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An immunologic homunculus for type 1 diabetes

Dirk Homann and George S. Eisenbarth

Barbara Davis Center for Childhood Diabetes, University of Colorado at Denver and Health Sciences Center, Aurora, Colorado, USA.

Autoimmune diseases such as the diabetes that develops in NOD mice
depend on immunologic recognition of specific autoantigens, but recogni-
tion can result in a pathogenic or protective T cell response. A study by Du
et al. in this issue of the JCI demonstrates that TGF-} signaling by T cells
recognizing the insulin peptide B:9-23 is essential for such protection and
that this inhibitory cytokine functions in both a paracrine and an autocrine
manner (see the related article beginning on page 1360). We propose that
the insulin peptide B:9-23 and a conserved TCR motif form an “immuno-
logic homunculus” underlying the relatively common targeting of insulin
by T cells that, as demonstrated by the study of Du and coworkers, results
in a protective T cell response, or diabetes, as shown by other investigators,

for related T cell receptors.

There are a limited number of common
autoimmune disorders, and some diseases,
such as type 1A diabetes (immune-mediat-
ed type 1 diabetes), both are common and
have increased dramatically in incidence
over the past 50 years (1). Irun Cohen has
advanced the hypothesis that the normal
immune repertoire includes a high fre-
quency of lymphocytes that recognize key
self-antigens. The relative distribution of
lymphocytes specific for various antigens,
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termed the “immunological homunculus,”
therefore defines the spectrum of potential
autoreactive immune responses (2). The
common lack of clinical immunopathol-
ogy in the presence of a relevant autoreac-
tive lymphocyte repertoire is attributed to
active “immune regulation.” Conversely,
breakdown of such regulatory mecha-
nisms, presciently postulated almost 100
years ago (3), will lead to autoimmune dis-
ease. As such tolerance mechanisms are, in
part, based on the activity of autoreactive
lymphocytes, the increased prevalence of
certain autoimmune disorders may be the
direct consequence of a biased immuno-
logic repertoire (preferential recognition
of selected autoantigens), and its particu-
lar susceptibility to functional modulation
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by environmental and genetic factors. A
fundamental question about the patho-
genesis of type 1A diabetes is: What is the
range of T cell specificities for islet antigens
that modulate induction of pathogenic
(destructive) and/or regulatory (protective)
T cell activities; and in particular, can both
destructive and regulatory T cells recognize
the same antigenic determinant?

T cell specificity, pathogenesis,

and prevention of diabetes

Research over the past few years has iden-
tified insulin as a central autoantigen for
both the generation of destructive T cell
responses and the therapeutic induction of
protective T cell immunity. Until now, the
field has lacked T cell receptor transgenic
mice targeting insulin, an important tool
in exploring autoimmune pathogenesis. In
the currentissue of the JCI, Du and cowork-
ers describe the generation of a novel TCR
transgenic (Tg) mouse in which the trans-
genic TCR reacts with a well-defined epi-
tope within the insulin B chain (aa 9-23
or aa 12-25) (4). Although this epitope is
recognized by a majority of pathogenic
CD4" T cells (5) and may, according to
our recent work, constitute the primary
autoantigen in the NOD model for type
1A diabetes (6), the TCR Tg mouse char-
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Table 1
Anti—insulin B:9-23 TCR «. chain conservation

Clone Designation Va N
Yale clone
2H6 TRAV6S-1 TRAJ53*01 VYHCILR VD
BDC (Barbara Davis Center) clones
12-4.1 TRAV5D-4*04 TRAJ53*01 MYFCAAS GAN
12-4.4 TRAV5D-4*04 TRAJ53*01 MYFCAAS A
6-10.14 TRAV5D-4*04 TRAJ53*01 MYFCAAS SR
4-72 TRAV5D-4*04 TRAJ53*01 MYFCAAS AN
6-4.3 TRAV5D-4*04 TRAJ53*01 MYFCAAS ASG
8-1.3(LN) TRAV5D-4*01 TRAJ42 MYFCAAS ARG
12-3.20 TRAV5D-4*04 TRAJ42 MYFCAAS Kl
8-1.9(LN) TRAV5D-4*04 TRAJ42 MYFCAAS RP
8-1.1(LN) TRAV5D-4*04 TRAJ56 MYFCAAS K
8-1.5(LN) TRAV5D-4*04 TRAJ13 MYFCAAS A
12-1.19 TRAV13 TRAJ11 TYLCAME RS
12-2.35 TRAV12 TRAJ23 LYFCAAI Q
6-6.4 TRAV7 TRAJ57 LYYCAPN Q
2/88 Vo. = MYFCAAS
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Ja

SGGSNYKLTFGKGTLLTVTP

SGGSNYKLTFGKGTLLTVTP
SGGSNYKLTFGKGTLLTVTP
GGSNYKLTFGKGTLLTVTP
GGSNYKLTFGKGTLLTVTP
SGGSNYKLTFGKGTLLTVTP
SGGSNYKLTFGKGTKLSVKS
GGSNYKLTFGKGTKLSVKS
GGSNYKLTFGKGTKLSVKS
TGGNNKLTFGQGTVLSVIP
NSGTYQRFGTGTKLQVVP
SGYNKLTFGKGTVLLVSP
NYNQGKL | FGQGTKLSIKP
GGSAKL | FGEGTKLTVSS
3/50 Jo. = KLTFG

The a chain of the 2H6 clone, used to produce the TCR Tg mice described in this issue of the JC/ by Du et al. (4), uses the dominant conserved Ja chain
(TRAJ53701). Conserved Ja is shown in blue boldface for name and sequence KLTFGKGT. Dominant conserved Va sequences and designation are

shown in black boldface.

acterized by Du et al. produces T cells that
spontaneously prevent diabetes. Almost a
decade ago, Zekzer et al. described a CD4*
T cell clone (2H6) derived from pancreatic
lymph nodes of NOD mice that recognized
the insulin B:9-23 and B:12-25 epitopes,
that produced both TGF-f and IFN-y,
that was able to home to islets, and that
prevented spontaneous diabetes in NOD
mice (7). Of note, the TCR of this CD4* T
cell clone shared a common Ja chain motif
(KTLFGKGT) found in 3 of 50 germ-line Jo.
sequences (Table 1), but used by the major-
ity of pathogenic clones reacting with insu-
lin peptide B:9-23 (8).

Role of TGF-f in diabetes protection

Du and coworkers now have engineered
a transgenic NOD mouse with the TCR
sequences from the protective 2H6 clone
(4). Not only were the TCR Tg mice pro-
tected from the development of sponta-
neous diabetes, but the transfer of 2H6
TCR Tg cells together with diabetogenic
T cells from NOD mice or a pathogenic T
cell clone (clone name BDC2.5) reacting
with an unknown islet antigen protected
recipient animals from BDC2.5-induced
diabetes. The capacity of 2H6 T cells to
provide protection in the absence of any
further in vitro manipulation is particu-
larly striking as it has been reported that a
TCR from anti-B:9-23 pathogenic clones,
despite reacting with the same insulin
B:9-23 peptide, causes spontaneous dia-
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betes in Tg mice (9). Thus, TCRs targeting
the same insulin epitope can either cause
or prevent diabetes.

The study by Du and coworkers (4) has
gone further to explore the mechanism by
which the TCR Tg T cells mediate protec-
tion against the development of diabetes.
Although TGF-B, produced by both the
2H6 clone (10) and naive TCR Tg 2H6
T cells (4), is an obvious candidate, the
complex functions of this cytokine in
Treg biology remain somewhat contro-
versial — in particular the role played by T
cell-produced TGF-f in autoimmune dis-
ease protection (11). By use of cotransfer
experiments combining diabetogenic T
cells carrying a dominant-negative TGF-
B receptor II with protective 2H6 T cells,
the authors found that pathogenic T
cells that are unable to respond to TGF-§
signals cannot be prevented from caus-
ing diabetes in recipient mice. Comple-
mentary experiments with injection into
test mice of TGF-B-insensitive 2H6 T
cells and normal pathogenic T cells also
failed to protect the recipient mice from
diabetes, indicating that Treg-produced
TGF-f may act in both a paracrine fash-
ion (modulating destructive activity of
diabetogenic cells) and an autocrine fash-
ion (preserving their regulatory activity).
Although these experiments clearly sug-
gest an important role for TGF-§ produc-
tion by Tregs, definitive proof will have
to come from future experiments using
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T cell-specific, conditional deletion of
TGF-B1, the predominant TGF-f species
produced by T cells.

Tregs and antigen specificity

What are the lessons to be drawn from this
animal study regarding the pathogenesis
and prevention of human type 1 diabetes?
The current study (4) documents the exis-
tence of antigen-specific Tregs and demon-
strates that such cells need not conform to
the natural Treg phenotype (i.e., they are
not CD257, nor do they express the signa-
ture transcription factor FoxP3). Perhaps
more importantly, the study indicates that
epitope specificity per se does not pre-
dict the nature of autoreactive immune
responses, since protective and pathogenic
T cells can recognize similar autoantigenic
epitopes, if not the same autoantigenic
epitope. Therefore, concerns are warranted
that antigen-specific immunotherapies
could skew the balance between pathogen-
ic and protective T cell immunity toward
pathogenicity. A clinical trial of an altered
peptide ligand of insulin B:9-23 is current-
ly under way, and the results of this trial, as
well as a trial of insulin B chain adminis-
tered in incomplete Freund’s adjuvant, are
awaited with interest (12). The study by Du
and colleagues (4) provides a few clues that
may explain the “protective phenotype”
of the transgenic T cells: the 2H6 T cells
do not exhibit a genuine naive phenotype
and are apparently cross-reactive with an
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undefined antigen other than the insulin
B chain. In addition, 2H6 T cells recovered
from pancreatic lymph nodes and, to a
lesser extent, the spleen, but not from bone
marrow or thymus, demonstrated efficient
protective capacities. Thus it is conceivable
that intermittent or prolonged exposure to
“persisting” antigens favors the generation
of regulatory rather than pathogenic T cell
reactivity (13). The availability of TCR Tg
NOD mouse models that maintain auto-
reactive T cells in the presence versus the
absence of autoantigen should allow for
direct testing of this hypothesis (14).

Insulin as a potential primary
autoantigen in type 1 diabetes
Insulin is obviously not the only islet
peptide recognized by anti-islet-specific
CD4* and CD8* T cells in the NOD mouse
(15) but is, to date, the only antigen that,
upon deletion or alterations of its immu-
nogenic properties, dramatically acceler-
ates or prevents diabetes (6, 16-20). Reac-
tivity of T cells to other islet antigens such
as glutamic acid decarboxylase and the §
cell-specific protein islet-specific glucose-
6-phosphatase catalytic subunit-related
protein (IGRP) (21) has been described,
and the precise identities of some targets
remain to be determined. Nevertheless, we
believe it is likely that specific properties
of the insulin B chain, and the relatively
simple, low-stringency TCR motif impli-
cated in recognizing the B:9-23 sequence
(Table 1) in the context of appropriate
MHC molecules, make this epitope a
preferred target for immunomodulation.
Although it is much easier to posit a pri-
mary autoantigenic epitope for disease
activation in an animal model with a sin-
gle class II MHC molecule (e.g., I-A%7), we
suggest that the immunogenicity of insu-
lin and its recognition by autoreactive T
cells may in fact drive the high prevalence
of type 1 diabetes in humans.

A remarkable dominance of MHC mol-
ecules underlies type 1 diabetes in humans,
with the highest-risk class II genotype
(DR3-DQ2:DR4-DQ8) making up one-
third of individuals who develop the dis-
ease versus a population frequency of 2.4%
in Denver, Colorado (22). In addition, HLA
molecules such as DQB1*0602 provide
dominant protection from type 1 diabetes
in multiple populations (23, 24). Neverthe-
less, there is a different disease risk for each
MHC genotype, and though it is possible
that only a single peptide epitope will relate
to disease with multiple MHC genotypes,
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this contention remains to be evaluated
experimentally. In a recent study of pancre-
atic lymph nodes from 3 individuals with
diabetes, 2 had T cells with marked conser-
vation of their TCRs that reacted with insu-
lin A chain peptide A:1-15 (25). We believe
that further study of both the pancreatic
lymph nodes and the islets of individuals
who develop type 1 diabetes is essential,
and if dominant TCRs and target autoan-
tigens similar to those of the NOD mouse
can be identified, it will greatly facilitate
molecular understanding of the pathogen-
esis of type 1 diabetes.

Toward targeted immunotherapies:
the challenges ahead

The therapeutic targeting of autoimmune
epitopes with high immunogenicity (e.g.,
insulin B:9-23 in NOD mice) may be con-
ducive to regulatory rather than patho-
logic T cell immunity as long as proper
regulatory circuits are in place. However,
compromised Treg functions will facilitate
generation of destructive autoimmune
responses, as illustrated, for example, by
patients with FoxP3 mutations who suf-
fer from overwhelming autoimmunity,
including development of neonatal type
1 diabetes (26). Although important for
many aspects of Treg function, FoxP3
expression is not a hallmark of all Tregs, as
evidenced by the current study (4) as well
as earlier work (27), and other factors such
as impaired central tolerance due to muta-
tions of the autoimmune regulator (AIRE)
gene that result in widespread autoim-
munity (26) or environmentally induced
alterations (e.g., resulting in IFN-a
induction) contribute to the eventual bal-
ance between pathogenic and protective
immune responses. The study by Du and
coworkers (4) provides important insights
toward the understanding of determinants
that modulate immunoregulation target-
ed to a potentially primary autoantigen. In
the past few years, we have learned to pre-
dict diabetes development in humans and
prevent, as well as revert, clinical diabetes
in various animal models (28). At present,
however, clinical trials for the prevention
of diabetes in humans are limited by the
lack of adequate assays that monitor spe-
cific T cell activities associated with thera-
peutic efficacy or progression of disease
(29). The development of such assays is
essential for the design and monitoring
of effective clinical trials, and it will be of
interest to use reagents and derivatives
such as the 2H6 TCR Tg mice (combined
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with pathogenic T cells recognizing the
same and other antigens) to assist in the
development of such assays.
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Bypassing complement: evolutionary lessons
and future implications
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Lectins like mannan-binding protein are part of the innate immune system.
They circulate in association with serine proteases. Upon binding oligosac-
charides, they activate the complement cascade analogous to the more famil-
iar but evolutionarily more recent classical pathway, which is triggered by
antibody binding to antigen. In this issue of the JCI, Selander et al. devel-
oped a sensitive and specific ELISA employing Salmonella-specific sugars to
assess the activity of the lectin pathway of complement activation (see the
related article beginning on page 1425). This more physiologic assay system
allowed the investigators to rigorously define the requirements for lectin
pathway activation. Furthermore, they uncovered an unsuspected means for
this pathway to reach the desired critical step of activation of the opsonin
C3. These types of functional assays will eventually replace the more labori-
ous, less physiologic, and less informative approaches currently in use to

monitor complement activation.

Innate immunity suffices for most organ-
isms on this planet. Antibodies and lym-
phocytes did not appear on the evolu-
tionary scene until cartilaginous fish and
sharks. The complement system is a major
player in this innate immunity. The initial
half of this proteolytic complement cas-
cade accomplishes 2 goals: first, to deposit
opsonic fragments derived from comple-
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ment components 3 and 4 (C3 and C4,
respectively) on a target, and second, to ini-
tiate the inflammatory response through
release of the C3a anaphylatoxin. These 2
events occur in parallel and within min-
utes, making complement activation an
early (if not the earliest) part of the host
defense response to a microbe. Three acti-
vation pathways — classical (Figure 1),
lectin (Figure 2), and alternative (Figure 3)
— have been elucidated. They join at the
step of C3 cleavage. Common to each path-
way is the terminal half of the system, the
membrane attack complex. This lytic sys-
tem is initiated with the cleavage of C5 to
CS5a, another potent anaphylatoxin, and
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CSb, which combines with C6, C7, C8, and
C9 to form a pore or channel in the patho-
gen’s cell membrane. Deficiencies in com-
plement components predispose to infec-
tion and autoimmunity. While it is rather
straightforward to account for the former,
it has not been so easy for immunologists
to explain the latter.

The complement system is activated by
lectins, representing a preantibody means
of recognizing non-self by targeting the
distinct sugar profiles of microorgan-
isms (Figure 2). Not surprisingly, parts of
the lectin complement cascade were then
“borrowed” by the adaptive immune sys-
tem to form the antibody-triggered classi-

Classical Lectin Alternative
Ny e ’
\\‘.‘._ Y KX :
L e3h £ 3
Inflammation — ~ Opsonization
Lysis
Figure 1

Three pathways of complement activation.
Deposition of clusters of C3b on a target is
the primary goal. The alternative pathway also
serves as a feedback loop such that C3b depo-
sition can be amplified (shown by broken line).
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