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Abstract

Systemic autoimmune diseases are a genetically complex,
heterogeneous group of diseases in which the immune
system targets a diverse, but highly specific group of
intracellular autoantigens. The clustering and marked
concentration of these molecules in the surface blebs of
apoptotic cells, and their modification by apoptosis-specific
proteolytic cleavage and/or phosphorylation at these sites,
has focused attention on a unique apoptotic setting as the
potential initiating stimulus for systemic autoimmunity. This
apoptotic event is likely to (i) occur in a microenvironment
containing high concentrations of the targeted antigens, (ii) be
pro-immune in nature (e.g. viral infection), and (iii) allow
suprathreshold concentrations of antigen with non-tolerized
structure (either novel fragments, post-translational modifica-
tions, or complexes) to enter the class Il processing pathway
and initiate a primary immune response. Defective clearance
or reduced anti-inflammatory consequences of apoptotic
material may be important susceptibility factors in this group
of diseases. Once the primary immune response to apoptotic
antigens has been initiated, other apoptotic events (occurring
in the course of homeostasis or damage) may stimulate the
secondary immune response with less stringency, resultingin
flares.
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Autoantibodies: probes of the perturbed
state

There is a growing consensus that the highly specific humoral
immune response to autoantigens in systemic autoimmune
diseases is T cell-dependent, and that flares of disease result
when this primed immune system is rechallenged with self-
antigen." =% Although the mechanisms responsible for
initiation and propagation of the immune response to specific
autoantigens remain unclear,*® autoantigens are unified by
their selection by the immune system for an immune
response. The targeted molecules must therefore have
satisfied the stringent criteria for initiation of a primary
immune response during disease initiation (i.e. presentation
of suprathreshold concentrations of non-tolerized structure in
a pro-immune context.®

Since tolerance is only induced to dominant determi-
nants in autoantigens (which are generated and presented
at suprathreshold concentrations during natural processing
of whole protein antigens), a potential exists for T cell
autoreactivity directed against cryptic determinants (which
are generated at subthreshold concentrations).”® The
hypothesis that autoimmunity arises when usually cryptic
determinants become visible to the immune system has
received increased attention in the past several years.
Indeed, several experimental systems have now clearly
demonstrated circumstances which allow previously cryptic
determinants to be presented.® These include novel
autoantigen cleavage,®'° and altered autoantigen proces-
sing induced by high affinity ligand binding (e.g. to an
antibody or receptor molecule).' =" We have proposed
that autoantigens in systemic autoimmune diseases are
unified by the fact that they satisfy the stringent criteria for
initiation of a primary immune response during disease
initiation.''® The corollary of this proposal is that if the
perturbed state can be recreated in vitro, these common
features of autoantigens (similar alterations of concentra-
tion, distribution and structure) will be observed. We and
others have therefore used high titer autoantibodies as
probes of cell biology and biochemistry of autoantigens
during different clinically-relevant perturbed states, to
search for those circumstances in which autoantigens
become clustered, concentrated and structurally modi-
fied.’*~2% This review highlights apoptosis as the potential
perturbed state underlying the initiation and propagation of
systemic autoimmune diseases, and focuses attention on
the alterations in the cell biology and biochemistry that unify
autoantigens during this form of cell death. The numerous
current gaps in knowledge make parts of this review
necessarily speculative. However, these gaps raise



important questions about the normal immune conse-
quences of different forms of apoptosis in tissues, and
about whether defects in the signaling, execution and
clearance phases of the apoptotic process are susceptibility
factors for the development of systemic autoimmune
disease.

Lupus autoantigens undergo a striking
redistribution during apoptosis, becoming
clustered and concentrated in the surface
blebs of apoptotic cells

Studies to delineate the potential perturbed states that might
initiate systemic autoimmune diseases have been focused by
a striking clinical observation in systemic lupus erythemato-
sus (SLE): that ultraviolet irradiation has a marked propensity
to induce flares of both systemic and skin disease in lupus
patients.2! In this regard, the epidermis appears to be an
important target of the immunopathologic response in lupus,
and constitutes an appropriate in vitro model with which to
address the effects of flare-inducing stimuli (e.g. UVB).?
Earlier studies demonstrated that normally intracellular
autoantigens can be stained at the exterior surface of
keratinocytes incubated in vitro for 20—24 h after irradiation
with UVB, although the mechanism of this ‘redistribution’ of
antigens was not determined.?®?* To determine how this
phenomenon might arise, we studied the subcellular
distribution of lupus autoantigens at increasing times after
UVB irradiation, in both intact and permeabilized cells.™ Our
initial studies made several observations: (i) UVB-irradiated
keratinocytes undergo apoptosis, beginning a few hours after
irradiation. Apoptotic keratinocytes manifest the classic
morphologic hallmarks of this process, including prominent
surface blebbing (early event), and nuclear condensation and
fragmentation into apoptotic bodies (later event); (ii) Lupus
autoantigens, which are not restricted to any specific
subcellular compartment in control cells, are strikingly
redistributed in apoptotic cells, such that they become
clustered and concentrated within small surface blebs and
apoptotic bodies (Figures 1 and 2). Thus, small surface blebs
(which contain fragmented rough endoplasmic reticulum
(ER); see Figure 1) are highly enriched in 52 kDa Ro,
ribosomal autoantigens, as well as those autoantigens found
within the ER lumen (e.g. calreticulin). This marked
enrichment of autoantigens in small surface blebs is
accompanied by a concomitant depletion from the cytosol.
Nuclear autoantigens also undergo a striking redistribution
and concentration during apoptosis (Figure 2). Thus, 60 kDa
Ro, La, the snRNPs, Ku and poly(ADP-ribose)polymerase
(PARP), which normally have a diffuse nuclear distribution,
initially become concentrated as a rim around the condensing
chromatin in early apoptosis. As apoptosis progresses and
the nucleus becomes fragmented into multiple membrane-
bound apoptotic bodies, nuclear autoantigens remain as a rim
around the condensed chromatin.'*5

Interestingly, the surface of these apoptotic surface
blebs also has the capacity to concentrate potential
autoantigens (Figure 2). For example, phosphatidylserine
(PS) becomes concentrated at this site early in the
apoptotic process.'®25=27 PS, normally restricted to the
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inner surface of the plasma membrane bilayer, becomes
rapidly redistributed early in apoptosis, and appears at the
external membrane surface. This generates a procoagulant
external cell surface which has the capacity to bind several
autoantigenic PS-binding proteins, including p2-glycopro-
tein-1 and annexin V.'6262829 The demonstration that
these phospholipid-binding proteins decorate the surface of
apoptotic cells strongly suggests that the immunogenic
phospholipid-protein complexes form at the surface of
apoptotic cells in vivo. This is further underscored by the
observation that IgG purified from the plasma of patients
with antiphospholipid syndrome binds to the surface of
apoptotic cells, and inhibits its procoagulant activity.'®

Figure 1 Rois highly enriched in small blebs at the surface of early apoptotic
keratinocytes. Irradiated keratinocytes were stained with a serum recognizing
52 kDa and 60 kDa Ro, and examined by confocal immunofluorescence
microscopy. A single apoptotic cell is seen in this field; the partial visualization
of the adjacent non-apoptotic cell results from their situation in a different
plane. The small surface blebs are highly enriched in 52 kDa Ro, and a
concomitant depletion of Ro from the cytosol is noted. No significant changes
in distribution of nuclear Ro (60 kDa) is noted at this early time-point

Clustering of Autoantigens
in Apoptotic Surface Structures
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Figure 2 Clustering of autoantigens in apoptotic surface structures.
Autoantigens targeted in systemic autoimmune diseases are clustered and
concentrated in surface structures of apoptotic cells. Small blebs contain
molecules associated with endoplasmic reticulum and membrane skeleton,
apoptotic bodies are enriched in nuclear autoantigens, and the entire surface
membrane of the apoptotic cell provides a surface to which phospolipid-
binding proteins (e.g. f2-glycoprotein-1, annexin V) or C1q attach



Proteolysis of autoantigens during apoptosis
A Rosen and L Casciola-Rosen

It is also of interest that the surface blebs of apoptotic
keratinocytes bind C1q,%° whose collagen-like domains are
the frequent (~47%) target of a high titer autoantibody
response in patients with SLE.®' The exact binding partner
for C1q at the apoptotic surface is not yet known, but
recent studies suggest that C1q binding to apoptotic cells
may have a critical function in clearance of apoptotic cells
in some microenvironments.®? Interestingly, C1q deficiency
is strongly associated with the development of SLE in both
humans and mice.®® In the C1g-null mouse, Walport and
colleagues noted a marked accumulation of apoptotic cells
in the kidney, suggesting that clearance of apoptotic cells is
defective in this microenvironment,®* and focusing attention
on clearance of apoptotic cells as an important potential
defect underlying the development of systemic autoimmu-
nity.

Susceptibility to efficient cleavage by
caspases unifies a subgroup of systemic
disease autoantigens

Proteolysis plays an important mechanistic role in the
apoptotic pathway, accomplished through the specific
cleavage of a limited number of downstream substrates.®
This apoptosis-specific proteolysis is catalyzed by a unique
family of cysteine proteases (called caspases, for cysteine
proteases that cleave after aspartic acid), that have an
absolute requirement for aspartic acid in the substrate P,
position.®® Since initiation of the primary immune response
requires that non-tolerized structure be generated, we were
intrigued by the observation that the first proteolytic victims of
the caspases discovered in apoptosis were poly(ADP-
ribose)polymerase (PARP) and lamins,®” both of which are
autoantigens targeted in systemic autoimmune diseases.®3°
We therefore addressed whether other autoantigens were
similarly cleaved by caspases during apoptosis. Using
Western blotting of lysates of control and apoptotic cells, we
detected a group of >20 autoantigens that were recognized
by a high titer autoantibody response, and which were
cleaved early in apoptosis.’>'®'® The cleaved molecules
included U1-70 kDa, DNA-PK.s, NUMA, as well as several
other molecules that remain to be identified. Cleavage of
these molecules occurred early during apoptosis, and was
inhibited by caspase inhibitors, implicating the involvement of
a caspase either directly or upstream of these cleavage
events. Subsequent studies demonstrated that U1-70 kDa
and DNA-PKs are indeed directly cleaved by caspase-3, with
efficiencies similar to that previously observed for PARP.®
Several other groups have demonstrated that other systemic
disease autoantigens are similarly cleaved during apoptosis,
including topoisomerase I, NOR-90, fodrin, and hnRNP C1/
02.20,40—42

Based on their sensitivity to cleavage by caspases,
lupus autoantigens segregate into two groups. In general,
those autoantigens that are efficiently cleaved by the
caspases during apoptosis are infrequent targets (0.2—
5% of patients) of a high titer autoantibody response in
SLE. Many of the frequent (>15% of patients) targets of
high titer autoantibodies in SLE (particularly ribonucleopro-
tein [Ro, La, Sm] and deoxyribonucleoprotein antigens) are

not cleaved during apoptosis. Thus, while susceptibility to
efficient cleavage by a caspase is a frequent feature of
simple protein autoantigens, it is not a universal feature of
all autoantigens. This imperfect, though striking correlation
of susceptibility to caspase cleavage and status as an
autoantigen require that caution be exercised in ascribing
an essential role of caspase cleavage for defining
molecules as autoantigens, since it suggests that addi-
tional (partially overlapping) properties might be relevant.
For example, (i) autoantigens that are cleaved by caspases
during apoptosis might also be cleaved by other proteases
during specific forms of apoptosis in unique tisuses/
microenvironments; (ii) autoantigens that are not cleaved
by caspases or other proteases might undergo other
apoptosis-specific structural modifications (e.g. formation
or alteration of novel protein-protein or protein-nucleic acid
complexes). Understanding whether and how the structure
of uncleaved autoantigens might be altered during
apoptosis is an important focus for future studies.

It is important to note that autoantigen clustering and
cleavage occurs in almost all forms of apoptosis
described to date, which often occur in non-immune
contexts.'® 204344 The marked frequency of apoptosis in
normal development and homeostasis, coupled with the
infrequency of systemic autoimmunity in the population,
strongly suggest that only a very restricted subset of
apoptotic events (e.g. those occurring in a pro-immune
setting), in individuals that are genetically predisposed to
allowing the generatioan of novel autoantigen structure
(e.g. from abnormalities in the clearance and degradation of
apoptotic material in tissues), will initiate a self-sustaining
autoimmune response. In this regard, it is of great interest
that intravenous immunization of non-autoimmune mice
with y-irradiated, syngeneic apoptotic thymocytes results in
the transient production of low levels of autoantibodies
(anticardiolipin and anti-ssDNA), and some associated
renal immunopathology.*® It will be of interest to define
whether unique forms of apoptotic cell death, and defects in
the clearance of apoptotic material might alter the response
to immunization with apoptotic material in this model.

Novel autoantigen fragments are produced
during cytotoxic lymphocyte-induced
target cell apoptosis

One form of apoptosis that frequently occurs in a pro-immune
setting is the death of virally-infected target cells, induced by
cytotoxic T lymphocytes (CTL). CTLs use several pathways to
induce target cell apoptosis, including Fas-ligation and
granule exocytosis.*® Granzyme B, a serine protease found
in the cytoplasmic granules of cytotoxic T lymphocytes (CTL)
and natural killer (NK) cells, has a similar substrate specificity
to the caspases, in its requirement for aspartic acid in the
substrate P; position.*” Granzyme B also has a similar
tetrapeptide specificity to the group Ill caspases (requiring lle/
Val in P, and Glu in P5.*® Recent studies have shown that
granzyme B plays an important role in inducing apoptotic
changes in target cells during granule exocytosis induced
cytotoxicity,**®® partly by catalyzing the cleavage and
activation of several caspases.®’ Granzyme B also initiates



caspase-independent pathways which contribute to target cell
death, although the nature of these additional pathways
remains undefined.’?%® One candidate process is the direct
proteolysis of death substrates by granzyme B. In recent
studies, we demonstrated that DNA-PKcs and NuMA are
directly and efficiently cleaved by granzyme B, both in vitro
and in cells undergoing granule-induced cytotoxicity.>*
Granzyme B-mediated cleavage of these substrates gener-
ates unique fragments not generated during any other form of
apoptosis studied to date. Efficient cleavage by granzyme B
(with the generation of distinct fragments) has recently been
observed for numerous other systemic disease autoantigens,
including several that are not cleaved by caspases (Casciola-
Rosen et al, unpublished results). This striking common
feature of many autoantigens, together with their clustering at
the same site in apoptotic cells, focuses attention on the
process of granule-induced apoptosis as a potential initiator of
autoimmunity in the susceptible host. It will be extremely
important to evaluate whether the immunogenicity of these
novel forms of autoantigen is indeed increased over
uncleaved forms of these molecules.

Defects in clearance and degradation of
the apoptotic corpse in tissues may be
an important defect underlying SLE

Recent studies have emphasized that apoptotic cells are not
immunologically inert, but rather have either positive or
negative immune effects, depending on the antigen-present-
ing cell with which they interact.>®>” For example, human
dendritic cells (but not macrophages) efficiently present
antigen derived from apoptotic (but not non-apoptotic) cells,
stimulating class I-restricted CTLs.5® When macrophages are
present together with dendritic cells in this assay, the
presentation of apoptotic material is markedly inhibited.
Several potential mechanisms might account for this observa-
tion: (i) phagocytosis and degradation of apoptotic cells by
macrophages is highly efficient,>” thereby minimizing access
of apoptotic material to dendritic cells; and (ii) phagocytosis of
apoptotic cells by macrophages induces the production of
antiinflammatory cytokines (e.g. TGF-£1), and inhibits the
production of several proinflammatory cytokines (IL-1f, TNF-
%).585% |t is possible that an abnormality in any of these
pathways that are involved with rapid clearance of apoptotic
material, or expression of its anti-inflammatory activities, may
initiate autoimmunity. The recent observation of increased
numbers of uncleared apoptotic cells in the kidneys of an SLE-
susceptible C1g-null mouse reinforces that abnormal clear-
ance of apoptotic cells may play a role in the pathogenesis of
SLE in this animal.* Although there is at present no data that
directly addresses whether, and by what mechanism, impaired
clearance of apoptotic cells may initiate or exacerbate the
autoimmune state in vivo, delayed clearance might change (i)
the compartmentalization of autoantigens (allowing leakage of
autoantigen during secondary necrosis, and access of soluble
molecules to efficient macropinocytotic and endocytic antigen
capture by dendritic cells), or (ii) provide apoptotic cells and
membrane-bound fragments access to different (pro-immune)
populations of antigen presenting cells, from which they are
normally excluded.>®
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While a recent study in humans has demonstrated that
the clearance of apoptotic lymphocytes and fragments by
macrophages is impaired in some patients with SLE, there
was significant heterogeneity in the level of impairment
among patients, which did not appear to correlate with
disease activity or therapy.®® It remains unclear whether (i)
this phenomenon results from abnormalities in recognition,
binding or phagocytosis of apoptotic cells by SLE
macrophages; (ii) the phagocytosis of all types of apoptotic
cell are similarly affected; and (iii) the degree of impairment
in a particular patient varies with disease activity. Recent
advances in understanding the molecular basis for
recognition and phagocytosis of apoptotic cells®®°7-8" will
begin to allow the molecular basis of impaired clearance of
apoptotic material in patients with autoimmune diseases to
be defined. The marked heterogeneity of the degree of
impairment observed in different patients predicts signifi-
cant complexity in this population, resulting from the
contribution of multiple different clearance pathways.
Furthermore, understanding the immunologic conse-
quences of apoptosis is likely to be similarly complex,
since both the form of apoptotic cell, the phenotype and
physiologic state of the antigen-presenting cells, and the
relevant tissue microenvironment may contribute.

Stress-induced phosphorylation of
autoantigens during apoptosis: indicator
of the perturbed state?

Recent studies by Utz et al have demonstrated that several
autoantigens targeted in SLE are specifically phosphorylated
by a family of stress-activated protein kinases during
apoptosis.®?%2 Interestingly, several autoantibodies preferen-
tially recognize the phosphorylated forms of their autoanti-
gens,®* suggesting that these modifications were present
during initiation of the primary immune response. These
studies focus attention on defining those perturbing stimuli
which lead to autoantigen phosphorylation and initiate
apoptosis, and on addressing whether phosphorylation of
autoantigens during apoptosis alters the immunogenicity of
these molecules.

Model of SLE

The studies presented above have focused attention on
unique forms of apoptosis as a candidate process that
initiates and propagates systemic autoimmune diseases. In
the genetically susceptible individual (e.g. someone who has
a defect in the ability to efficiently phagocytose and degrade
apoptotic cells and debris, or to mount an adequate anti-
inflammatory response upon ingestion of apoptotic material),
the confluence of several forces allows the generation of
suprathreshold concentrations of non-tolerized structure in
the presence of co-stimulatory signals (Figure 3A), and the
access of this material to the MCH class Il pathway of a
population of antigen-presenting cells that efficiently initiate a
primary immune response. The low frequency of this form of
autoimmunity in the population likely reflects this need to
simultaneously satisfy several very stringent criteria to initiate
the primary immune response. The molecules targeted are
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Figure 3 Model of Systemic Autoimmune Disease. See text for details

unified by their susceptibility to modification during the
perturbing process, likely revealing previously cryptic
structure. Available data demonstrates that many (but not
all) autoantigens are specifically cleaved by caspases during
apoptosis. Furthermore, a similar (but not identical) subset of
autoantigens is also directly cleaved by granzyme B,
generating unique fragments not observed during any other
forms of apoptosis studied to date. Once primary immuniza-
tion has occurred, the repeated generation of apoptotic
material (e.g. during sun exposure, viral infection, drug
exposure) might efficiently rechallenge the primed immune
system (the stringency of this secondary response being
significantly lower than that of the primary response) (Figure
3B). Furthermore, the effector pathways activated by the
primed immune system include several which themselves
generate loads of apoptotic material (e.g. cellular cytotoxicity,
myelomonocytic cell recruitment and apoptosis).®” The

opsonization of apoptotic material by antiphospholipid and
anti-f2-glycoprotein | antibodies,®*®® may both increase the
efficiency of apoptotic antigen capture, as well as induce the
production of pro- rather than anti-inflammatory cytokines,
potentially further driving the immune response. This capacity
for immune-driven autoamplification may be one of the critical
principles underlying severe systemic autoimmune disease
(Figure 3B).

Acknowledgements

This work was supported by National Institutes of Health (NIH) grants
AR44684 (LCR) and DE12354 (AR), and an Arthritis Foundation
(Maryland Chapter) Institutional Grant. A. Rosen is a Pew Scholar in
the Biomedical Sciences.

References

1. Radic MZ and Weigert M (1995) Origins of Anti-DNA antibodies and their
implications for B-Cell tolerance. Ann. NY Acad. Sci. 764: 384396
2. Diamond B, Katz JB, Paul E, Aranow C, Lustgarten D and Scharff MD (1992) The
role of somatic mutation in the pathogenic anti-DNA response. Ann. Rev.
Immunol. 10: 731-757
3. Burlingame RW, Rubin RL, Balderas RS and Theofilopoulos AN (1993)
Genesis and evolution of antichromatin autoantibodies in murine lupus
implicates T-dependent immunization with self-antigen. J. Clin. Inves. 91:
1687 -1696
4. Mohan C and Datta SK (1995) Lupus: Key pathogenic mechanisms and
contributing factors. Clin. Immunol. Immunopathol. 77: 209 -220
5. Bach JF and Koutouzov S (1997) New clues to systemic lupus. Lancet 350: 11
6. Casciola-Rosen L and Rosen A (1997) Ultraviolet light-induced keratinocyte
apoptosis: A potential mechanism for the induction of skin lesions and
autoantibody production in LE. Lupus 6: 175-180
7. Sercarz EE,Lehmann PV, Ametani A, Benichou G, Miller Aand Moudgil K (1993)
Dominance and crypticity of T cell antigenic determinants. Ann. Rev. Immunol.
11:729-766
8. Lanzavecchia A (1995) How can cryptic epitopes trigger autoimmunity? J. Exp.
Med. 181: 1945-1948
9. Bockenstedt LK, Gee RJ and Mamula MJ (1995) Self-peptides in the initiation of
lupus autoimmunity. J. Immunol. 154: 3516 — 3524
10. Mamula MJ (1993) The inability to process a self-peptide allows autoreactive T
cells to escape tolerance. J. Exp. Med. 177: 567 -571
11. Watts C and Lanzavecchia A (1993) Suppressive effect of an antibody on
processing of T cell epitopes. J. Exp. Med. 178: 1459 - 1463
12. Simitsek PD, Campbell DG, Lanzavecchia A, Fairweather N and Watts C (1995)
Modulation of antigen processing by bound antibodies can boost or suppress
class Il major histocompatibility complex presentation of different T cell
determinants. J. Exp. Med. 181: 1957 -1963
13. Salemi S, Caporossi AP, Boffa L, Longobardi MG and Barnaba V (1995)
HIVgp120 activates autoreactive CD4-specific T cell responses by unveiling of
hidden CD4 peptides during processing. J. Exp. Med. 181: 2253-2257
14. Casciola-Rosen LA, Anhalt G and Rosen A (1994) Autoantigens targeted in
systemic lupus erythematosus are clustered in two populations of surface
structures on apoptotic keratinocytes. J. Exp. Med. 179: 1317-1330
15. Casciola-Rosen LA, Anhalt GJ and Rosen A (1995) DNA-dependent protein
kinase is one of a subset of autoantigens specifically cleaved during apoptosis. J.
Exp. Med. 182: 1625-1634
16. Casciola-Rosen L, Rosen A, Petri M and Schlissel M (1996) Surface blebs on
apoptotic cells are sites of enhanced procoagulant activity: Implications for
coagulation events and antigenic spreadin systemic lupus erythematosus. Proc.
Natl. Acad. Sci. USA 93: 1624 - 1629
17. Casciola-Rosen L, Wigley F and Rosen A (1997) Scleroderma autoantigens are
uniquely fragmented by metal-catalyzed oxidation reactions: implications for
pathogenesis. J. Exp. Med. 185: 71-79



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Casciola-Rosen LA, Miller DK, Anhalt GJ and Rosen A (1994) Specific cleavage
of the 70-kDa protein component of the U1 small nuclear ribonucleoprotein is a
characteristic biochemical feature of apoptotic cell death. J. Biol. Chem. 269:
30757 -30760

Casciola-Rosen LA, Nicholson DW, Chong T, Rowan KR, Thornberry NA, Miller
DK and Rosen A (1996) Apopain/CPP32 cleaves proteins that are essential for
cellular repair: A fundamental principle of apoptotic death. J. Exp. Med. 183:
1957-1964

Casiano CA, Martin SJ, Green DR and Tan EM (1996) Selective cleavage of
nuclear autoantigens during CD95 (Fas/APO-1)-mediated T cell apoptosis. J.
Exp. Med. 184: 765-770

Laman SD and Provost TT (1994) Cutaneous manifestations of lupus
erythematosus. Rheum. Dis. Clin. North Am. 20: 195-212

Norris DA (1993) Pathomechanisms of photosensitive lupus erythematosus. J.
Invest. Dermatol. 100: 58 -68

LeFeber WP, Norris DA, Ryan SR, Huff JC, Lee LA, Kubo M, Boyce ST, Kotzin BL
and Weston WL (1984) Ultraviolet lightinduces binding of antibodies to selected
nuclear antigens on cultured human keratinocytes. J. Clin. Invest. 74: 1545—
1551

Golan TD, Elkon KB, Gharavi AE and Krueger JG (1992) Enhanced membrane
binding of autoantibodies to cultured keratinocytes of systemic lupus
erythematosus patients after ultraviolet B/ultraviolet A irradiation. J. Clin.
Invest. 90: 1067 -1076

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL and Henson PM
(1992) Exposure of phosphatidylserine on the surface of apoptotic lymphocytes
triggers specific recognition and removal by macrophages. J. Immunol. 148:
2207-2216

Koopman G, Reutelingsperger CP, Kuitien GA, Keehnen RM, Pals ST and van
Oers MH (1994) Annexin V for flow cytometric detection of phosphatidylserine
expression on B cells undergoing apoptosis. Blood 84: 14151420

Martin SJ, Finucane DM, Amarante-Mendes GP, O’'Brien GA and Green DR
(1996) Phosphatidylserine externalization during CD95-induced apoptotis of
cells and cytoplasts requires ICE/CED-3 protease activity. J. Biol. Chem. 271:
28753-28756

Price BE, Rauch J, ShiaMA, Walsh MT, Lieberthal W, Gilligan HM, O’Laughlin T,
KohJS and Levine JS (1996) Anti-phospholipid autoantibodies bind to apoptotic,
butnotviable, thymocytesin a fi>-glycoprotein I-dependent manner. J. Inmunol.
157:2201-2208

Fadok VA, Bratton DL, Frasch SC, Warner ML and Henson PM (1998) The role of
phosphatidylserine in recognition of apoptotic cells by phagocytes. Cell Death
Differ. 5: 551-562

Korb LC and Ahearn JM (1997) C1q binds directly and specifically to surface
blobs of apoptotic human keratinocytes — Complement deficiency and systemic
tapes erythematosus revisited. J. Immunol. 158: 4525 — 4528

Wener MH, Uwatoko S and Mannik M (1989) Antibodies to the collagen-like
region of C1q in sera of patients with autoimmune rheumatic diseases. Arthritis
Rheum. 32: 544 -551

Botto M, Dell’Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry F, Loos M,
Pandolfi PP and Walport MJ (1998) Homozygous C1q deficiency causes
glomerulonephritis associated with multiple apoptotic bodies. Nature Genet. 19:
56-59

Bowness P, Davies KA, Norsworthy PJ, Athanassiou P, Taylor-Wiedeman J,
Borysiewicz LK, Meyer PAR and Walport MJ (1994) Hereditary C1q deficiency
and systemic lupus erythematosus. Q.J. Med. 87: 455-464

Botto M, Dell’Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry F, Loos M,
Pandolfi PP and Walport MJ (1998) Homozygous C1q deficiency causes
glomerulonephritis associated with multiple apoptotic bodies. Nature Genetics
19: 56 -59

Salvesen Gand Dixit VM (1997) Caspases: Intracellular signaling by proteolysis.
Cell 91: 443-446

Nicholson DW and Thorberry NA (1997) Caspases: Killer proteases. TIBS 22:
299-306

Kaufmann SH (1989) Induction of endonucleolytic DNA damage in human acute
myelogenous leukemia cells by etoposide, camptothecin, and other cytotoxic
anticancer drugs: a cautionary note. Cancer Res. 49: 58705878

Yamanaka H, Willis EH, Penning CA, Peebles CL, Tan EMand Carson DA (1987)
Human autoantibodies to poly (adenosine disphosphate-ribose) polymerase. J.
Clin. Invest. 80: 900-904

Proteolysis of autoantigens during apoptosis
A Rosen and L Casciola-Rosen

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Reeves WH, Chaudhary N, Salerno A and Blobel G (1987) Lamin B
autoantibodies in sera of certain patients with systemic lupus erythematosus.
J. Exp. Med. 165: 750762

Waterhouse N, Kumar S, Song QH, Strike P, Sparrow L, Dreyfuss G, Alnemri ES,
Litwack G, Lavin M and Watters D (1996) Heteronuclear ribonucleoproteins C1
and C2, components of the spliceosome, are specific targets of interleukin 1p-
converting enzyme-like proteases in apoptosis. J. Biol. Chem. 271: 29335—
29341

HanejiN, Nakamura T, TakioK, YanagiK, HigashiyamaH, Saito |, Noji S, Sugino
H and Hayashi Y (1997) Identification of o-fodrin as a candidate autoantigen in
primary Sjogren’s syndrome. Science 276: 604 —607

Martin SJ, O’Brien GA, Nishioka WK, McGahon AJ, Mahboubi A, Saido TC and
Green DR (1995) Proteolysis of fodrin (non-erythroid spectrin) during apoptosis.
J. Biol. Chem. 270: 6425 - 6428

Greidinger EL, Miller DK, Yamin T-T, Casciola-Rosen L and Rosen A (1996)
Sequential activation of three distinct ICE-like activities in Fas-ligated Jurkat
cells. FEBS Lett. 390: 299-303

Mancini M, Nicholson DW, Roy S, Thornberry NA, Peterson EP, Casciola-Rosen
LA and Rosen A (1998) The caspase-3 precursor has a cytosolic and
mitochondrial distribution: Implications for apoptotic signaling. J. Cell. Biol. 140:
1485-1495

Mevorach D, Zhou JL, Song X and Elkon KB (1998) Systemic exposure to
irradiated apoptotic cells induces autoantibody production. J. Exp. Med. 188:
387-392

Henkart PA (1994) Lymphocyte-mediated cytotoxicity: Two pathways and
multiple effector molecules. Immunity 1: 343346

Poe M, Blake JT, Boulton DA, Gammon M, Sigal NH, Wu JK and Zweerink HJ
(1991) Human cytotoxic lymphocyte granzyme B: Its purification from granules
and the characterization of substrate and inhibitor specificity. J. Biol. Chem. 266:
98-103

Thornberry NA, Ranon TA, Pieterson EP, Rasper DM, Timkey T, Garcia-Calvo
M, Houtzager VM, Nordstrom PA, Roy S, Vaillancourt JP, Chapman KT and
Nicholson DW (1997) A combinatorial approach defines specificities of members
of the caspase family and granzyme B — Functional, relationships established for
key mediators of apoptosis. Journal of Biological Chemistry 272: 17907 - 17911
ShiL, Kam C-M, Powers JC, Aebersold R and Greenberg AH (1992) Purification
of three cytotoxic lymphocyte granule serine proteases that induce apoptosis
through distinct substrate and target cell interactions. J. Exp. Med. 176: 1521 -
1529

Heusel JW, Wessselschmidt RL, Shresta S, Russel JH and Ley TJ (1994)
Cytotoxic lymphocytes require granzyme B for the rapid induction of DNA
fragmentation and apoptosis in allogeneic target cells. Cell 76: 977 -987
Salvesen GS and Dixit VM (1997) Caspases: Intracellular signaling by
proteolysis. Cell 91: 443 -446

Sarin A, Williams MS, Alexander-Miller MA, Berzofsky JA, Zacharchuk CM and
Henkart PA (1997) Target cell lysis by CTL granule exocytosis is independent of
ICE/Ced-3 family proteases. Immunity 6: 209-215

Talanian RV, Yang XH, Turbov J, Seth P, Ghayur T, Casiano CA, Orth K and
Froelich CJ (1997) Granule-mediated killing: Pathways for granzyme B-initiated
apoptosis. J. Exp. Med. 186: 1323-1331

Andrade F, Roy S, Nicholson DW, Thorberry NA, Rosen A and Casciola-Rosen
L (1998) Granzyme B directly and efficiently cleaves several downstream
substrates: Implications for CTL-induced apoptosis. Immunity 8: 451 —460
Bellone M, lezzi G, Rovere P, Galati G, Ronchetti A, ProttiMP, DavoustJ, Rugarli
C and Manfredi AA (1997) Processing of engulfed apoptotic bodies yields T cell
epitopes. J. Immunol. 159: 5391 -5399

Albert ML, Sauter B and Bhardwaj N (1998) Dendritic cells acquire antigen from
apoptotic cells and induce class | restricted CTLs. Nature 392: 86 -89

Ren'Y and Savill J (1998) Apoptosis: The importance of being eaten. Cell Death
Differ. 5: 563 -568

Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR and Girkontaite | (1997)
Immunosuppressive effects of apoptotic cells. Nature 390: 350 - 351

Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY and Henson PM
(1998) Macrophages that have ingested apoptotic cells in vitro inhibit
proinflammatory cytokine production through autocrine/paracrine mechanisms
involving TGF-f, PGE2, and PAF. J. Clin. Invest. 101: 890-898



Proteolysis of autoantigens during apoptosis
A Rosen and L Casciola-Rosen

12

60.

61.

62.

63.

Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB and Kalden JR
(1998) Impaired phagocytosis of apoptotic cell material by monocyte-derived
macrophages from patients with systemic lupus erythematosus. Arthritis
Rheum. 41: 1241-1250

Platt N, Da Silva RP and Gordon S (1998) Recognizing death: the phagocytosis
of apoptotic cells. Trends in Cell Biol. 8: 365-372

Utz PJ, Hottelet M, Schur PH and Anderson P (1997) Proteins phosphorylated
during stress-induced apoptotis are common targets for autoantibody production
in patients with systemic lupus erythematosus. J. Exp. Med. 185: 843 -854
Utz PJ, Hottelet M, van Venrooij WJ and Anderson P (1998) Association of
phosphorylated serine/arginine (SR) splicing factors with the U1-small
ribonucleoprotein (snRNP) autoantigen complex accompanies apoptotic cell
death. J. Exp. Med. 187: 547 -560

64.

65.

66.

Satoh M, Ajmani AK, Ogasawara T, Langdon JJ, Hirakata M, Wang J and Reeves
WH (1994) Autoantibodies to RNA polymerase Il are common in systemic lupus
erythematosus and overlap syndrome. Specific recognition of the phosphory-
lated (110) form by a subset of human sera. J. Clin. Invest. 94: 1981-1989
Manfredi AA, Rovere P, Heltai S, Galati G, Nebbia G, Tincani A, Balestrieri G and
Sabbadini MG (1998) Apoptotic cell clearance in systemic lupus erythematosus-
II. Role of fio-glycoprotein . Arthritis Rheum. 41: 215-223

Balasubramanian K, Chandra J and Schroit AJ (1997) Immune clearance of
phosphatidylserine-expressing cells by phagocytes. J. Biol. Chem.272: 31113 -
31117



	Autoantigens as substrates for apoptotic proteases: implications for the pathogenesis of systemic autoimmune disease
	Note


