11.

12.

14.

15.

numbers are U24117 (chimp), U24118 (human),
U24119 (gorilla), and U24120 (orang); alignments
are available upon request.

. See also L. C. Shimmin, H.-J. Chang, W.-H. Li, Na-

ture 362, 745 (1993). Our sequences for the human
ZFY intron differ from that reported by Shimmin et al.
at position 478, which represents the final Tina12 T
homopolymeric run. This may represent either a le-
gitimate polymorphism in this region or more likely a
sequencing discrepancy.

. The topology of the most parsimonious tree was

derived by exhaustive search with the PAUP pack-
age. The tree was rooted with the baboon sequence
as an outgroup. The tree shown is 70 steps long [Cl
(consistency index) = 0.986, RI (retention index) =
0.923]); the next shortest tree, 72 steps long, results
in a chimp-gorilla-human trichotomy.

This value was determined by using 14 My as the
branching date for the orangutan lineage and 5 My
as the age of the human/chimp-gorilla split, as pro-
posed by M. Hasegawa, H. Kishino, and T. A. Yano
[J. Hum. Evol. 18, 461 (1989)]. The rate was derived
by averaging over all pairwise comparisons.

M. Kreitman and R. R. Hudson, Genetics 127, 565
(1991); R. R. Hudson, in Mechanisms of Molecular
Evolution, N. Takahata and A. G. Clark, Eds. (Si-
nauer, Sunderland, MA, 1993, pp. 23-36.

. The expected nucleotide diversity of Y chromosome

loci may be reduced by the smaller effective popula-
tion size of the Y chromosome (1/4 N, relative to
autosomal loci}—a given value of X thus leads to a
fourfold reduction in predicted polymorphism relative
to an autosomal locus. This effect, however, is offset
by the apparently increased mutation rate for Y-linked
sequences (9).

A. J. Berry, J. W. Ajioka, M. Kreitman, Genetics 129,
1111 (1991).

We used a coalescence theory approach to estimate
the probability of finding zero mutations in a current
sample of 38 Y chromosomes as a function of the
expected mutation rate, w, and the deepest branch-
ing time, T. This probability is

37

p©@IT) = I (/G + uT))
i=1

where p was estimated from the chimp, gorilla, and
orangutan data as 0.135% per site per million years;
given 729 sites, u = 0.98 per million years. We con-
vert this to a Bayesian expectation for the time, given
zero mutations, as

p(T10) = p(OIT)p(T)/p(0)= p(OIT>dTJD(0”)dT

and computed both an expected value for the time,
T, as

(= pr(OIT)dTJp(OIt)dt

and a 95% maximum estimate for the time as T,
from

Tm u
ﬁ)(OIt)dt = 0495jp(0|l‘)dl‘
o o

This yielded the values (T) = 270,000 years and T,,
~800,000 years. For a population of N'Y chromo-
somes, T = 2 X generation time X N. Thus for a
20-year generation time, the coalescence picture is
one of an effective population of 7500 males. This is
an exceedingly small population size for this entire
300,000 year period; it is far more likely that the
coalescence model, which assumes worldwide uni-
form mixing and a constant effective population size,
is not strictly applicable, and that humans recently
fanned out around the world into groups which re-
mained partially isolated after that time. That picture
is more similar to the “star’” phylogeny, each of the
38 chromosomal lineages remaining distinct after an
original migration; such a star phylogeny corre-
sponds to a (T) of 27,000 years for that original
“migration.”

16. C. B. Stringer and P. Andrews, Science 239, 1263
(1988); M. H. Wolpoff, in The Human Revolution, Be-
havioral and Biological Perspectives on the Origins of
Modern Humans, P. Mellars and C. Stringer, Eds.
(Princeton Univ. Press, Princeton, NJ, 1989), pp. 62—
108; D. W. Frayer, M. H. Wolpoff, A. G. Thorne, F. H.
Smith, G. G. Pope, Am. Anthropol. 95, 14 (1993); F. J.
Ayala, A. Escalante, C. O’Huigin, J. Klein, Proc. Natl.
Acad. Sci. U.S.A. 91, 6786 (1994).

17. L. Vigilant, M. Stoneking, H. Harpending, K. Hawkes,
A. C. Wilson, Science 253, 1503 (1991); M. Hase-
gawa and S. Horai, J. Mol. Evol. 32, 37 (1991).

18. M. Kimura, J. Mol. Evol. 16, 111 (1980).

19. K. J. Matteson et al., Hum. Genet. 69, 263 (1985).

20. A. Chakravarti, K. H. Buetow, S. E. Antonarakis, C.
D. Boehm, H. H. Kazazian, Am. J. Hum. Genet. 33,
134a (1981).

21. D. Avramopoulos, A. Chakravarti, S. Antonarakis,
Genomics 15, 98 (1993).

22. A. Chakravarti, J. A. Phillips lll, K. H. Mellits, K. H.
Buetow, P. H. Seeburg, Proc. Natl. Acad. Sci. U.S.A.
81, 6085 (1984).

23. S. Antonarakis et al., Hum. Genet. 80, 265 (1988).

24. A. Chakravarti, S. C. Elbein, M. A. Permutt, Proc.
Natl. Acad. Sci. U.S.A. 83, 1045 (1986).

25. W.-H. Li and L. A. Sadler, Genetics 129, 513
(1991).

26. R. McCombie et al., Nat. Genet. 1, 348 (1992).

27. We thank D. Page for encouragement and C. Lo-
wen for technical assistance. Supported by NIH
grant GM 37997 to W.G. and by the Yale Science
Development Fund.

26 October 1994; accepted 16 March 1995

T Helper Cell Subsets in
Insulin-Dependent Diabetes

Jonathan D. Katz,* Christophe Benoist, Diane Mathis+t

It has been proposed that the development of insulin-dependent diabetes is controlled
by the T helper 1 (T41) versus T2 phenotype of autoreactive T cells: T,,1 cells would
promote diabetes, whereas T2 cells would actually protect from disease. This propo-
sition was tested by establishing cultures of T,;1 and T2 cells that express an identical
diabetogenic T cell receptor and comparing their ability to initiate disease in neonatal
nonobese diabetic mice. T,1-like cells actively promoted diabetes; T, 2-like cells invaded
the islets but did not provoke disease—neither did they provide substantial protection.

Insulin-dependent diabetes mellitus is an
autoimmune disease characterized by infil-
tration of leukocytes into the islets of Lange-
thans of the pancreas and breakdown of
glucose homeostasis as a result of destruction
of insulin-producing beta cells (). The leu-
kocyte infiltrate, termed insulitis, is a heter-
ogeneous population, composed of CD4*
and CD8* T lymphocytes, B lymphocytes,
macrophages, and dendritic cells (2). T lym-
phocytes play a primary role (3), but the
relative contribution of CD4* and CD8*
cells is uncertain, in particular the impor-
tance of each subset in provoking or perpet-
uating disease and whether each has a
unique function (4). Nonetheless, there
have been several reports of CD4™ T cells,
by themselves, instigating diabetes (5-7).
CD4* T lymphocytes fall into two major
classes: T helper 1 (Ty;1) cells, which secrete
interferon vy (IFN-y) and are primarily asso-
ciated with cellular immunity; and T2 cells,
which produce interleukin-4 (IL-4) and IL-
10 and are mainly involved in humoral im-
munity (8). Several studies have correlated
diabetes with T}, phenotype, leading to the
idea that Ty;1 cells promote disease whereas
Ty2 cells protect from it, dampening the
activity of Tyl effectors (9). The most sub-
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stantive arguments in support of this notion
derive from studies in mice. Artificial intro-
duction of lymphokines or antibodies to lym-
phokines that favor T,1 or disfavor T2 cell
development generally promotes diabetes,
whereas the converse inhibits disease (10).
Along similar lines, C57Bl mice are more
likely to develop a Tyl and less likely to
develop a T},2 response than are BALB/c
mice (11), and transgenic animals that ex-
press a T cell receptor (TCR) reactive to an
islet cell neoantigen develop diabetes on the
former but not the latter genetic background
(12). Finally, there appears to be a correla-
tion between the amount and type of lym-
phokines secreted by invading lymphocytes
and how aggressively the lymphocytes attack
an islet graft, high IFN-y and low IL-4 levels
being associated with destruction (13).
However, the above set of arguments ap-
pears to be inconclusive for three major rea-
sons. First, conflicting data do exist. For
example, pancreatic expression of IL-10, a
T2 lymphokine, actually promotes disease
in nonobese diabetic (NOD) mice (14). Sec-
ond, many of the points cited above rely on
effects provoked by manipulating the levels
of particular lymphokines; however, lympho-
kines are highly pleiotropic and control
many phenomena besides Ty;1 and T},2 phe-
notype: the differentiation of CD8* T cells,
B cell differentiation and effector diversifi-
cation, natural killer cell activity, antigen-
presenting cell function, and lymphocyte cir-
culation. In addition, beta islet cells appear
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to be exquisitely sensitive to the cytotoxic
effects of lymphokines (15). Finally, it is
becoming increasingly clear that the Ty1-
T2 split is an oversimplification. There are
now several examples of antigen-experi-
enced CD4* T cells that secrete a pattern of
lymphokines distinct from the classical T},1
or Ty;2 pattern (16). There is also mounting
evidence that o CD8" and yd T cells can
exhibit a Ty1-T};2-like dichotomy in the
lymphokines they secrete (17) and thus may
be able to similarly, or even more effectively,
drive the cellular or humoral arms of an
immune response.

We have addressed more directly the
question of whether the Ty; phenotype of
CD4* T cells influences the development of
diabetes. Tyl and T},2 cells that express an
identical, diabetogenic TCR were produced
and their ability to provoke disease in neo-
natal NOD mice compared. This strategy
allows evaluation of the two subsets as iso-
lated entities and permits their comparison
independently of TCR specificity. The latter
point is critical given that the conditions
required for Tyl versus T2 cell growth
could favor expansion of specificities direct-
ed at different islet cell antigens, variable in
their diabetogenic potential, or specificities
directed against the same antigen but with
different affinities, a situation already sug-
gested in other systems (18).

To generate CD4™ T cells with identical
TCRs but different effector phenotypes, we
made use of the BDC2.5 transgenic mouse
strain (6). These animals carry rearranged
TCR « and B chain genes from a CD4™ T
cell clone, BDC2.5 (19), which was isolated
from a diabetic NOD mouse, is specific for
an islet cell antigen, and is capable of initi-
ating disease in neonatal NOD recipients.
Most T cells in this strain display the
BDC2.5 TCR; allelic exclusion of the B
chain is complete but of the a chain only
partial (6, 7). We have now rendered the
af3 T cell repertoire of the BDC2.5 strain
monospecific by eliminating any contribu-
tion by endogenous TCR « genes, which we
accomplished by breeding in a null mutation
of the TCR « locus (Ca®) (20). Spleens
from BDC2.5/Ca® mice contain only
CD4%, not CD8", T cells (Fig. 1A). These
uniformly express the transgene-encoded
Vg4 chain and most appear to be naive,
displaying a CD25~CD44'°*CD62Lhieh
phenotype (Fig. 1A); in addition, they ex-
press no CD69 and high levels of CD45RB
(7). Thus, splenocytes from BDC2.5/Ca®
mice could be used as a source of naive T
cells that express a single, potentially diabe-
togenic receptor.

Naive CD4* T cells can differentiate
into either Ty;1 or Ty,2 effectors, depending
on the lymphokine milieu present at the
time of initial activation (21, 22). The Ty
phenotype is stable for several months when
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Fig. 1. Cell surface phenotype of splenocytes from BDC2.5/Ca® mice. CD4-CD8 profiles from the input
splenocytes (A) and cultured cells (B) at the left; staining (24) profiles for Vg4, CD25, CD44, CD49d, and
CD62L of gated CD4* T cells at the right. Preculture splenocytes contained 45 to 55% CD4+ T cells and
lacked CD8™" T cells. After culture that favors the generation of either T,,1- or T, ,2-like cells (25), the
population was =95% CD4*V, 4" T cells. Fluorescence above backround control is indicated by

horizontal bar in each histogram.

the differentiated cells are transferred into
mice (22). Following such protocols, we di-
vided spleen cells from BDC2.5 transgenics
into two parallel cultures—one activated in
the presence of IL-2 and IFN-y plus IL-4
monoclonal antibody (mAb) (Ty1-like), the
other activated in the presence of IL-4 plus
IFN-y mAb (T,,2-like). After 4 days of cul-
ture in either condition, the input T cells
expanded two- to fourfold and exhibited a
blast-like morphology (7). Both final popu-
lations were over 95% CD4"Vg4™ T cells
and were activated, as shown by their expres-
sion of CD25, upregulation of CD44, and
down-modulation of CD62L [Fig. 1, compare
(A) with (B)]. Though subject to some in-
terexperimental variation, the cultured cells
were largely CD45RB™°% and between 15
to 40% CD69* (7).

Portions of cells from each culture were

Fig. 2. Functional proper- A
ties of T 1- and T, 2-like
cells. (A) Proliferation after
restimulation. T cells were
restimulated by VB4 mAb
(26). Values are displayed
as the mean of triplicates;
standard deviations were
<15% of the mean and
are not shown. (B) Lym-
phokine profiles. T cells
were restimulated on anti-
VB4—precoated plates
and supernatants re-
moved and tested for IL-4
and IFN-y by ELISA or
IL-2 by bicassay (27).

[3H]Thymidine incorporation
(10° cpm)
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then assayed for function. To test susceptibil-
ity to restimulation, we incubated them in
microtiter plates coated with mAbs against
Va4 or CD3 and, after 36 hours, quantitated
[3{il]thymidine incorporation (Fig. 2A). Cells
from the two cultures proliferated similarly
upon restimulation by anti-Vg4, in a dose-
dependent manner; parallel results were ob-
tained with anti-CD3 (7). Supernatants from
restimulated cultures were tested for produc-
tion of IL-2, IL-4, and IFN-y (Fig. 2B). The
initial culture conditions clearly generated
discrete phenotypes: One condition led to
cells secreting high concentrations of IFN-y
and substantial IL-2, but little or no IL-4; the
other generated cells making high concentra-
tions of IL-4 and little IL-2 or IFN-y. Hence,
we could generate cell lines with a Ty 1- or
Ty2-like phenotype that display the same
potentially diabetogenic TCR.
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Fig. 3. Transfer of T,,1- and T,,2-like cells to neonatal NOD mice. (A) Diabetes
development. Diabetes was assessed by measurement of blood glucose.
Animals were considered diabetic after three sequential measurements above
13.9 mM (normal values in our colony were about 8 mM); note that most of the
mice rendered diabetic by transfer of T,,1 cells had blood glucose values
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greater than 25 mM, off-scale on our glucometer. Onset was dated from the

first of the sequential diabetic measurements. (B) Insulitis time course.
Multiple hematoxylin-eosin-stained pancreatic sections were scored for
peri-insulitis and insulitis. Approximately 50 islets were scored per pancre-
as, and several pancreata (two to four) were examined at each time point.

Diabetes is rapidly induced in neonatal
NOD mice after transfer of splenocytes from
prediabetic BDC2.5 transgenics, but only if
they are first activated in vitro (7). Newborn
NOD mice were segregated into three
groups: One received 1 X 107 to 2 X 107
Ty, 1-like BDC2.5/Ca® cells, another got the
same number of Ty;2-like cells, and the re-
maining group was left unmanipulated. The
recipients were monitored for diabetes by
measuring nonfasting blood glucose levels
from the fifth or seventh day after transfer
(Fig. 3A). The Ty1-like cells rapidly precip-
itated diabetes in almost all recipients: By
day 14 after transfer, 50% (of 30) showed
sustained severe hyperglycemia; by day 35,
90% were diabetic. In contrast, only 1 of the
21 recipients of T,2-like cells developed
hyperglycemia. All of the unmanipulated
controls remained normoglycemic.
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Fig. 4. Transfer of mixtures of T,1- and T, 2-like
cells. Neonatal NOD mice each received 1 X 107
total T cells, as T, 1-like cells, T, 2-like cells, or
mixtures of the two, as shown. One control group
received only 1 X 10° T,,1-like T cells (far right). At
the indicated day, mice were tested for diabetes
as described in Fig. 3. The results represent a
composite of three experiments, performed with
T, 1- and T, 2-like cells from BDC2.5 mice.

infiltrates after 2 days.

There are two possible explanations for
the absence of diabetes in recipients of T};2-
like BDC2.5/Ca° cells. Either the Tj,2-like
cells could not home to the pancreatic islets
or, once there, they could not initiate or
sustain an anti—islet cell attack. To distin-
guish between these possibilities, we com-
pared the rate and magnitude of insulitis in
recipients of Ty1- and T;2-like cells (Fig.
3B). Both T}, types were efficient invaders
for the first few days, but they differed there-
after. The attack by Tyl cells progressed so
that by day 11 all of the islets exhibited
insulitis, usually an overwhelming one; in
contrast, the attack by T};2-like cells did not
progress much beyond the initial stage. Rep-
resentative pancreas sections are shown in
Fig. 3C, where the two T,; types have pen-
etrated by day 2, but by day 3 the progression
of Ty 1-like cells was already more aggressive.
In both cases, the infiltrates consisted largely
of CD4"Vg4™ T cells, but also included a
substantial number of surface immunoglobu-
lin M* (IgM™) B cells (7). Immunohistology
further revealed that the IgG1 versus IgG2a
phenotype of isotype-switched B cells in the
islets correlated with the known influence
(23) of Tyl and T2 lymphokines on
switching: IFN-y promotes switching to
[gG2a, and recipients of Ty;1-like cells had
an exaggerated ratio of IgG2a*/lgGl1* B
cells in pancreas and spleen 7 days after
transfer; IL-4 favors switching to IgG1, and
mice that received Ty;2-like cells had pre-
dominantly IgG1* B cells in pancreas and
spleen (7). These data differentiate between
the two possible scenarios: The lack of dia-
betes in recipients of Ty;2-like cells was not
due to an inability to home to the pancreas,
but rather to an incapacity to initiate or
sustain an autoimmune attack.
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Insulitis is shown as the percentage of infiltrated islets per total islets scored
for each group and time point. (C) Representative islets, showing light
infiltration 2 days after transfer of T,1 or T,,2 cells, and more prominent

To determine whether Ty,;2 cells can in-
hibit Ty;1 effectors, we transferred both cell
types together, mixed at different ratios (Fig.
4). The recipients of a 1:1 mix developed
hyperglycemia at a rate and penetrance iden-
tical to that of the recipients of T, 1-like
cells alone, indicating that at this ratio the
Ty;2-like cells were not protective. We then
reduced the number of Tyl-like cells to
one-tenth the initial concentration to see
whether a large excess of Ty2-like cells
would protect. All the animals that received
reduced numbers of T,;1-like cells alone de-
veloped diabetes, albeit at a slower rate than
those that got the full complement of T};1-
like cells. When the reduced number of
Ty 1-like cells was combined with a ninefold
excess of Ty2-like cells, all the recipients
also developed diabetes, at a rate that was
further reduced, but only negligibly.

Qur data provide direct evidence both in
support of, and contradictory to, conven-
tional views on the role of T} cell subsets in
the development of diabetes. An important
role for the Tyl subset is substantiated by
the rapid onset of disease in NOD neonates
after transfer of this cell type alone. This
result does not mean that no other effectors
are involved, but these can now be identified
systematically by transfer of Ty;1-like cells
into mice that lack defined leukocyte sub-
sets. Likewise, the role of individual lympho-
kines and other effector molecules produced
by donor or host cells can be dissected with
the appropriate mutant animals. The transfer
results do not advocate a role for T2 cells in
precipitating diabetes nor, surprisingly, do
they support the concept that T2 cells af-
ford disease protection. T,;1-like cells could
aggressively invade the islets and destroy B
cells in the presence of a ninefold excess of
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Ty2-like cells. These results concern only
the effector phase of the disease and do not
bear on the role of Ty;1-T2 cells in earlier
events. However, they are in accord with the
observation that artificial expression by islet
cells of IL-10, an immunosuppressive lym-
phokine with documented effects on Tyl
cells, actually promotes insulitis and diabetes
rather than inhibits them (14). Some of the
major challenges remaining are to prove the
role of Ty1 cells in spontaneous diabetes in
rodents and humans, to understand the role
of accessory cells or molecules in regulating
the Ty 1-T2 balance, and to find the least
interventional means to divert Ty;1 cells to a
T2 phenotype in ongoing disease.
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Requirement for Phosphatidylinositol Transfer
Protein in Epidermal Growth Factor Signaling
Andrea Kauffmann-Zeh,* Geraint M. H. Thomas, Andrew Ball,

Simon Prosser, Emer Cunningham, Shamshad Cockcroft,
J. Justin Hsuant

Stimulation of phosphatidylinositol-4,5-bisphosphate (PIP,) hydrolysis is a widespread
mechanism for receptor-mediated signaling in eukaryotes. Cytosolic phosphatidylinositol
transfer protein (PITP) is necessary for guanosine triphosphate (GTP)-dependent hydro-
lysis of PIP, by phospholipase C-B (PLC-B), but the role of PITP is unclear. Stimulation
of phospholipase C—y (PLC-v) in A431 human epidermoid carcinoma cells treated with
epidermal growth factor (EGF) required PITP. Stimulation of PI-4 kinase in cells treated
with EGF also required PITP. Coprecipitation studies revealed an EGF-dependent as-
sociation of PITP with the EGF receptor, with PI-4 kinase, and with PLC-y.

The regulation of PLC activity by tyrosine
kinases occurs by a signaling mechanism
distinct from that of GTP-dependent path-
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ways (I). Cytosolic PLC-y associates with
specific phosphotyrosine residues on acti-
vated receptor tyrosine kinases at the plas-
ma membrane, including phosphotyrosine
residues at the COOH-terminus of the hu-
man EGF receptor (2, 3). Association in
vitro is mediated by the Src homology 2
domains of PLC-y and results in tyrosine
phosphorylation of PLC-y (3, 4), but these
events are insufficient to stimulate phos-
phoinositidase activity in intact cell mem-
branes (5), and substrate presentation ap-
pears to be an important criterion (6). It is





