptor agonist (Fig.
3A). Treatment of thymocytes with ADAC or
CGS with antibody to CD3e (anti-CD3g)
slightly increased the death of PI3Ky*/~
cells but substantially increased cell death of
PI3Ky~'~ thymocytes (Fig. 3B). We further
investigated the influence of PI3K:y on thy-
mocyte apoptosis in vivo by injecting control
and mutant mice with monoclonal antibodies
(mAbs) to CD3e, which results in apoptosis
of DP thymocytes (/6). In PI3Ky~'~ mice,
not only was the total number of thymocytes
decreased, but also the specific depletion of
the DP population was enhanced in compar-
ison to that in PI3Ky*'~ mice (Fig. 3, C and
D). These results indicate that PI3K-y has a
role in the maintenance of homeostasis of the
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thymus by regulating TCR- and GPCR-
induced thymocyte apoptosis.

Gene targeting of the PI3K subunit p85a
leads to a block in early B cell development and
defective proliferation of mature B cells in re-
sponse to IL-4, CD40, and B cell receptor
(BCR) (anti-IgM) stimulation (/7). Develop-
ment, proliferation, and IL-2 production of T
cells appeared normal in p85a~'~ mice, al-
though inhibition of PI3K with wortmannin
partially inhibits T cell proliferation and cyto-
kine production after TCR and CD28 stimula-
tion. PI3Ky~'~ and PI3Ky ™'~ —ragl '~ chi-
meric mice displayed normal numbers and dif-
ferentiation of B220*CD25*, B220*CD25,
B220"CD43*, B220*CD43~, B220*sIgM™,
and CD19*sIgM*slgD™ B cells in the bone
marrow (slg, surface Ig); conventional
CD19*sIgM*sIgD*CD23* B cells in periph-
eral lymphoid organs; and B1 (CD5*IgM™) B
cells in the peritoneal cavity (Tables 2 and 3).
Proliferation of PI3Ky~'~ B cells in response
to a mAb to IgM, the F(ab’), fragment of the
antibody to IgM, anti-CDA40 (Fig. 4A), IL-4, or
lipopolysaccharide was similar to- that of
PI3Ky*'~ B cells (18). These data show that
PI3K+y has no apparent role in B cell develop-
ment or in BCR- or CD40-mediated B cell
proliferation.

In contrast to B cells, thymic development
was altered in PI3Ky~'~ mice. Lymph nodes
of PI3Ky~'~ mice contained normal numbers
and ratios of CD4* and CD8" T cells. How-
ever, CD4™ T cells, but not CD8 " T cells, were
reduced in PI3Ky~'~ spleens (Table 2). The
amounts of TCRaB, CD3, CD4, CD8, CD28,
CD45, CD44, LFA-1, CD25, and CD69 on the
surface of both splenic and lymph node CD4*
and CD8" T cells were comparable in
PI3Ky*'~ and PI3Ky~'~ mice. Whereas
PI3Ky*'~ and PI3Ky~'~ T cells proliferated
equally well in response to stimulation by
PMA/Ca®>* ionophore, PI3Ky~'~ T cells
showed impaired proliferation in response to
anti-CD3¢ or concanavalin A (Con A) stimula-
tion (Fig. 4B) (18). The engagement of the
costimulatory CD28 receptor increased TCR/
CD3-mediated proliferation in both PI3Ky*'~
and PI3Ky~'~ T cells and rescued the prolifer-
ation defect of PI3Ky~'~ T cells (Fig. 4B).
Nevertheless, PI3Ky~'~ T cells produced low-
er amounts of IL-2 (Fig. 4C) and interferon-y
(IFN-v) (Fig. 4D) in response to treatment with
anti-CD3¢ and anti-CD28 or Con A. The effi-
cacy of splenic antigen-presenting cells to in-
duce proliferation and IL-2 production was
comparable between PI3Ky*’~ and PI3Ky '~
mice with mixed lymphocyte reactions (I§).
The functional defect in cytokine production
can also be observed in PI3Ky~'~ T cells treat-
ed with PMA/Ca?™* ionophore, a stimulus that
bypasses the initial TCR signal (Fig. 4, C and
D). Moreover, TCR-mediated Ca®* flux, ty-
rosine phosphorylation, and activation of ty-
rosine kinases were comparable among
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Fig. 3. PI3K+y regulates thymocyte survival (A) Increased susceptibility of PI3Ky~/~ thymocytes to
adenosine receptor—mediated apoptosis. Freshly isolated thymocytes were stimulated for 20 hours
with dexamethasone (0.1 M), vy irradiation (5 Gy), anti-CD95 (FAS, 1 ug/ml), immobilized
anti-CD3e (0.1 pg/ml), or the adenosine receptor agonists ADAC (10 M) or CGS (10 wM). Mean
percentages (error bars, =SD) of viable DP thymocytes are indicated (74). Spontaneous apoptosis
was comparable among nonstimulated PI3Ky*/~ and PI3Ky™/~ thymocytes. (B) Adenosine recep-
tor agonists increase anti-CD3-mediated cell death. Thymocytes were cultured for 20 hours in
medium alone (=) or in the presence of (+) immobilized anti-CD3e (0.1 ug/ml), ADAC (10 wM),
CGS (10 pM), or anti-CD3¢ plus adenosine analogs. Percent viability of DP thymocytes (74) was
normalized to the percentage of viable DP cells in untreated cultures (100%). (C) Increased
anti-CD3-mediated cell death in vivo. Total thymocytes were isolated from mice 48 hours after
intraperitoneal injection with phosphate-buffered saline (PBS) (control) or mAb to CD3e (50
1.g/200 pl PBS). Cells were stained with anti-CD4-PE, anti-CD8-FITC, and 7-AAD and analyzed by
FACS. Percentages of different thymocyte subpopulations in gated live cells are shown within
quadrants. Numbers above panels indicate total numbers of viable DP cells (mean = SD) (n = 6
mice per group). (D) Time course of anti-CD3-mediated cell death in vivo. Total thymocytes were
isolated from mice at 0, 24, or 48 hours after intraperitoneal injection with anti-CD3e (50 p.g/200
wl PBS). Mean percentages (error bars, =SD) of DP thymocytes that remained viable from four (24
hours) and six (48 hours) independent experiments are shown.

PI3Ky*'~ and PI3Ky~'~ T cells. Thus, it ap-
pears that PI3K-y does not act downstream of
the TCR but regulates a second signal through
GPCRs.

To examine the role of PI3Ky in T cell
responses in vivo, we injected PI3Ky*'~ and
PI3Ky~'~ mice in the footpad with lymphocyt-
ic choriomeningitis virus (LCMV) (19). The
early phase (days 6 to 8 after infection) of this
footpad-swelling reaction is mediated by CD8*
cytotoxic T lymphocytes (CTLs), whereas the
later phase depends on CD4* T cells (20).

Whereas PI3Ky™'~ mice developed an effec-
tive LCMV-induced footpad-swelling reaction
starting from day 6 after infection, footpad
swelling was reduced in PI3Ky~'~ mice (Fig.
4E). T cells recovered from the spleens of both
PI3Ky*'~ and PI3Ky~™'~ mice generated a
normal primary cytotoxic response to LCMV
peptides (Fig. 4F). PI3Ky*'~ and PI3Ky™'~
mice were further immunized with the T helper
cell-dependent hapten nitroiodophenylacetic
acid conjugated to ovalbumin (NIP-OVA).
Whereas PI3Ky*'~ mice exhibited high titers

11 FEBRUARY 2000 VOL 287 SCIENCE www.sciencemag.org



£ 207A 15
c & O Pisky*- s8
o L /- K]
‘éé 151 W PI3Ky ’éé,
2¢g e
© 10 o8
i
8% s 3%
"= g =3
4 X
e, &,
= o - - S0
4690 Q‘@& %, %, 7y,
> % /e,b
)
2

Fig. 4. Defective T cell activation in PI3Ky~/~
mice. (A) B cell activation. Purified spleen B
cells (1 X 10° per well) were incubated for 36
hours in medium alone (none), anti-igM (20
pg/ml), anti-IigM F(ab’), [F(ab’),, 15 pg/ml],
anti-CD40 (5 pg/ml), or anti-igM F(ab’),
[F(ab’),, 15 pg/ml) plus anti-CD40 (5 pg/ml).
Mean values of [>H]-thymidine uptake (error
bars, +=SD) are shown. Similar results were
observed for various seeding numbers and at
earlier and later time points of activation. (B)
Proliferation and (C) IL-2, and (D) IFN-y pro-
duction. T cells were purified from lymph
nodes and activated with anti-CD3g (0.1 or 0.5
wg/ml), anti-CD3e (0.1 pg/ml) plus anti-CD28
(20 ng/ml), Con A (2 ug/ml), and PMA (10
ng/ml) plus Ca?* ionophore (100 ng/ml)
(PMA+1lono). Culture supernatants were ana-
lyzed after 24 hours for cytokine production by
ELISA. Proliferation was determined at 48 hours.

Values are the means (error bars, =SEM) of triplicate cultures. Phenotypes
and activation status of input T and B cells populations were similar between
PI3Ky™/~ and PI3Ky~/~ mice. (E) Footpad-swelling reaction. Mice were
inoculated with 2000 PFU of LCMV, and swelling was assessed daily. Mean
values (error bars, +SEM) from five PI3Ky™/~ and five PI3Ky~/~ littermates
are shown. (F) Cytotoxicity. Mice were inoculated with LCMV as in (E).

of antibodies to NIP-specific IgG1, antibodies
to NIP were reduced in PI3Ky ™'~ mice (Fig.
4G). Thus, PI3KY is required to generate effec-
tive CD8" T cell-dependent antiviral respons-
es and functional T helper cell-dependent re-
sponses to hapten antigens in vivo.

PI3Ks link surface receptors to phosphati-
dylinositol-regulated signaling pathways. We
report the generation of viable mice lacking the
pl10y catalytic PI3K subunit (PI3Ky~'").
PI3Ky~/~ mice display two principal pheno-
types: accumulation of neutrophils and reduced
thymic cellularity. Neutrophils had defects in
migration and oxidative burst in response to
agonists that trigger GPCRs. PI3Ky mediates
PtdIns (3,4,5)P; production and activation of
PKB and S6K in response to the GPCR ago-
nists CSa, /MLP, and thrombin in neutrophils
and mast cells. In addition, PI3Kvy is critical for
GPCR-triggered activation of ERKI and
ERK2. In contrast to mutation of p85a (the
regulatory subunit of PI3Ka, PI3K(, and
PI3K8, which leads to developmental and func-
tional defects in B cells, but not in T cells),
deletion of PI3K+y had no effect on B lympho-
cytes. Instead, PI3K<y regulates proliferation
and cytokine production of T Iymphocytes.
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Moreover, PI3K'y expression is required for an
effective T cell-dependent footpad-swelling re-
action following viral challenge and functional
T helper cell-dependent responses to hapten
antigens in vivo. In thymocytes, PI3K«y pro-
vides a developmental survival signal.
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Roles of PLC-32 and -3 and
PI3Kvy in Chemoattractant-
Mediated Signal Transduction

Zhong Li,"?* Huiping Jiang,'*+ Wei Xie,'* Zuchuan Zhang,’
Alan V. Smrcka,’ Dianqing Wu'-?}

The roles of phosphoinositide 3-kinase (PI3K) and phospholipase C (PLC) in
chemoattractant-elicited responses were studied in mice lacking these key
enzymes. PI3Ky was required for chemoattractant-induced production of phos-
phatidylinositol 3,4,5-trisphosphate [Ptdins (3,4,5)P,] and has an important role
in chemoattractant-induced superoxide production and chemotaxis in mouse
neutrophils and in production of T cell-independent antigen-specific antibodies
composed of the immunoglobulin \ light chain (TI-Ig\,). The study of the mice
lacking PLC-B2 and -f33 revealed that the PLC pathways have an important role
in chemoattractant-mediated production of superoxide and regulation of pro-
tein kinases, but not chemotaxis. The PLC pathways also appear to inhibit the
chemotactic activity induced by certain chemoattractants and to suppress

TI-Ig\, production.

Chemoattractants have important roles in in-
flammatory reactions. Their receptors couple
to the inhibitory heterotrimeric guanine nu-
cleotide-binding proteins (G, proteins) and
elicit a wide range of responses in leukocytes
(1-3). 1t is thought that two signaling path-
ways mediated by PLC (4) and PI3K (5, 6)
are activated by chemoattractant receptors.
To investigate the role of the PI3K-linked
pathway in chemoattractant-mediated re-
sponses, we generated a mouse line that lacks
PI3K'y. A gene-targeting vector was construct-
ed so that a green fluorescence protein (GFP)
coding sequence was fused with the coding
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frame of PI3K~y (Fig. 1A). Thus, the expres-
sion of GFP is under the control of the en-
dogenous PI3K<y promoter in the transgenic
mice. The mice heterozygous and homozy-
gous for the disrupted PI3Ky genes were
generated as described (7), and the genotypes
were verified with Southern cDNA and West-
ern blot analyses (Fig. 1A).

To determine the contribution of PI3K<y
to chemoattractant-induced PtdIns (3,4,5)P,
production in mouse neutrophils, we com-
pared formyl peptide N-formyl-Met-Leu-Phe
(fMLP)-induced PtdIns (3,4,5)P, produc-
tion in neutrophils from either wild-type or
PI3Ky-deficient mice (8). The neutrophils
were prepared from the peritonea of mice
treated with 2% casein (9). Although fMLP-
elicited production of PtdIns (3,4,5)P, was
clearly detected in the wild-type neutrophils,
no production of PtdIns (3,4,5)P, was detect-
ed in response to fMLP in cells lacking
PI3Kvy (Fig. 1B). This result indicates that
PI3KYy is the predominant PI3K isoform that
mediates fMLP-induced PtdIns (3,4,5)P,
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production in mouse neutrophils.

The expression of PI3Kvy in mice was
examined by detecting expression of GFP in
the transgenic mice. GFP was detected in the
spleen cells, bone marrow cells, and neutro-
phils isolated from mice homozygous for the
disrupted PI3K+y genes, but not those from
wild-type mice (Fig. 1C). No GFP proteins
were detected in other tested tissue samples
of the PI3K'y-deficient mice. These results
suggest that the expression of PI3Ky may be
restricted to hematopoietic cells. GFP was
detected with flow cytometry in over 90% of
Macl™ cells in the peritoneum, and about
82% of CD45R* and 70% of CD3™ cells
from the spleens of transgenic mice also ex-
pressed GFP (10).

Chemoattractants can also activate PLC,
leading to transient increases in intracellu-
lar Ca?* concentrations. PLC-deficient mouse
lines were generated to investigate the roles of
PLC-B isoforms in leukocyte functions (Fig.
1D) (11). fMLP-induced inositol trisphos-
phate (IP,) production and Ca?* efflux were
not detected in neutrophils lacking PLC-B2
and PLC-B3 (PLC-B2/-B3), while cells lack-
ing only PLC-B2 also show clear reduction in
IP, production and Ca?* efflux (Fig. 1, E and
F). Similar results were also observed with the
other chemoattractants interleukin-8 (IL-8)
and macrophage inflammatory protein (MIP)-
la (10). All these results support the conclu-
sion that PLC-B2 and PLC-B3 are the sole
PLC isoforms that are activated by chemoat-
tractants in mouse neutrophils.

Chemoattractants induce various responses
in leukocytes, one of which is chemotaxis. Neu-
trophils purified from casein-treated PLC-B2/-
B3-null mice did not show differences from
wild-type cells in fMLP-induced (Fig. 2A) or
IL-8—induced (/0) chemotactic activities.
Thus, we conclude that the PLC pathway is not
required for chemotaxis in neutrophils. Consis-
tent with our previous report (9), PLC-B2/-33—
null neutrophils showed enhanced chemotactic
activities in response to the CC chemokine
MIP-1a (Fig. 2B). PI3K'y deficiency impaired
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