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T Helper Cell Subsets in 
Insulin-Dependent Diabetes 

Jonathan D. Katz," Christophe Benoist, Diane Mathist 

It has been proposed that the development of insulin-dependent diabetes is controlled 
by the T helper 1 (TH1) versus TH2 phenotype of autoreactive TH cells: TH1 cells would 
promote diabetes, whereas TH2 cells would actually protect from disease. This propo- 
sition was tested by establishing cultures of TH1 and TH2 cells that express an identical 
diabetogenic T cell receptor and comparing their ability to initiate disease in neonatal 
nonobese diabetic mice. THI -like cells actively promoted diabetes; TH2-like cells invaded 
the islets but did not provoke disease-neither did they provide substantial protection. 

1nsuli11-dependent diabetes mellitus is an 
autoimmune disease characterized bv infil- 
tration of leukocytes into the islets of Lange- 
rhans of the uancreas and breakdown of 
glucose homeostasis as a result of destruction 
of insulin-producing beta cells (1 ). 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- 
uatlng disease and whether each has a 
unique f ~ ~ n c t i o n  (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 (TH1) cells, which secrete 
inte~feron y (IFN-y) and are primarily asso- 
ciated with cellular immunity; and TH2 cells, 
which produce interle~tkin-4 (IL-4) and IL- 
10 and are mainlv involved in humoral im- 
m~tnity (8). Seveial studies have correlated 
diabetes with T, phenotype, leading to the 
idea that TH1 cells promote disease whereas 
-rH2 cells protect from it, dalnpening the 
activity of TH1 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 TH1 or disfavor TH2 cell 
development generally promotes diabetes, 
whereas the converse inhibits disease (10). 
Along similar lines, Ci7Bl mice are more 
likely to develop a TH1 and less likely to 
develop a TH2 response than are BALBIc 
mice (1 I ) ,  and transgenic animals that ex- 
press a T cell receptor (TCR) reactive to an 
islet cell neoantieen develou diabetes on the 
former but not ;he latter genetic background 
(1 2). 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 
beine associated with destruction 113). 

L. ~, 

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 
TH2 lymphokine, actually promotes disease 
in nonobese diabetic (NOD) mice (1 4). 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 THl 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 TH1- 
TH2 split is an oversimplification. There are 
now several examples of antigen-experi- 
enced CD4- T cells that secrete a pattern of 
lymphokilles distinct from the classical TH1 
or TH2 pattern (16). There is also mounting 
evidence that a p  CD8- and y6 T cells can 
exhibit a TH1-TH2-like dichotomy in the 
lymphokines they secrete (1 7) and thus rnay 
be able to similarly, or even more effectively, 
drive the cellular or humoral arms of an 
iin~nune response. 

We have addressed inore directly the 
q~est iol l  of whether the TH phenotype of 
CD4- T cells influences the development of 
diabetes. TH1 and TH2 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 co~nparison 
independently of TCR specificity. The latter 
point is critical given that the conditions 
required for TI_,l versus T1_,2 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 (1 8). 

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 a and P chain genes from a CD4+ T 
cell clone, BDC2.5 (19), which was isolated 
from a diabetic N O D  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 P 
chain is coinplete but of the a chain only 
partial (6 ,  7). We have now rendered the 
a p  T cell repertoire of the BDC2.5 straln 
rnonospecific by ellmlnating any contribu- 
tion by endogenous TCR a genes, which we 
accoinplished by breeding in a null mutation 
of the TCR a locus ( C a O )  (20). Spleens 
from BDC2.5/Ca0 mice contain only 
CD4+,  not CD8+,  T cells (Fig. 1A).  These 
uniformly express the transgene-encoded 
Vp4 chain and most appear to be naive, 
displaying a CD25-CD44'""CD62Lh'gh 
phenotype (Fig. IA) ;  In add~tion, they ex- 
press no CD69 and high levels of CD45RB 
(7). Thus, splenocytes from BDC2.5/Ca0 
mlce could be used as a source of nai've T 
cells that express a single, potentially diabe- 
togenlc receptor. 

Naive CD4+ T cells can differentiate 
into e~ ther  T,1 or TH2 effectors, depending 
on the lymphokine inilieu present at the 
trine of init~al activation (21, 22). The TH 
phenotype is stable for several months when 

A 
Vp4 CD25 (IL-2R) CD44 (Pgp-1) CD62L CD49d 

Preculture 
#- 

(L-selectin) (a4-integrin) 
7 I I I 

___) 

log Fluorescence 

Fig. 1. Cell surface phenotype of splenocytes from BDC2.5/Cuo mice. CD4-CD8 prof~les from the input 
splenocytes (A) and cultured cells (B) at the left; staining (24) prof~les for Vp4, 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,l- or T,2-like cells (25), the 
populat~on was 295% CD4+Vp4+ 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 (tnAb) (TH1-like), the 
other activated in the presence of IL-4 plus 
IFN-y mL4b (TH2-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+Vp4+ 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-'lo" and between 15 
to 40% CD69' (7). 

Portions of cells from each culture were 

Fig. 2. Functional proper- 
ties of T,1- and T,2-like 
cells. (A) Proliferation after 
restimulation. T cells were 
restimulated by V,4 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- 
Vp4-precoated plates 
and supernatants re- 
moved and tested for L - 4  
and IFN-y by ELlSA or 
IL-2 by bioassay (27). 

then assayed for function. To test susceptibil- 
ity to restimulation, we incubated them in 
microtiter plates coated with rnAbs against 
V 4 or CD3 and, after 36 hours, quantitated 
[3fl]tl~ymidine incorporation (Fig. 2A). Cells 
from the two cultures proliferated similarly 
upon restimulation by anti-Vp4, 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 h ~ g h  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 wlth a TH1- or 
TH2-like phenotype that d~splay the same 
potentially diabetogen~c TCR. 

Anti-VB4 (~g lml )  
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DayBamrtraekr Dava after - 
Fig. 3. Transfer of TH1 - and T$-like cells to neonatal NOD mice. (A) Diabetes 
development. D i e s  was assessed by measurement of blood glucose. 
Animals were considered d i t i c  after three sequential measurements above 
13.9 mM (normal values in our cdony were about 8 mM); note that most of the 
mice rendered d i t i c  by transfer of TH1 cells had blood glucose values 
greater than 25 mM, off-scale on our glucometer. Onset was dated from the 
first of the sequential diabetic measurements. (B) lnsulitis time course. 
Multiple hematoxylin-eosin-stained pancreatic sections were scored for 
pen-insuliiis and insulitis. Approximately 50 islets were scored pec pancre- 
a s , a n d s e v e r a l ~ t a ( t w o t o W w e r e ~  ateachtimepoint. 

Diabetes is ra~idlv 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 lo7 to 2 x lo7 
TH1-like BDC2.5/Ca0 cells, another got the 
same number of T-2-like cells. and the re- ', 
maining group was left unmanipulated. The 
reci~ients were monitored for diabetes bv 
measuring nonfasting blood glucose levels 
from the fifth or seventh day after transfer 
(Fig. 3A). The TH1-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 TH2-like cells developed 
hyperglycemia. All of the unmanipulated 
controls remained normoglycemic. 

7-.- 

Days after transfer 

Fig. 4. Transfer of mixtures of TH1 - and TH2-like 
cells. Neonatal NOD mice each received 1 x 1 O7 
total T cells, as TH1-like cells, TH2-like cells, or 
mixtures of the two, as shown. One control group 
received only 1 x 1 O6 TH1 -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 
TH1 - and TH2-like cells from BDC2.5 mice. 

lnsulitis 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 TH1 or TH2 cells, and more prominent 
h m a t e s a f t e r 2 ~ .  

There are two ~ossible ex~lanations for 
the absence of diabetes in recipients of TH2- 
like BDC2.5/Ca0 cells. Either the TH2-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 TH1- and TH2-like cells (Fig. 
3B). Both T, types were efficient invaders 
for the first few days, but they differed there- 
after. The attack by TH1 cells progressed so 
that by day 11 all of the islets exhibited 
insulitis, usually an overwhelming one; in 
contrast, the attack by TH2-like cells did not 
progress much beyond the initial stage. Rep- 
resentative Dancreas sections are shown in 
Fig. 3C, where the two T, types have pen- 
etrated by day 2, but by day 3 the progression 
of TH1-like cells was already more aggressive. 
In both cases, the infiltrates consisted largely 
of CD4+Vp4+ T cells, but also included a 
substantial number of surface immunoglobu- 
lin M+ (IgM+) B cells (7). Immunohistology 
further revealed that the IgGl versus IgG2a 
phenotype of isotype-switched B cells in the 
islets correlated with the known influence 
(23) of TH1 and TH2 lymphokines on 
switching: IFN-y promotes switching to 
IgG2a, and recipients of TH1-like cells had 
an exaggerated ratio of IgG2a+/IgGl+ B 
cells in pancreas and spleen 7 days after 
transfer; IL-4 favors switching to IgG1, and 
mice that received TH2-like cells had pre- 
dominantly IgGl+ B cells in pancreas and 
spleen (7). These data'differentiate between 
the two possible scenarios: The lack of dia- 
betes in recipients of TH2-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. 

To determine whether TH2 cells can in- 
hibit TH1 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 TH1-like 
cells alone, indicating that at this ratio the 
TH2-like cells were not protective. We then 
reduced the number of TH1-like cells to 
one-tenth the initial concentration to see 
whether a large excess of TH2-like cells 
would protect. All the animals that received 
reduced numbers of T-1-like cells alone de- 

'I 

veloped diabetes, albeit at a slower rate than 
those that got the full complement of TH1- 
like cells. When the reduced number of 
TH1-like cells was combined with a ninefold 
excess of TH2-like cells, all the recipients 
also developed diabetes, at a rate that was 
further reduced, but only negligibly. 

Our 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 TH1 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 TH1-like cells 
into mice that lack defined leukocvte sub- 
sets. Likewise, the role of individual iympho- 
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 TH2 cells in 
precipitating diabetes nor, surprisingly, do 
they support the concept that TH2 cells af- 
ford disease protection. TH1-like cells could 
aggressively invade the islets and destroy P 
cells in the presence of a ninefold excess of 
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TH2-like cells. These results concern only 
the effector phase of the disease and do not 
bear on the role of T,,l-T,,2 cells in earlier 
events. However, they are in accord with the 
observation that artificial exoression bv islet 
cells of IL-10, an immunosuppressive ly~n- 
~hok ine  with documented effects on T,-,1 
cells, actually promotes insulitis and diabetes 
rather than inhibits them (14). Some of the 
major challenges remaining are to prove the 
role of T,,1 cells in spontaneous diabetes in 
rodents and humans, to understand the role 
of accessory cells or molecules in regulating 
the T,ll-T,12 balance, and to find the least 
interventional means to divert T,l cells to a . L 

TH2 phenotype in ongoing disease. 
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Requirement for Phospha tidylinosi to1 Transfer 
Protein in Epidermal Growth Factor Signaling 

Andrea Kauffmann-Zeh," Geraint M. H. Thomas, Andrew Ball, 
Simon Prosser, Emer Cunningham, Shamshad Cockcroft, 

J. Justin Hsuan? 

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-@ (PLC-P), but the role of PITP is unclear. Stimulation 
of phospholipase C-y (PLC-7) 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. 

T h e  regulation of PLC activity by tyrosine ways (1) .  Cytosolic PLC-y associates with 
kinases occurs by a signaling mechanism specific phosphotyrosine residues on acti- 
distinct from that of GTP-dependent path- vated receptor tyrosine kinases at the plas- 

ma membrane, including phosphotyrosine 
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Ing. University College London. University Street, London 
in,p, r c , , , ,,, events are insufficient to stimulate phos- 
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phoinositidase activity in intact cell mem- 
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