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Phosphatidylinositol 3-Kinase Regulates the CD4/CD8 T Cédll
Differentiation Ratio®

L uis Rodriguez-Borlado,? Domingo F. Barber,* Carmen Hernandez,*
Miguel A. Rodriguez-Marcos,™ Arsenio Sanchez,* Emilio Hirsch,® Matthias Wymann,T
CarlosMartinez-A.,* and AnaC. Carrera®

The signaling pathways that control T cell differentiation have only begun to be elucidated. Using T cell lines, it has been shown
that class | A phosphatidylinositol 3-kinase (PI3K), a heterodimer composed of a p85 regulatory and a p110 catalytic subunit, is
activated after TCR stimulation. Nonetheless, the contribution of p85/p110 PI3K isoformsin T cell development has not been
described. Mice deficient in the other family of class | PI3K, p110y, which is regulated by G protein-coupled receptors, exhibit
reduced thymus size. Here we examine T cell development in p110y-deficient mice and in mice expressing an activating mutation
of the p85 regulatory subunit, p657'3, in T cells. We show that p110y-deficient mice have a partial defect in pre-TCR-dependent
differentiation, which isrestored after expression of the p65™' 3 activating mutation. Genetic alteration of both PI3K isoformsalso
affects positive selection; p110y deletion decreased and p657'3¢ expression augmented the CD4*/CD8* differentiation ratio.
Finally, data are presented showing that both PI3K isoforms influenced mature thymocyte migration to the periphery. These
observations under scor e the contribution of PI3K in T cell development, aswell asitsimplication in determining the CD4*/CD8*
T cell differentiation ratio in vivo. The Journal of Immunology, 2003, 170: 4475-4482.
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immature progenitors—cells that lack CD4 and CD8 second checkpoint. Cells expressing a TCR that recognizes self
molecule expression (CD4L£D8  double negative Ags are eliminated (negative selection), whereas those whose TCR
(DN)*)—are found. These progenitors can be further subdividedecognizes the appropriate MHC molecules survive and differen-
into different stages based on CD44 and CD25 expression. Thgate into mature single-positive CD4or CD8" cells (positive
earliest progenitors are CD4€D25 (DN stage 1), followed by selection; reviewed in Refs. 1 and 2).
CD44°CD25", CD44 CD25", and CD44 CD25 populations The intracellular signaling cascades that govern T cell differen-

(stages II-IV, respectively). At the CDAED25" stage (DN 11l),  tiation have begun to be elucidated. In early stages of DN cell
cells pass the first T cell differentiation checkpoint. Cells that suc-yigarentiation. IL-7R-derived signals as well as Rho GTPase (3, 4)

?:CS:;[::)I? cr(?r%rglizi?Ifng\];nzif)rfc'lng?np?roeli)f(grr:tses gow:cr:(;z?;teappear essential for driving T cell development. The contribution
: o } e f th -Tyr ki Lck at th -TCR- f DN
CD25, and differentiate into CD4CD8" double-positive (DP) of the Src-Tyr kinase Lck at the pre-TCR-dependent stage o

g cell differentiation is essential for cells to proceed to the DP dif-
cells. Assembly of the TC&-chain in these cells leads to expres- o . o . .
ferentiation stage (5). Positive selection involves TCR stimulation
and requires Lck, Zap 70, mitogen-activated protein kinase
*Department of Immunology and Oncology, Centro Nacional de Biotecnologia, a”d(MAPK) and Vav activation (1 6—11). How signals that induce
TCentro de Biologia Molecular, Consejo Superior de Investigaciones Cientificas, Uni- e . . . o . D g
versidad Auténoma, Cantoblanco, Madrid, Spaipspital Puerta de Hierro, San ~ POSItive selection trigger differentiation into the CD4r CD
Martin de Porres% Madrid, SpaiﬁDeIparméent of Ger}etics,hBiology, and Biocherfn- mature cell type is not fully understood. Nonetheless, quantitative
istry, University of Torino, Turin, Italy; andInstitute of Biochemistry, University o . . . .
Fribourg, Fribourg, Switzerland dlffer+enc.es in MAPK anq Lck activation appear to alter the CD4
Received for publication November 8, 2002. Accepted for publication FebruaryCD8 differentiation ratl_o (?'2’ 13) .
24, 2003. The class | phosphatidylinositol (PI) 3-kinases (PI3Ks) are het-
The costs of publication of this article were defrayed in part by the payment of pageerodimeric proteins composed of a regulatory and a catalytic sub-
charges. This article must therefore be hereby magdsertisement in accordance  \ynit that induce rapid, transient formation of PI-3,4-&nd PI-
with 18 U.S.C. Section 1734 solely to indicate this fact. ' "
) ] o 3,4,5-R. Class IB PI3K is composed of the p101 regulatory and
1 This work was supported in part by grants from the Spanish Direccion General d? . . . . .
Ciencia y Desarrollo Tecnoldgico, the Pharmacia Corporation, the Community of he p11@ catalytic subunits and is activated after G protein-cou-
Madrid (Grant 08.1/0039/1998), the European Union (Grant QLRT-2001-02171) andoled receptor (GPCR) stimulation. Class IA PI3K comprises a reg-
the Spanish Direccion General de Formacion y Promocion del Conocimiento (Gran - .
PM 97-200). The Department of Immunology and Oncology was founded and isblato_ry (p8_5x, B, or p55y) a_nd a pllO catalyt!m( B _OI’ 8) Supumt .
supported by the Spanish Council for Scientific Research and the Pharmaciand is activated by Tyr kinase receptor stimulation (reviewed in
Corporation. Ref. 14). PI3K is essential for B cell differentiation (15, 16), but
2 Current address: Division of Molecular Carcinogenesis, The Netherlands Canceé“:hough it is activated by the TCR (17), the role of PI3K in T cell

Institute, Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands. ) Lo i _ i
R _ differentiation remains unclear. In fact, pld0~ and p11@®
Address correspondence and reprint requests to Dr. Ana C. Carrera, Department of

Immunology and Oncology, Centro Nacional de Biotecnologia, Carretera de ColmendMiCe exhibit embryonic lethality (18, 19), and p85~ mice have

Km 15, Cantoblanco, Madrid E-28049, Spain. E-mail address: acarrera@cnb.uam.es no obvious defects in T cell populations, but they still express
4 Abbreviations used in this paper: DN, double negative; DP, double positive; MAPK,p858 and p5% (15, 16). The p118isoform was recently shown to
mitogen-activated protein kinase; PI, phosphatidylinositol; PI3K, PI13-kinase; GPCR;, . : ; f

G protein-coupled receptor: Tg, fransgenic: HSA, heat-stable Ag: Wt wild type;be essential for mature B and Tcelllactlvatlon, bﬁut |t.does not seem
PKB, protein kinase B. to affect T cell development (20). Finally, p1£t0'~ mice show a

T cell maturation begins in the thymic cortex, where mostsion of a functional TCRp, which permits T cells to pass to the
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defect in thymus size (21), although the details of how thisisoform
controls thymic development are presently unknown.

We performed a detailed phenotypic analysis of T cell devel-
opment in mice deficient in class IB PI3K (p110+y). In addition, to
examine the role of the p85/p110 PI3K isoforms (class IA) in T
cell development, we analyzed the phenotype of mice expressing
an activating mutation of the p85 regulatory subunit, p65™3<, in T
cells. This mutant regulatory subunit associates with the p110 cat-
alytic subunit, moderately increasing basal Pl-3,4,5-P; levels and
significantly enhancing the transient PI3K activation that follows
receptor activation (22, 23). p65™3< potentially acts on all three
class |A catalytic subunits, constituting a useful tool for the study
of the role of class IA p85/pl10 PI3K isoforms in T cell
development.

We found that p110+y deficiency partially impaired DN-to-DP
transition and diminished the proliferative expansion that accom-
panies development from the DN to the DP stage (thymus growth).
In support of a role for PI3K at this stage, p65™°¢ expression
increased the pre-TCR-dependent DN-to-DP transition, although it
did not affect thymus growth. At the positive selection stage,
p110y deficiency reduced the CD4*/CD8* T cell differentiation
ratio, whereas p65™'3F expression augmented this ratio. Moreover,
p65™3¢ expression corrected p110y~'~ mouse differentiation de-
fects, except for thymus growth. These results illustrate that PISK
modulates T cell differentiation at several stages. The p110y iso-
form regulates thymic growth. In addition, p110y influences the
pre-TCR-dependent DN-to-DP cell transition and affects the CD4/
CD8T cell differentiation ratio. Enhanced class |A p85/p110 PI3K
activation affects the same differentiation steps, except for thymus
growth, suggesting that class IA PI3K activation may also con-
tribute to regulation of T cell development. The results presented
are the first demonstration of the role of p110y in the signaling
pathways that regulate pre-TCR-dependent differentiation and in
CD4"/CD8™" lineage commitment during positive selection.

Materials and M ethods
Mice

p65™'3K transgenic (Tg) mice were generated as described (24). The Tg
colony was maintained by crosses with C57BL/6 females, and offspring
were analyzed by PCR 30 days after birth. The p110y null mice were
previously described and maintained in heterozygosis (25). The 5CC7 TCR
(VB3Vall) and F5 TCR (V 11V a4) Tg mice were previously described
(26, 27) and were kindly provided by Drs. M. Davis (Howard Hughes
Medical Institute, Stanford, CA) and D. Kioussis (Medical Research Coun-
cil, London, U.K.), respectively. 5CC7 TCR Tg mice were crossed with
p110y null mice (on the C57BL/6 background) and with p65™=% Tg mice.
F5 TCR Tg mice were aso crossed with p110y null mice. Offspring were
analyzed by PCR as described (24) and by flow cytometry to verify the
appropriate TCR and MHC. All mice were bred and maintained under
specific pathogen-free conditions at the National Center for Biotechnology
animal facility.

Flow cytometry analysis, BrdU labeling, and intrathymic FITC
injection

Thymus, spleen, and lymph node cell suspensions were prepared by grind-
ing tissue through sterile wire mesh. Cells were counted by trypan blue
exclusion and erythrocytes were lysed with a hypotonic ammonium chlo-
ride solution. For cell surface staining, all Abs used were FITC-, PE-, or
biotin-conjugated, and cells were stained with saturating Ab concentrations
at 4°C. Biotinylated Abs were developed with streptavidin-spectral red
(Southern Biotechnology, Birmingham, AL). The Abs used were heat-sta-
ble Ag (HSA; CD24, M1/69), CD8 (Ly-2, 53-6, 7), CD4 (L3T4, H129.19),
CD3 (145-2C11), CD25 (IL-2R a-chain), CD44 (pgpl, IM7), V33 (KJ25),
VB11(RR3-15), Vall (RR8-1), I-Ek (17-3-3), and H-2b (AF6-88.5), all
from BD PharMingen (San Diego, CA). TCRaB Ab (H57-597) was from
Southern Biotechnology, and anti-BrdU Ab was from BD Biosciences (San
Jose, CA). BrdU labeling and analysis were performed as described (28).
Briefly, BrdU was administrated for 8 days in drinking water to wild type
(Wt) and p65™3K Tg mice, and then the presence of spleen T cells incor-
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porating BrdU'®" was examined by flow cytometry. Intrathymic FITC in-
jections and analysis of recent thymic emigrants were as described (29, 30).
Cells were analyzed on an EPICS XL using System || software (Coulter,
Miami, FL).

Results
Enhanced class |A p85/p110 PI3K activation regulates DN cell
differentiation

We previously reported that young mice expressing the p65™3<

transgene in T cells exhibited a 30% increase in the proportion of
CD4™ peripheral T cells. Mice remain healthy for 1 year; however,
at ~12-15 mo of age, p65™> induces development of alympho-
proliferative disease caused by the enhanced memory cell survival
(24). This enhanced memory cell survival in adult mice does not
explain the 30% increase in CD4" T cells in young mice. We
postulated that p65™3< may affect thymic development. Here we
examine T cell differentiation in young (5- to 8-wk-old) p657'3<
Tg mice.

Thymic cellularity was similar in Wt and Tg littermates (data
not shown). Nonetheless, the percentage of DN cells was reduced
in Tg compared with Wt mice (Fig. 1A; Student’s t test; p =
0.0001). This represented a systematic reduction in absolute DN
cell numbers from a mean of 7.4 = 2.9 X 10° (Wt thymus) to
4.4 + 2.2 X 10° (Tg thymus). Examination of DN differentiation
steps (31) showed a significant decrease in the percentage of
CD44-CD25™ cells (DN stage I11) in p65™3 Tg compared with
Wt mice (Fig. 1B; p = 0.002) and no significant changes in the
remaining populations. The percentage of DP cells was moderately
increased in Tg mice (Fig. 1C; p = 0.0008). The p65™3¢ Tg mice
thus exhibit reduced DN cell numbers, alower proportion of cells
at the CD44~CD25™ stage, and a moderately increased percentage
of DP célls.

p65™'3K increases CD4" T cell generation

We next examined mature thymic T cell populations. The p65™'3
Tg mouse thymuses had lower percentages of CD4" cells com-
pared with Wt animals (Fig. 2A; p = 0.007), with no significant
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FIGURE 1. Enhanced class IA PI3K activation increases DN cell dif-
ferentiation. A, Thymocytes from 5- to 8-wk-old p657'3¢ Tg or Wt litter-
mates were stained with anti-CD4 and -CD8 mAb, and the percentage of
DN cells was analyzed by flow cytometry. Each dot represents a single
mouse. B, Thymocytes from p65™3K Tg or Wt littermates were stained
simultaneously with anti-CD4, -CD8, -CD44, and -CD25 mAbs. The
CD4 CD8  (DN) population was gated, and the percentage of the four
indicated populations was examined. The mean = SD from 12 mice ex-
amined is represented. C, Cells were processed asin A, and the percentage
of DP cells was analyzed by flow cytometry.

/102 ‘¥ Jequiidas uo 1s9nb Aq /6.0 jounwiw i [mmmy/:dny wioJ papeojumoq


http://www.jimmunol.org/

The Journa of Immunology

A cosa .. _cos B
L o 7.
: g
L] w
104 5+ 5 b o led
IR -
] L ' . ' C
2 §
54 825,
0 0
& O Y
.. CD4 __CDs E
15 75 &
H 8|
2 $
E
T ® o | 57 é .
g i E . g F BrdU'®" cell number x 16°
3 [ ]
S PR ES - i ===
R | e !
[ ] 3 Wit 'ﬂ
o o S pe NS

s & & 0

FIGURE 2. Enhanced class IA PI3K activation increases CD4" T cell
generation. A, Thymocytes from 5- to 8-wk-old p65™3 Tg or Wt litter-
mates were stained with anti-CD4 and -CD8 mAbs, and the percentage of
CD4" and CD8" cells was analyzed by flow cytometry. Each dot repre-
sents a single mouse. B, Thymocytes from neonatal p657™'3< Tg or Wit
littermates were stained with anti-CD3 mAb and were analyzed by flow
cytometry. The percentage of CD3"19™ cells is indicated. C, Thymocytes
asin B were stained with anti-CD4 and -CD8 mAbs, and the percentage of
CD4* and CD8" cells was analyzed by flow cytometry. B and C, Repre-
sentative experiment. D, Thymocytes from neonatal p65™3¢ Tg or Wt lit-
termates were stained with anti-CD4 and -CD8 mAb, and the percentage of
CD4* and CD8™ cells was analyzed by flow cytometry. Each dot repre-
sents a single mouse. E, BrdU was administered for 8 days in drinking
water to 5- to 8-wk-old Wt and p657'3¢ Tg littermates, after which the
presence of spleen T cells incorporating BrdU'™ was examined. The
mean = SD is representative of 12 mice from four litters examined. F,
Thymocytes of 5- to 8-wk-old Wt and p65™3 Tg littermates were FITC
labeled in vivo by intrathymic injection. After 48 h, mice were sacrificed,
and the appearance of FITC-labeled CD4" or CD8™ in the spleen was
quantitated. The mean + SD is representative of 10 mice from three litters
examined.
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differences in the percentage of CD8* thymocytes (Fig. 2A). We
also observed a decrease in the percentage of mature CD3"9" cells
in Tg thymus (data not shown), indicating that the reduction in
CD4™" cellsis not simply due to down-regulation of the CD4 re-
ceptor. The decrease in mature CD4™" thymocytes in 5- to 8-wk-
old p65™3% Tg mice may be caused by a defect in CD4" cell
differentiation or may reflect more efficient CD4™ cell exit to pe-
riphery. To analyze T cell development independently of thymic
emigration, we examined neonatal mice (2—-2.5 days after birth),
when thymocytes have just begun to populate the periphery (2).
Neonatal p65™'3K Tg mice showed increased percentages of ma-
ture CD3"9" (Fig. 2B) and mature CD4* thymocytes (Fig. 2, C
and D; p < 0.001). The distribution of CD44/CD25-based DN cell
subpopulations was similar to that in 5- to 8-wk-old Tg mice (data
not shown). Theincreasein the CD4 " cell subpopul ation was from
amean of 6.9 = 1.6% in controls to 11.4 + 2.8% in p65™'3< Tg
mice. The proportion of thymic CD4" cells subsequently de-
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creased and, between postnatal days 7 and 10, reached values sim-
ilar to those of 1-mo-old Tg mice. These results indicate that
p65™'3K increases the magnitude of positive selection, promoting
generation of CD4" cells, as revealed in neonatal mice.

As the proportion of CD4" cells decreased in the days after
birth, we postulated that p657"=< expression could enhance CD4™*
thymocyte emigration. To analyze migration efficiency, we per-
formed in vivo BrdU labeling, which results in BrdU'®" incorpo-
ration in most developing thymocytes (28, 32). The appearance of
BrdU'*"-labeled cells in the periphery allows quantitation of thy-
mic migration (28). Although both types of mice incorporated
BrdU similarly (60—70% of thymocytes |abeled), the percentage of
BrdU'®" CD4" cellsin periphery was higher in p65™2K Tg than in
Wt mice (Fig. 2E; p = 0.007), indicating that CD4* thymocytes
exit the thymus more efficiently in Tg mice. As an aternative
approach, FITC was injected into the thymus of Wt and p657'3
Tg mice; 48 h postinjection, we examined the appearance of FITC-
labeled recent thymic emigrants in the periphery (29, 30, 33). The
number of FITC-labeled CD4* thymic emigrants was consistently
higher in p65™3¢ Tg than in Wt littermates (Fig. 2F; p = 0.006).
The p65™'3K transgene thus enhances generation of CD4" thymo-
cytes and increases their exit to the periphery.

p110y deficiency impairs DN cell differentiation

p65™'3¢ Tg expression affected DN cell differentiation and in-
creased CD4" cell generation (Figs. 1 and 2). Because p110y '~
mice have a smaller thymus and showed a decreased periphera
CD4™" population (21), we asked whether the phenotype of these
mice might also result from a defect in DN cell differentiation and
CD4" cell generation. Tota thymocyte numbers were reduced in
p110y '~ compared with p110y™/~ littermates (Fig. 3A; p =
0.001), yielding mean values of 60.2 = 12.2 X 10° cells in
p110y*/~ miceand 40.0 + 9.7 X 10° cellsin p110y '~ mice. The
p65™'3< expression in p110y '~ mice did not restore thymus size
(Fig. 3A; p = 0.05; mean, 43.5 + 9.8 X 10° cells).

The p110y '~ mouse thymuses showed an increased percentage
of DN cells (Fig. 3B; p = 0.04). Because the p110y ™/~ thymusis
smaller, we calculated absolute cell numbers in these animals to
evaluate the status of the different T cell populations more accu-
rately. DN cell numbers were also increased in p110y~'~ com-
pared with p110y*’~ mice (Fig. 3B; p = 0.02). Moreover, the
proportion of DN cells at the CD44~CD25" stage (DN I11) was
higher in p110y/~ compared with p110y*’~ mice (Fig. 3C; p =
0.001), whereas the remaining populations were not significantly
affected. This result suggests that p110y '~ mice have a partial
defect at DN differentiation stage I11. In agreement with arole for
p110vy at the pre-TCR checkpoint, p110y '~ mice had decreased
proportions of large CD44~CD25" cells (Fig. 3D; p = 0.002),
cells that emerge after pre-TCR ligation (34). Introduction of the
p65™'3 transgene in p110y '~ mice complemented the pre-TCR
differentiation defect, in that it reduced accumulation of DN cells
and of CD44 CD25" cells (Fig. 3, B and C), increasing the ap-
pearance of large CD44 CD25" cells (Fig. 3D).

The p110y~’~ mice showed reduced percentages (Fig. 3E; p =
0.0005) and absolute numbers of DP cells (Fig. 3E; mean values,
480 = 11.0 X 10° and 30.9 + 8.2 X 10° in p110y™'~ and
p110y '~ mice, respectively; p = 0.008). p65™'°K expression in
p110y~/~ mice induced a moderate increase in the percentage of
DP cells (Fig. 3E), but DP cell numbers and thymus size (Fig. 3,
A and E) remained lower than in p110y™*'~ mice. These observa-
tions suggest that p110y '~ mice have a partial defect at the pre-
TCR checkpoint of DN cell differentiation, which is comple-
mented by p6573 transgene expression. Expansion of the DP
pool nonetheless requires p110y expression.
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FIGURE 3. pl10y deficiency blocks DN cell differentiation. A, Thymo-
cytes from 5- to 8-wk-old p110y™'~, p110y /", and p65™°K Tg/p110y '~
littermates were isolated, and total cell number was counted for each thy-
mus. Each dot represents a single mouse. B, Thymocytes as in A were
isolated, counted, stained with anti-CD4 and -CD8 mAbs, and analyzed by
flow cytometry. The figure shows the percentages and absol ute numbers of
DN cells. Each dot represents a single mouse. C, Thymocytes asin A were
stained simultaneously with anti-CD4, -CD8, -CD44, and -CD25 mAbs.
The CD4 CD8 (DN) population was gated, and the percentage of the
four indicated populations was examined. The mean * SD isrepresentative
of ten p110y*'~ and p110y '~ and seven p65™F Tg/p110y '~ mice. D,
Cells were processed as in C. CD44 CD25" cells were gated, and the
proportion of large cells in this population was examined. E, Cells were
processed as in B, and the percentage of DP cells was analyzed by flow
cytometry.

pl110y deficiency decreases the CD4"/CD8™ differentiation ratio

p110y regulates macrophage and neutrophil migration (25). To
examine CD4" and CD8™ cell differentiation independently of
thymic emigration defects, we studied neonatal mice. No signifi-
cant changes were detected in the percentage of CD4" cells (Fig.

PISBK CONTROLS T CELL DIFFERENTIATION

4A), but the lower cellularity of p110y/~ thymuses resulted in a
moderate reduction in absolute CD4" cell numbers (Fig. 4A; p =
0.005). In contrast, the percentages and absolute numbers of CD8*
cells were significantly increased in neonatal p110y~/~ compared
with p110y*’~ mice (Fig. 4B; p = 0.001 and p = 0.05, respec-
tively). As a consequence, p110y '~ mice yielded a CD4*/CD8"
differentiation ratio near 1 (Fig. 4, A and B), rather than the normal
CD4"/CD8™ cell differentiation ratio (more than 2-fold) observed
in p110y*/~ mice. The p65™  transgene expression in p110y '~
mice increased generation of CD4" cells and decreased that of
CD8" cdlls (data not shown). Fig. 4C shows a schematic repre-
sentation of the proportion of CD4* and CD8™ cellsin the distinct

A CcD4 B CcD8
15 1 7.5 ® 1 .
8
[ ] . E Y ' g *
8 [ ] ® - | .
€104 ° E * 3 % 59 o 0= H
®* 9 S_ = ] | ' § . o
] l ?c_;u.s- s ° % o 3 2o 8 o
L * (] g 8 3% |
851 o| £ |o g8 o2 |V °
ES E [ ES 2
] e 3

D E & CD8 N CD4
m .rh‘-
L Co4 _cos 8 fE‘:
2 B OT p65
s ST i E——
g o8| §| 7 EE——
[ ] ] |
I HIEUNL O*%E
L ]
o |8 0 1 2
g (28 [ ] *3s F BrdU'™ cell number x 10©
® |0 .o
. L] ' -l
5+ 2.5 ” 2 P
Oly pes I
< VT ———
ol L 1o Ol s
SN 1 |
?-T?-;g' ‘;?-'l _Lﬁ )
- T FITC* cell number x 108~ ©

FIGURE 4. pl10y deficiency increases CD8™ cell differentiation. A and
B, Thymocytes from neonatal p110y*'~ and p110y ™'~ littermates were
isolated, counted, stained with anti-CD4 and -CD8 mAbs, and analyzed by
flow cytometry. The figureillustrates the percentages and absol ute numbers
of mature CD4™ (A) and CD8" (B) thymocytes. Each dot represents a
single mouse. C, Thymocytes from neonatal Wt, p65™'3¢ Tg, p110y*/~,
p110y~’~, and p6573¢ Tg/p110y~'~ mice were processed as in A. The
mean proportion of differentiated CD4*+ and CD8" cells in each mouse is
represented. Each analysis includes at least seven mice. D, Thymocytes
from 5- to 8-wk-old p110y*/~, p110y~/~, and p65™3 Tg/p110y /" lit-
termates were isolated, counted, stained with anti-CD4 and -CD8 mAbs,
and analyzed by flow cytometry. The figure shows the percentages of
CD4* and CD8™ cells. Each dot represents a single mouse. E, CD4" or
CD8* thymic emigrants from the different mice (indicated) were examined
asin Fig. 2E. F, CD4" or CD8" thymic emigrants from the different mice
(indicated) were examined as in Fig. 2F.
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neonatal mice. Whereas p65™3¢ expression enhanced CD4" cell

differentiation, p110y deficiency enhanced CD8™ cell generation.

In contrast with neonatal mice, 5- to 8-wk-old p110y/~ mice
showed increased percentages of both CD4* and CD8" thymo-
cytes compared with p110y™/~ mice (Fig. 4D; p = 0.005and p =
0.009, respectively). We postulated that p110y deficiency might
impair mature thymocyte exit to the periphery, causing accumu-
lation of mature thymic residents. We examined CD4" and CD8™
thymocyte migration. Compared with p110y*’~ mice, a signifi-
cant reduction was found in the proportion of CD4" and CD8*
BrdU'™ thymic emigrants in the periphery of p110y~’~ mice
(Fig. 4E; p = 0.01 and p = 0.006, respectively). We also examined
thymocyte migration by intrathymic FITC injection. The propor-
tion of FITC-labeled CD4" and CD8™ recent thymic emigrants
was lower in p110y '~ than in p110y*™’~ mice (Fig. 4F; p =
0.006 and p = 0.004, respectively). These results demonstrate
p110y involvement in the regulation of thymic emigration.

Introduction of the p65™=¥ transgene in p110y~’~ mice none-
theless increased CD4™* and CD8™ cell migration (Fig. 4, E and
F), leading to a reduction in the percentage of mature CD4™ and
CD8" thymocytes in 5- to 8-wk-old p65™3< Tg/p110y '~ mice
(Fig. 4D). Examination of neonatal mice showed that p110y de-
ficiency decreased CD4* cell differentiation and enhanced CD8™
cell generation, altering the CD4*/CD8™ cell differentiation ratio.
In addition, p110y regulated mature thymocyte migration to the
periphery.

p110y and class IA p85/p110 PI3K affect the CD4*/CD8™ cell
differentiation ratio in TCR Tg mice

To confirm the role of PI3K in determining the CD4*/CD8" out-
come of positive selection, we crossed p110y '~ mice and
P65 Tg with TCR Tg mice. The p110y’~ mice were crossed
with mice expressing an MHC class Il-restricted Tg TCR (5CC7
Tg mice) (26) that triggers CD4™ cell development in the appro-
priate MHC context. 5CC7/p110y*/~ (IEX®) mice were obtained
and compared with 5CC7/p110y~'~ (IE¥") littermates. Differen-
tiation was examined in the first week of life, to avoid interference
with thymic emigration defectsin p110y /~ mice. Compared with
5CC7/p110y*'~ mice, 5CC7/p110y '~ mice showed a significant
decrease in the percentage of differentiated CD4" cells and a sig-
nificant increase in the percentage of differentiated CD8" cells
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(Fig. 5A). This shift in the CD4*/CD8™" differentiation ratio was
also detected within the subpopulation of thymocytes expressing
high levels of transgenic TCR V8- and Va-chains (Fig. 5A). This
suggests that the decrease in the CD4"/CD8™ differentiation ratio
occurs within the Tg TCR™ cell population, although this MHC
class|1-restricted TCR normally induces CD4 ™ cell differentiation.
Theincreasein CD8™ cell differentiation was also observed in the
HSA-negative (HSA ™) subpopulation, which represents the most
mature thymus cell population (12) (Fig. 5B). The increase in
CD8" cells that express an MHC class |l-restricted TCR and the
concomitant decrease in transgenic TCRTCD4" cell differentia-
tion suggest that pll0y deficiency influences CD4*/CD8"
differentiation fate.

CD4™ cell differentiation is increased in p65™3¢ Tg mice (Fig.
2), indicating that enhancement of class IA PI3K activation may
also modulate CD4*/CD8* cell differentiation. To examine this
possibility, p5™3* Tg mice were crossed with F5 Tg mice ex-
pressing an MHC class |-restricted transgenic TCR (27) that drives
CD8* thymocyte development in the appropriate MHC context.
We observed that T cell differentiation begins at aslower ratein F5
Tg mice and that the proportion of CD3" mature thymocytes
(mostly CD8™ cells) continues to increase during the first week of
life (data not shown). We thus examined 5- to 8-wk-old F5 Tg
(H-2P) and F5/p65™'°K double-Tg (H-2°) mice. p65™3 transgene
expression in F5 mice reduced CD8* T cell differentiation (Fig.
6A). Because no appropriate Ab is available to examine expression
of the transgenic Va-chain (Va4), in this case we only analyzed
CD4%/CD8™" cell differentiation in the subpopulation of cells ex-
pressing the transgenic V 3-chain. A decrease in CD8™ cell differ-
entiation was detected within the thymic population expressing
high levels of the Tg TCR VB-chain (Fig. 6A).

Mature CD4* thymic residents were very low in both F5 Tg and
F5/p65™3¢ double-Tg mice (Fig. 6A). Nonetheless, an increase in
CD4™" cell differentiation was found systematically in the HSA™
population in F5/p65™3¢ mice (Fig. 6B). p65™3¢ expression in-
creases CD4* thymic export (Fig. 2). Therefore, it was possible
that p65™3< expression induced Tg TCRTCD4" cell exit to the
periphery at a higher rate than in F5 Tg mice. In fact, a larger
number of CD4" thymic emigrants was found in the periphery of
5- to 8-wk-old F5/p65™"3¢ mice (Fig. 6C). Moreover, consistent
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FIGURE 5. Class IB PI3K regulate CD4*/CD8" cell fate. A, Thymocytes from 1-wk-old 5CC7/p110y™~ and 5CC7/p110y '~ littermates were
isolated, stained with anti-CD4 and anti-CD8 mAbs, and analyzed by flow cytometry. Thymocytes were also stained with anti-V 33, -CD4, and -CD8 mAbs.
The proportion of CD4* and CD8" cells within the population expressing high V 33 levels was examined. A similar analysis was performed of the V119"
population (indicated). Each dot represents a single mouse. B, Thymocytes as in A were stained with anti-HSA, -CD4, and -CD8 mAbs, and then were
analyzed by flow cytometry. The HSA ~ population was gated, and the proportion of CD4" and CD8" cells in this population examined. The figure

illustrates a representative mouse.
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FIGURE 6. Class A PI3K regulates CD4"/CD8" cell fate. A, Thymocytes from 5- to 8-wk-old F5/p65™3¢ Tg and F5 Tg littermates were isolated,
stained with anti-CD4 and -CD8 mAbs, and analyzed by flow cytometry. Thymocytes were also stained with anti-V 811, -CD4, and -CD8 mAbs. The
proportion of CD4" and CD8" cells within the population expressing V 311"9" was examined. Each dot represents a single mouse. B, Thymocytes as in
Awere stained with anti-HSA, -CD4, and -CD8 mAbs and were analyzed by flow cytometry. The HSA ~ population was gated, and the proportion of CD4™*
and CD8* cellsin this popul ation was examined. The figure shows arepresentative mouse. C, BrdU'®’ CD4" or CD8* thymic emigrants from the indicated
mice (asin A) were examined asin Fig. 2E. D, Peripheral T cellsfrom 5- to 8-wk-old F5/p65™3 Tg and F5 Tg littermates were also stained with anti-V 811,
-CD4, and -CD8 mAbs. The proportion of CD4* and CD8" cells within the population expressing V 311"9" was examined. Each dot represents a single

mouse.

with the enhanced CD4™" cell generation in F5/p657"3 mice, pe-
ripheral CD4™" cell numbers were increased in these animals com-
pared with F5 Tg mice (CD4* splenocyte mean values, 4.6 +
1.7 X 10° and 10.7 + 3.1 X 10°, respectively). Because Tg Va-
chains cannot be examined, we analyzed other Va-chains (Vas3,
Vall, and Vall.2); the expression levels of these Va in F5 Tg
mice were very low and were not significantly increased in F5/
p65™'3K double-Tg mice (data not shown). Moreover, the propor-
tion of CD4™" cells expressing the transgenic TCR V 3-chain in the
periphery of F5/p65™'°K double-Tg mice was higher than in F5 Tg
mice (Fig. 6D). This suggests that p65™°K expression increases
differentiation of CD4" cells that express the transgenic MHC
class I-restricted TCR.

Discussion
We examined thymic development in p110+y-deficient mice and in
mice expressing an activating mutation of class 1A PI3K, pe5™3«,
in T cells. Both genetic alterations had a moderate effect on pre-
TCR-induced DN cell differentiation; p110y deficiency impaired
thistransition, and enhanced activation of class|A PI3K favoredit.
p110y also regulated thymus growth. Nonetheless, the most strik-
ing observation in mice with genetic aterations in PI3K was the
effect on CD4*/CD8" lineage commitment. p110y deficiency
augmented CD8* cell differentiation, whereas enhancement of
class IA PI3K activation increased generation of CD4™ cells.
These observations support the idea that the magnitude of PI3K
activation regulates the CD4*/CD8™ T cell differentiation ratio. In
addition, both alterations influenced migration of mature thymo-
cytes to the periphery.

p110+y involvement in pre-TCR-dependent T cell differentiation
is supported by the observation that p110y '~ mice show an in-
crease in DN cell numbers. These cells accumulated preferentially
at DN stage 11, the stage at which pre-TCR triggers differentiation
(1, 2). The proportion of large cellsat DN stage |11, generated after
pre-TCR ligation (34), is reduced by 50% in these mice. In support
of arole for PI3K at this stage, p65™3* mice showed reduced
numbers of DN cells and a decreased percentage of DN stage |11
cells. p65™3¢ expression complemented p110vy function, reducing
DN cell accumulation at stage |1l and restoring the normal pro-

portion of CD44 CD25" large cells in p110y~’~ mice. These
results show that class A PI3K complements p110vy function. This
complementation may reflect that both isoforms regul ate this tran-
sition physiologically or that enhanced p65™3<-induced PI3K ac-
tivity artificially compensates for the lack of p110+y. The p65™3<
expression nonetheless enhances basal 3-polyphosphoinositide
levels only moderately and requires stimulation of a tyrosine ki-
nase-coupled receptor to enhance PI3K activity significantly (22,
23). Pre-TCR, a receptor coupled to Lck tyrosine kinase (5, 35),
thus may activate class |A PI3K isoforms physiologically, thereby
contributing to pre-TCR-mediated differentiation, as observed in
p65™'3¢ Tg mice. Moreover, the observation that p65™3¢ expres-
sion does not restore thymus growth in p110y~/~ mice argues
against a generalized compensation of pl110y function by in-
creased 3-polyphosphoinositide levels in p65™3F Tg mice. None-
theless, whereas the phenotype of p110y~'~ mice demonstrates a
function for p110y in pre-TCR-dependent differentiation events,
further studies in conditional class IA PI3K knockout mice are
required to clarify the contribution of these isoforms.

The p110y '~ mice show adefect in the proliferative expansion
that accompanies development from the DN to the DP stage (21)
(Fig. 4). pl10y is essential for this function, because enhanced
class IA PI3K activation caused by p65™'°K expression did not
restore norma thymus size in these mice. Thymus growth thus
may require signals other than those needed for DN-to-DP differ-
entiation. We postulate that a receptor that specifically regulates
p110y isinvolved in control of DP cell expansion. Pertussis toxin
treatment resulted in a selective decrease in DP cells (36), sup-
porting GPCR involvement in regulating DP cell expansion. Rho,
a GPCR effector, aso controls thymus growth (37, 38). Because
both p110y and Rho are activated by GPCR (39-41), receptors of
this family are potential candidates for thymus growth regulation.

Mice with genetic modifications in PI3K showed altered CD4 ™/
CD8™ differentiation ratios. The contribution of p110vy in the con-
trol of lineage commitment was evident in neonatal p110y /'~
mice, which display increased CD8" and decreased CD4™" cell
numbers. Crossing these animals with mice expressing an MHC
class Il-restricted Tg TCR, which normally induces CD4" cell
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differentiation, resulted in an increase in CD8™" cells and a reduc-
tionin CD4" cells expressing the Tg TCR. This demonstrates that
p110y activation is a component of the signaling pathways that
regulate differentiation to CD8™ or CD4™ lineages. In the case of
enhanced class |A PI3K activation, the result is consistent and
complementary. In MHC class |-restricted TCR Tg mice that nor-
mally induce predominantly CD8™ cell differentiation, p65™3 ex-
pression increased generation of CD4" cells and reduced that of
CD8™ cells. In addition to this alteration in lineage commitment,
p65™3¢ expression mediated a quantitative increase in positive
selection of CD4™ cells. Thisis supported by the observation that
neonatal p65™3< mice have a larger number of mature CD3* T
cells. We found no significant decrease in positive selection in
p110y '~ mice. Nonetheless, when p110y '~ mice were crossed
with 5CC7 TCR Tg mice, adecrease of ~25-30% was detected in
the number of mature CD3™ thymocytes. These data indicate that,
in addition to the effect on CD4*/CD8" lineage commitment,
PI3K may also regulate the magnitude of positive selection.

To understand the mechanism by which enhanced PI3K activa-
tion increases positive selection of CD4™" cells, we considered a
reduction in apoptosis. Expression of the p65™=¢ mutant (22) did
not affect spontaneous apoptosis, y- or UV -irradiation-induced apo-
ptosis, or apoptosisinduced by anti-Fas Ab, dexamethasone, staph-
ylococcal enterotoxin B, or TNF-« (data not shown). We also ex-
amined Ag-induced apoptosisin p65™3* Tg mice crossed with the
5CC7 TCR Tg mice (26). Administration of the specific antigenic
peptide resulted in a comparable reduction in DP cellsin 5CC7 and
5CC7 x p65™3¢ Tg mice (data not shown). Thus, we find no
reduction in apoptosisin p65™3< Tg mice. In addition to increased
tumor susceptibility, mice lacking Pten, a phosphatase that reduces
3-polyphosphoinositide levels generated by any PI3K isoform,
showed decreased negative selection and increased generation of
CD4* T cellswith an activated phenotype (42). Thus, it is possible
that strong induction of the PI3K pathway, such as that originated
by Pten deletion, is required to affect negative selection and quan-
titatively increase positive selection. Even in the case of Pten, the
authors report aselective increasein CD4 ™" cells (42). Thisand the
increase in peripheral CD4* T cellsin other mouse models show-
ing PI3K protein kinase B (PKB) pathway activation (43, 44) sup-
ports the conclusion that this route skews differentiation toward
cells of the CD4" phenotype. Conversely, p110y '~ mice have a
reduced peripheral CD4" population (21).

It was recently proposed that the difference between signals that
generate CD4" and CD8" cell differentiation is quantitative (12,
13). Enhanced activation of Lck or MAPK pathways promotes
CD4" cell differentiation, whereas defective induction of these
kinases increases CD8™ cell differentiation (12, 13). PI3K acts
according to this model, because p110+y deletion promotes CD8*
generation (even when these cells express an MHC class |l-re-
stricted TCR), and transient enhanced class IA PI3K activation
promotes CD4" generation (even when these cells express an
MHC class |-restricted TCR). The magnitude of this shift issimilar
to that observed when there are genetic alterations in the MAPK
pathway (13), and it is lower than those observed when Lck ac-
tivity isaltered (12). This may reflect the hierarchy of the signaling
pathways that regulate differentiation. Lck is a Tyr kinase that is
induced shortly after TCR ligation (35). Tyrosine kinases activate
PI3K and MAPK (14, 23, 25, 45); thus, these two pathways may
cooperate to control the CD4"/CD8™" cell differentiation ratio. In
support of this view, MAPK and Lck control pre-TCR-mediated
differentiation and CD4/CD8 lineage commitment. Nonetheless,
Lck ™/~ mice have a more severe T cell differentiation defect (5,
12) than do MAPK '~ mice (8, 13, 46).
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Class|A PI3K istriggered by TCR ligation (17). p110y involve-
ment in pre-TCR and TCR-regulated differentiation events was
nonethel ess unexpected, because these receptors trigger Tyr kinase
activation (35), and p110y is normally activated by GPCR (14).
This suggests either that a GPCR cooperates with the pre-TCR and
TCR to trigger p110vy activation, or that the pre-TCR and TCR
activate p110y. We have compared TCR-triggered PKB activation
in thymocytes and T cells obtained from Wt, p65™'3< Tg, and
p110y '~ mice. PKB activation shortly after TCR binding was
lower in p110y~/~ than in Wt mouse cells, and it was higher in
cells from p657'3K Tg or p110y '~ /p657'3< Tg mice (data not
shown). These results suggest that p110+y participatesin TCR-trig-
gered early signals, which may aid in elucidating the way in which
this PI3K isoform regulates TCR-mediated differentiation. Future
experiments will be oriented to define the mechanism by which
TCR activates p110y.

In addition to these effects on thymic differentiation, lack of
p110vy reduces migration of mature thymocytes to the periphery.
Moreover, the enhanced class IA PI3K activation by p65™3¢ pro-
motes CD4™ cell migration and reconstitutes mature CD4* and
CD8" T cell migration in p110y /~ mice. This suggests that class
IA and IB PI3K may both regulate thymocyte migration to the
periphery. Because some receptors that trigger cell migration, such
as chemokine receptors, induce class IB PI3K activation and sub-
sequent 1A PI3K stimulation (47—-49), activation of these two en-
zymes in cascade may regulate thymocyte emigration.

The results illustrate that PI3K modulates T cell differentiation
at several stages. The p110vy isoform regulates thymic growth. In
addition, p110y influences the pre-TCR-dependent DN-to-DP cell
transition and affects the CD4/CD8 T cell differentiation ratio.
Class A p85/p110 PI3K-enhanced activation affects the same dif-
ferentiation steps except for thymus growth, suggesting that class
1A PI3K may contribute to regulation of T cell development. The
observations presented demonstrate for the first time the contribu-
tion of p110y to the signaling pathways that regulate pre-TCR-
dependent differentiation and CD4"/CD8" lineage commitment
during positive selection.
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