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suffice to mediate inflammatory lung dis-
ease remains to be elucidated, but plate-
let-derived mediators may underlie or
contribute to the development of ARDS in
neutropenic patients.

The notion of platelet-neutrophilic inter-
actions closes a previous conceptual gap
in the pathogenesis of ALI and ARDS: it
explains the critical relevance of selectins
in a setting where the initial retention of
leukocytes is predominantly attributable
to mechanical factors. Thus, a new role for
selectins, not as mediators of leukocyte-
endothelial cell interaction, but as amplifi-
ers of platelet and leukocyte activation, has
emerged in inflammatory lung disease.
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Proinsulin: a unique autoantigen triggering
autoimmune diabetes
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In healthy individuals the immune system does not react aggressively toward
host cells, a phenomenon defined as self tolerance. If self tolerance is broken
autoimmune disease can develop, during which autoreactive lymphocytes are
directed to a variety of autoantigenic epitopes. However, researchers have yet
to determine whether immune responses to multiple autoantigens develop
independently of each other or are the result of the response “spreading”
from one autoantigen to another. In a study of NOD mice in this issue of
the JCI, Krishnamurthy et al. show that the autoreactive T cell response to
the autoantigen proinsulin lies upstream of that to islet-specific glucose-6-
phosphatase catalytic subunit-related protein, suggesting that the patho-
genic autoimmune response to proinsulin subsequently spreads to other
antigens (see the related article beginning on page 3258). These data support
the current view that this pancreatic f§ cell hormone is the first autoantigen
targeted by the immune response in autoimmune diabetes.
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Pathologic autoimmunity is charac-
terized by an aberrant, self-perpetuat-
ing, immune-mediated, inflammatory
response. It is the uncontrolled chronicity
of this response that eventually leads to
irreversible destruction of the target tis-
sue. Among the major mechanisms under-
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lying this chronicity is the diversification
of the pathogenic autoimmune response,
also termed epitope spreading.

The concept of epitope spreading was
initially described by Eli Sercarz in the
early 1990s in autoantigen-induced EAE,
which is a model for multiple sclerosis
(1). This term was used to describe how a
self-directed immune response induced by
a single peptide (or epitope) could spread
to include other peptides (or epitopes) not
only on the same autoantigen (i.e., intra-
molecular spreading), but also on other self
molecules clustered in close vicinity within
the target cell (i.e., intermolecular spread-
ing). Thereafter, several studies confirmed
the crucial role of epitope spreading in EAE
(2-4) and also in demyelinating diseases
of the central nervous system that follow
some viral infections (e.g., Theiler’s murine
encephalomyelitis; ref. 5) and IDDM, also
known as type 1 diabetes (6, 7).
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Epitope spreading versus bystander suppression. (A) In the event that an autoimmune response is triggered by a primary autoantigen (Ag1),
the cytokine-mediated proinflammatory environment favors first the development of a Th1 effector cell-mediated immune response to Ag1
(Th1/Ag1), then the release from the damaged target tissue of other autoantigens (Ag2, Ag3, etc.), which trigger specific responses. This spread
of specificity of the autoimmune response is one major molecular basis for its chronicity. (B) Bystander suppression operates when self toler-
ance is induced to one of the candidate autoantigens. The antiinflammatory environment generated may in turn downregulate the autoimmune
responses to the other autoantigens involved in the autoimmune response. Major cytokines participating in this antiinflammatory effect are IL-4
and TGF-f3, which are produced by Th2 and Th3 regulatory cells, respectively.

However, a central question remains as to
whether an autoantigen triggers a primary
insult, causing the release of other auto-
antigens from the damaged target cell in
the context of a proinflammatory environ-
ment, and thus promotes the subsequent
immune responses.

Epitope spreading in autoimmune
diabetes: from proinsulin

to other islet antigens

This crucial question is addressed by Krish-
namurthy et al. in this issue of the JCI using
a set of sophisticated in vivo experimental
tools in a mouse model of autoimmune
diabetes (8). The authors directly demon-
strate that epitope spreading plays a role in
a central loop that amplifies the autoim-
mune process, leading to disease chronic-
ity. In addition, they provide strong and
clear evidence in support of proinsulin
being the primary autoantigen.

The analysis focused on 2 major auto-
antigens involved in type 1 diabetes:
proinsulin 2 and islet-specific glucose-
6-phosphatase catalytic subunit-related
protein (IGRP). Pathogenic T cells specific
for these 2 antigens are present in signifi-
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cant numbers in infiltrated islets of NOD
mice (which develop spontaneous IDDM)
and exhibit efficient diabetogenic proper-
ties, as demonstrated by their capacity to
transfer disease to immunoincompetent
syngeneic recipients (9-13). Two different
transgenic animal models were analyzed:
NOD-PI mice, which overexpress proin-
sulin 2 in their APCs (14), and NOD-IGRP
mice, which overexpress IGRP in their
APCs. While the 2 transgenic mouse lines
were fully tolerant to the autoantigen they
overexpressed, they exhibited quite a differ-
ent response in terms of disease. NOD-PI
mice were insulitis and diabetes free as well
as completely deficient of IGRP-reactive T
cells. In contrast, NOD-IGRP mice were
not protected from disease in spite of being
tolerant to IGRP, as shown by the total
absence of IGRP-specific CD8* cytotoxic
T cells. In fact, these animals exhibited an
anti-proinsulin-autoreactive response that
was identical to that observed in conven-
tional NOD mice (8).

These data support the conclusion that
the immune responses to IGRP lie down-
stream of those to proinsulin and are
tightly dependent on the generation of a
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primary anti-proinsulin response. Proin-
sulin has long represented an ideal “prima-
ry” candidate for triggering autoimmune
diabetes based on its highly restricted
expression in pancreatic f cells. However,
until recently only indirect evidence had
accumulated in support of such a conclu-
sion. The recent data from Eisenbarth and
colleagues (15) represented the first direct
demonstration that, in NOD mice, part
of the sequence of the B insulin chain is
a primary target of the immune response.
NOD mice lacking native insulin genes
and carrying a mutated proinsulin trans-
gene do not develop insulin autoantibod-
ies, insulitis, or diabetes (15). In contrast,
autoimmunity develops in mice carrying
even a single copy of the native insulin
gene (15). The study by Krishnamurthy et
al. (8), via the use of a different experimen-
tal approach, provides additional proof
for such a key role of proinsulin.

What cellular and molecular factors
propagate the spread?

The study by Krishnamurthy et al. provides
important clues regarding the initiation of
epitope specificity and epitope dominance
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as well as the hierarchy of the immune
responses to autoantigens in type 1 diabe-
tes (8). However, important questions con-
cerning the cellular and molecular events
thatinitiate and perpetuate epitope spread-
ing remain to be addressed.

Atleast 3 distinct factors may be involved:
the nature of the antigenic determinant,
the cytokines present in the milieu, and
the type of APC involved. One important
implication of the epitope spreading phe-
nomenon is that, at least in the case of
intramolecular spreading, subdominant or
cryptic epitopes (i.e., not normally “seen”
by the immune system) become “visible”
and thus contribute to the autoimmune
response. The type of cytokine present in
the environment is also a key element. In
particular, high levels of IFN-y produced
by pathogenic CD4" Th1l cells enhance
target cell immunogenicity by upregulat-
ing MHC and costimulatory molecules at
the surface of APCs and somatic cells. In
addition, a number of reports highlight the
essential role of nonprofessional antigen
presentation (i.e., mediated by cells other
than dendritic cells, the professional APCs)
in perpetuating autoimmune responses. In
the peptide- or Theiler virus-induced EAE
model, microglial cells resident in the CNS
function as efficient APCs capable of acti-
vating T cells and contributing to epitope
spreading (16, 17). Similarly, in a model of
the autoimmune disease myasthenia gravis,
presentation of an epitope of the acetylcho-
line receptor by myoblasts favors spreading
of the immune response (18). Lastly, auto-
reactive B cells were shown to be strongly
involved in the diversification of autoim-
mune T cell responses. Thus, during the
course of autoimmune thyroiditis, autoan-
tibodies to thyroglobulin could alter anti-
gen processing, favoring the presentation
of subdominant pathogenic epitopes (19).
In type 1 diabetes, NOD mice deprived of B
cells are disease and insulitis free (20). It has
also been shown that B lymphocytes can
process f cell autoantigens captured by sur-
face immunoglobulins and present them to
T cells contributing to the maintenance of
the autoimmune response (21-23).

Therefore, professional APCs such as
dendritic cells may be required to initiate
the autoimmune reaction by adequately
processing and presenting the primary
autoantigen to naive autoreactive T cells.
Once activated, these autoreactive effec-
tors create a proinflammatory environ-
ment that in turn influences and modifies
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the behavior of other cell types, including
immune or somatic cells, to acquire APC-
like functional properties (Figure 1).

The experimental model described by
Krishnamurthy et al. (8) represents an
interesting tool with which to obtain fur-
ther insights into these issues, which are
important from both fundamental and
therapeutic points of view. In fact, the
molecular processes that spread pathogen-
ic responses are probably similar to those
operating to spread protection in the case
of bystander suppression (24, 25). It has
been well established in different models
of autoimmunity, including EAE (24) and
type 1 diabetes, that protection from dis-
ease may be induced following delivery by
various routes of any of the candidate auto-
antigens (in the case of autoimmune dia-
betes using proinsulin, insulin, heat shock
protein 60, or glutamic acid decarboxylase).
Results of mechanistic studies confirmed
that the effective downregulation of the
immune response specific to the therapeu-
tic autoantigen rapidly extends to other
candidate autoantigens (24, 25) (Figure 1).
A better understanding of the underlying
molecular mechanisms of these interac-
tions will be essential to expedite the trans-
fer of autoantigen therapy to the clinic.
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The sticky truth about angiogenesis
and thrombospondins

Judith A. Varner
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The formation of new blood vessels, a process known as angiogenesis, is
important for embryonic development and wound healing as well as the
development of cancer and inflammation; therefore, angiogenesis is a valu-
able target for clinical intervention. Both logic and empiricism suggest thata
balance of stimulatory and inhibitory switches is required for orderly forma-
tion of blood vessels. Thrombospondins 1 and 2 were among the first natu-
ral angiogenesis inhibitors to be identified. However, the cellular origins
and mechanisms of action of these important proteins during angiogenesis
have remained largely unknown. Studies by Kopp et al., presented in this
issue of the JCI, clarify some of these issues by revealing that megakaryocytes
and their “sticky” wound-healing progeny, platelets, are important sources
of thrombospondins 1 and 2 and that these thrombopoietic cells play key
roles in controlling blood vessel formation during hematopoiesis and isch-
emic wound healing (see the related article beginning on page 3277).

Blood vessels convey the 3 essential ele-
ments of life (food, water, and air, or oxy-
gen) to all tissues. The development of these
conduits of life-giving essentials allowed
the evolution of large organisms with com-
plex tissues but required precise control
mechanisms — mechanisms that are often
perturbed during disease progression.
Identification of the systems controlling
the formation of blood vessels has been
the subject of over 30 years of intensive
research. Studies of normal angiogenesis,
such as occurs during wound healing, sug-
gest that it is a finely regulated, short-term
process that is initiated by the release of
stimulatory factors from platelets, “sticky”
circulating cells that plug wounds in blood
vessel walls or stromal cells, such as fibro-
blasts. New vessel formation is then inhib-
ited by the absence of stimulatory factors
and/or by naturally arising inhibitory fac-
tors that may include proteolytic fragments
of extracellular matrix proteins. Early
developments in the field of angiogenesis
research led to the discovery of many angio-
genesis-stimulating factors, including the
well-known VEGF, and to the discovery
of naturally occurring angiostatic agents,

Nonstandard abbreviations used: SDF-1, stromal
cell-derived factor 1; TSP, thrombospondin; TSP-DKO,
TSP double-knockout (mice).
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such as the thrombospondins (TSPs) (1-3).
TSP1 was the first naturally arising angio-
genesis inhibitor to be described (1-3).
Shortly thereafter, a second TSP, TSP2,
was also found to inhibit angiogenesis
(4). Although much is known about these
natural angiostatic proteins, much remains
uncertain. For example, it has not been clear
which cells express TSP1 and TSP2 during
angiogenesis in vivo. The exact mechanisms
by which TSPs inhibit angiogenesis in vivo
have also remained elusive. The studies by
Kopp et al. in this issue of the JCI shed new
light upon these mysteries (5).

TSP1 and TSP2

TSPs are a family of 5 structurally related
extracellular matrix proteins with the
capacity to bind both cell surface receptors
and other extracellular matrix proteins
(6). TSP1 and TSP2 are very similar struc-
turally and functionally; both have been
implicated as inhibitors of angiogenesis,
endothelial cell survival, and endothelial
cell migration (7). TSP1, the first of the fam-
ily to be described, is a thrombin-sensitive
extracellular matrix protein that is released
from platelet granules after activation (8).
Importantly, it is the most abundant pro-
tein in platelet a-granules. It was isolated
from platelets and was localized to mega-
karyocytes and the extracellular matrix as
early as 1978 (8, 9). It is also expressed by
endothelial cells and fibroblasts in vitro
and by certain tumor cells in vitro and in
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vivo (10, 11). A similar protein, TSP2, was
identified in endothelial cells a few years
later (4). TSP1 is an arginine-glycine-aspar-
tic acid-containing ligand for integrin
avP3 (6). It is also a ligand for CD36,a G
protein-coupled receptor on endothelial
cells (6). Several studies indicate that TSP1
binding to CD36 inhibits endothelial cell
migration and induces endothelial cell
apoptosis in vitro (12-15). TSP1 also binds
to other ECM components, such as fibrin-
ogen, fibronectin, and proteoglycans, and
plays a role in platelet aggregation (16).

In 1990, TSP1 was first described as an
inhibitor of angiogenesis, as it blocked the
formation of new blood vessels in the cor-
nea in vivo in response to basic FGF (1, 3)
and blocked endothelial cell tube formation
and cell migration in vitro (2). Additional
studies showed that TSP1 could serve as a
naturally occurring tumor suppressor by
inhibiting tumor angiogenesis (3). Recent
studies indicate that loss of TSP1 or TSP2
during embryonic development is not lethal
but results in increased vascular density
(17, 18). Various studies indicate that adult
TSP27/- and TSP17/~ mice exhibit increased
vascular density during wound healing,
retinal development, and tumor growth
(17, 18). In contrast, TSP1 transgenic mice
exhibit decreased vascular density (19).

What is the source

of thrombospondins?

The tissue source of TSP during angio-
genesis has been unclear. During embry-
onic development, TSP2, but not TSP1,
is expressed in endothelia and developing
connective tissues (20). In contrast, TSP1,
but not TSP2, is expressed in megakaryo-
cytes and in the developing kidney and
gut (20). Other studies have shown that
TSP1 is expressed by megakaryocytes and
platelets in the adult animal (8, 9) and that
both TSPs are expressed in endothelial
cells cultured in vitro (2, 10, 11). Fibro-
blasts also can express TSP1 and TSP2 (1,
21). As endothelial cells, fibroblasts, and
platelets are all present in healing wounds
and tumors, it has not been clear which cell
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