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Abstract

In recent years, it has become evident that Systemic Lupus Erythematosus (SLE) is a disease characterized by an array of
autoantibodies directed against the native nucleosome, its DNA component and/or its histone component. Nuclear antigens are
generated and released in vivo during apoptosis. A hallmark of apoptosis is the cleavage of chromatin by caspase-activated DNase. This
fragmentation occurs at the internucleosomal level and leads to DNA ladder formation classically associated with apoptosis. Thus,
dysregulation of DNA fragmentation might be directly linked to the induction of autoimmunity in SLE. In our studies, activated human
lymphoblasts contain high amounts of core histones in their cell lysates after apoptosis induction. This accumulation correlated highly
with markers of early apoptosis (Annexin V positive, propidium iodide negative), but not with markers of late apoptosis or necrosis.
Interestingly, accumulation of core histones or nucleosomes in cell lysates was detected as early as 30 or 60 min after UV irradiation,
whereas phosphatidylserine externalization occurred 2 hr after apoptosis induction. Our results suggest that extranuclear accumulation
of core histones is a very early event in apoptosis, preceding the externalization of phagocytosis signals on the outer membrane surface of
apoptotically dying lymphoblasts. The following review will discuss these results in a broader perspective which includes our hypothesis
of how apoptosis dysregulation during early phases may contribute to the induction of autoimmunity against nuclear autoantigens as

seen in SLE.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Systemic Lupus Erythematosus (SLE) is characterized
by the production of autoantibodies to multiple nuclear
antigens, including antibodies directed against DNA and
histones [1]. In recent years, it has become evident that the
nucleosome, the fundamental unit of the chromatin, might
play a key role in the pathogenesis of SLE [2]. A major
mechanism by which nuclear antigens are generated and
released in vivo is by the process of programmed cell death
(apoptosis) [3].
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2. Apoptosis and autoantibodies

We hypothesise that accelerated apoptosis of circulating
Ilymphocytes occurs under certain circumstances in SLE
patients. Consequently, this increased rate of apoptosis
could lead to an overflow of the phagocytic system with
apoptotic cell material, resulting in an increased amount of
nuclear components, e.g. dsDNA, nucleosomes, or his-
tones in the serum of these patients. This intracellular or
nuclear material would be presented to and recognized as
nonself antigens by immunocompetent cells, leading to the
formation of autoantibodies against intracellular or nuclear
particles. Antibodies to dsDNA or nucleosomes are
observed in about 70% of lupus patients [2,4]. Therefore,
these autoantibodies are considered as keymarkers of SLE.

It was shown in a study published by Arbuckle et al. [5]
that 55% of SLE patients had already anti-dsDNA anti-
bodies in their serum before diagnosis. In many patients the
amount of anti-dsDNA antibodies fluctuates in parallel



1442 C. Gabler et al./Biochemical Pharmacology 66 (2003) 1441-1446

with the clinical disease activity [6]. Furthermore, patients
with a significant rise in anti-dsDNA antibodies at diag-
nosis were more likely to have renal disease than those
without an increase in dsDNA antibody titers [5]. It is
discussed that these autoantibodies bind to the glomerular
basement membrane either alone or as antigen (dsDNA,
nucleosome, histone)/antibody complexes, thereby caus-
ing inflammation and tissue damage in the kidney [7].

In this view, it was interesting that there was a correla-
tion between SLE disease activity and the rates of lym-
phocyte apoptosis in culture [8]. This suggests that a higher
apoptosis rate may lead to the production of autoantibo-
dies, triggering disease activity.

3. General features of apoptosis

Apoptosis is characterized by morphological changes
such as chromatin condensation, and a reduction of cell
volume [9]. A hallmark of apoptosis is the cleavage of
chromatin by caspase-activated DNase [10]. DNA frag-
mentation seems to occur in four steps [11]. DNA frag-
ments of 1-2 Mbp were the first observed degradation
products. These DNA fragments were gradually degraded
into DNA fragments of 200—800 kb or smaller than 100 kb
fragments upon further incubation. With increasing time, a
characteristic DNA ladder appears with multiples of 180—
200 bp DNA fragments [12].

Another characteristic feature of cells undergoing apop-
tosis is the loss of phospholipid asymmetry in the plasma
membrane with exposure of phosphatidylserine on the
outer membrane leaflet [13]. It was shown that annexin
V (AxV) preferentially binds to phosphatidylserine [14].
Propidium iodide (PI) staining is widely used to discrimi-
nate between living cells, which exclude this DNA dye,
from dead cells, which are permeable to it. When using a
double staining with AxV and PI by flow cytometry, four
different fractions of cells with different properties are
visible [15]: (1) viable cells (AxV"°€PI"®) are imperme-
able for PI as well as do not bind AxV; (2) early apoptotic
cells (AxVPPI"*®) bind AxV and are PI impermeable;
(3) late apoptotic or also called secondary necrotic cells
(AXVPPI") bind AxV and are PI permeable with a sub-
G1 DNA content; (4) primary necrotic cells (AxVP*°PIP®)
bind AxV and are PI permeable with G1 DNA content.

It was observed that cells whose membranes which bind
AxV contain fragmented DNA. After induction of apop-
tosis in B-cell lines and freshly isolated germinal center B-
cells, cells which bound AxV also showed nuclear con-
densation [16]. This was accompanied by the appearance
of DNA fragments. Similar results were published by
Bacso et al. [17]. In the Jurkat T-cell line, these authors
reported that AxV binding gradually increased 2 hr after
apoptosis induction and a strong increase was observed
after 4 hr. They also detected a weak increase of damaged
DNA after 2 hr and a significant augmentation 4 hr after

apoptosis induction compared to cells before apoptosis
induction. This suggests that the increase of DNA damage
in apoptotic cells occurs somewhat later than the increase
of AxV binding. However, on the single cell level most of
the AxV positive, PI negative cells contained damaged
DNA.

All these results show that the expression of the phago-
cytosis signal on the membrane surface and the DNA
degradation occur at very early timepoints during apoptosis.

4. Release of histones and nucleosomes
during early apoptosis

The nucleosome is composed of a core particle with a
tetramer of each two molecules histones H3 and H4 in the
center flanked by two histones H2A-H2B dimers. Two
superhelical turns of DNA are wound around this histone
octamer. The linker histone H1 is associated with the
nucleosome core particle at the entry and exit points of
the DNA. DNA fragmentation occurs at the internucleo-
somal level and leads to DNA ladder formation classically
associated with apoptosis [12].

We recently reported that only very weak signals of the
nucleosomal histones (H2A, H2B, H3, and H4) were
detected by Western Blot analysis in cell lysates of freshly
isolated human PBMC [18]. However, no bands for the
linker histone H1 were detected by this method. In con-
trast, activated human lymphoblasts showed elevated
amounts of all five histones in cell lysates compared to
PBMC. Furthermore, we observed an increased amount of
the core histones H2A, H2B, H3, and H4 in cell lysates
after 8 or 24 hr IL-2 withdrawal compared to the starting
point (0). Signal intensity of these histones in cell lysates
decreased after re-addition of IL-2 to the lymphoblasts
after IL-2 withdrawal. However, the content of the linker
histone H1 in cell lysates was not affected by IL-2 depriva-
tion or addition. The content of H2A, H2B, H3, or H4 in
cell lysates correlated significantly (P < 0.001 and
r > 0.52) with the percentages of early apoptotic lympho-
blasts (AxV positive, PI negative). We did not find any
correlation to the number of late apoptotic cells or necrotic
cells.

UV (ultraviolet) light exposure and etoposide treatment
resulted in an increase of all histones in cell lysates
compared to activated lymphoblasts at 0 [19]. The greatest
increase of 60-100 times was observed for the histones
H2B and H4, whereas histones H3 and H2A were aug-
mented 30-50-fold. In contrast to these core histones, the
content of linker histone H1 in cell lysates was only 2-fold
augmented. Furthermore, this increase of histone amount
in cell lysates was accompanied by a considerable increase
of early apoptotic cells, but no significant change of late
apoptotic cells or necrotic cells was observed. The per-
centages of cells with subdiploid DNA contents increased
also to similar amounts obtained with AxV/PI staining.
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In a time course experiment, a continuous increase of the
relative amount of histones and nucleosomes was observed
in cell lysates after UV irradiation compared to lympho-
blasts before UV light exposure [20]. An increase of the
nucleosomal histones in cell lysates was detected even 30
or 60 min after UV light exposure. However, no difference
between the percentage of early apoptotic cells (AxV
positive, PI negative) was observed between 70, 30, and
60 min (about 2%). The first increase in the percentage of
early apoptotic cells was noted after 2 hr to about 7%.
Moreover, the increase of the relative ratios for each
histone class differed during the first 2 hr after UV light
exposure: the relative increase of signal intensities were
higher for the histones H2B and H4 compared to the
histones H2A or H3 highlighting the specificity of these
observations.

It was recently reported that histones were also found in
cell lysates obtained from apoptotic Jurkat cells and U937
cells [21]. However, H1 was only detected in cell lysates of
Jurkat cells, but the signal was absent or only very weak in
U937. Other studies showed that Jurkat cells and human-
activated lymphocytes accumulate nucleosomes in the
cytoplasm during apoptosis [22,23]. However, not all cell
lines generate nucleosomal fragments [24] or a sub-Gl
population [25] during apoptosis. Furthermore, it is impor-
tant to note that accumulation of histones is not a necessary
consequence of apoptosis-related DNA fragmentation. Wu
et al. [26] showed that not all cell lines release histones
from nucleosomes during DNA fragmentation and apop-
tosis. It was demonstrated that cells can contain fragmen-
ted DNA, but their cell lysates did not contain histones.
Thus, the authors convincingly provided evidence that
histone release and DNA fragmentation can be clearly
separated in two independent processes in their tumor cell
lines.

Because H2A, H2B, H3, and H4 form the core structure
of the nucleosome and bind to DNA, they are normally
insoluble in non-ionic detergents like Triton X-100. Con-
sequently, their detection in apoptotic cell lysates prepared
in detergent containing buffer indicates that they have been
released or separated from chromatin in form of cleaved
nucleosomes or as free histones. All the detected histones
are likely to represent cytoplasmic histones/nucleosomes
since the lysis conditions would not solubilize nuclear
intact material, which would therefore be present in the
pellet rather than in the supernatant after centrifugation of
the lysates. This is further supported by the different
kinetics of the various histones appearing in cell lysates,
especially after stronger induction of apoptosis with etopo-
side or UV light exposure and by the fact that cell lysates
from PBMC only contained very low amounts of histones.
Furthermore, the nuclear membrane and nuclear pore
complexes remain intact throughout apoptosis [27]. These
findings support the notion that the appearance of histones
in cell lysates is not attributed to detergent mediated nuclear
membrane degradation. All these arguments suggest that

the detected histones in the cell lysates were localized in the
cytoplasm.

It was reported that human lymphocytes release nucleo-
somes into the culture medium during the process of
apoptosis [8]. There was a strong correlation between
the amount of apoptosis and the nucleosomes in cell
culture supernatants. Furthermore, nucleosomes were also
detected in cell culture supernatants of apoptotic Jurkat
cells [28]. These cells showed first an increased AxV
binding and before these cells later on were also PI perme-
able. There was a strong correlation of nucleosome
appearance in the medium to signs of late apoptosis
(AxV binding, PI permeable). The nucleosome release
from late apoptotic Jurkat cells was 12 hr delayed to the
appearance of AxV binding cells.

These data support the concept that even at early time-
points of apoptosis small nucleosomal fragments are pre-
sent in the cytoplasm of the dying cell. Our results indicate
that DNA degradation measured by a nucleosome ELISA
was observed earlier than AxV binding [29]. In contrast,
DNA degradation (sub-G1 peak) measured by PI staining
in a hypotonic buffer was only detected after 3—3.5 hr after
apoptosis induction (unpublished results). This suggests
that different processes must occur in the cell nucleus. First
small nucleosomal fragments might be released from the
nucleus before DNA is degraded into large fragments,
which are subsequently cut into smaller fragments forming
the DNA ladder.

5. SLE pathogenesis and apoptosis

The plasma of SLE patients contains larger amounts of
circulating DNA than the plasma of healthy individuals
[30-32]. This circulating DNA is present in the form of
oligonucleosomal DNA fragments (180-200 bp) com-
plexed with histones [33]. These DNA fragments were
present as nucleosomes (dsDNA and histones) in the
plasma [34]. It was noted that serum from SLE patients
contained significantly higher amounts of nucleosomes
compared to normal healthy donors [34]. In murine models
of SLE, it was demonstrated that the initial immune
response is directed against nucleosomes and spreads later
to its individual components dsDNA and histones [35,36].
Thus, it seems that SLE is a disease characterized by an
array of autoantibodies directed against the native nucleo-
some (nucleosome-specific antibodies), its DNA compo-
nent (bona fide anti-ds-DNA antibodies), and its histone
component (bona fide antihistone-specific antibodies)
which together compose the large family of antinucleosome
antibodies [36].

Previous studies revealed that lymphocytes from SLE
patients showed a higher rate of apoptosis after 48—72 hr of
cell culture compared to lymphocytes from rheumatoid
arthritis patients or normal donors [8,37]. The percentage
of early apoptotic cells (AxV positive, PI negative) in
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peripheral blood was significantly higher in SLE patients
compared to normal donors [38]. All these observations
might explain the higher plasma levels of DNA and
nucleosomes in SLE patients compared to normal healthy
donors [30-32,34].

It is important to mention that dsDNA is not immuno-
genic per se [39]. However, these authors reported that
plasma nucleic acids from SLE patients was immunogenic
in contrast to dsDNA. The mechanism of the immune
response is not completely understood. It is interesting
to speculate that plasma nucleosomes in SLE are derived
from apoptotic cells. Alterations occurring during apop-
tosis [40,41] might render these nucleosomes immuno-
genic. We have indeed found that histones in cell lysates of
human lymphoblasts were deacetylated (H4) or dephos-
phorylated (HI and H3) in contrast to nuclear-derived
histones which were acetylated or phosphorylated [42].

It was observed that in vitro cultured PBMC from a
subset of SLE patients contained higher amounts of cell
debris compared to PBMC from normal healthy donors
[43]. This finding was accompanied by a lower ratio of
macrophages from SLE PBMC containing phagocytosed
apoptotic nuclei compared to macrophages from normal
donors. In addition, in a sub-group of SLE patients,
apoptotic cells were not properly cleared by macrophages
within the germinal center of the lymph node [44]. This
apoptotic material from SLE patients was directly asso-
ciated with the surface of follicular dendritic cells. Con-
sequently, nuclear apoptosis-derived antigen was bound to
potential antigen presenting cells, may trigger the immune
reaction and provide survival signals for autoreactive
B-cells.

These events (dysregulated apoptosis and/or phagocy-
tosis) might contribute to the development of SLE [7,45].

6. The possible role of histones for the induction
of autoimmunity in SLE

Apoptosis is a physiological form of cell death required
to ensure that the rate of division is balanced by the rate of
cell death in multicellular organisms. As mentioned above,
a stereotypical pattern of morphologic changes occurs after
the initiating signal, including cytoplasmatic shrinkage,
chromatin condensation and DNA cleavage at the inter-
nucleosomal sites. In the last step, this apoptotic cellular
material is packed in membrane-capsuled blebs before
budding from the cell as apoptotic bodies [9]. These blebs
contain autoantigens as nucleosomal DNA, Ro, La, and
small ribonucleoproteins [46]. Under normal circum-
stances, these apoptotic bodies are rapidly phagocytosed
by neighboring cells and resident phagocytes. During
apoptotic breakdown, many nuclear constituents are
post-translationally modified, possibly altering antigenicity.
Therefore, it is not surprising that failure to appropriately
achieve programmed cell death and to clear apoptotic cell

fragments is discussed as a key pathogenetic factor leading
to autoimmunity.

Various studies have demonstrated an increased apop-
tosis of in vitro cultured blood mononuclear cells of SLE
patients. The increased rate of apoptosis of PBMC from
SLE patients could be diminished by feeding the cultures
with IL-2 [37]. Interestingly, lymphocytes of SLE patients
with a bacterial infection die via apoptosis in much higher
quantities [37]. This might link to the clinical observation
that a flare of SLE frequently follows an infectious episode
[47,48].

During the accelerated induction of apoptosis in SLE
cells, caspases will be activated and the membrane poten-
tial for mitochondria decreased. Through the caspase path-
way phosphatidylserine is externalized from the inner
membrane to the outer membrane as signal for phagocytic
removal of the dying cell without induction of an inflam-
matory response. Especially during these early phases of
apoptosis, a dysregulation would be deleterious in a way
that failure to appropriately clean the organism from
apoptotic cells might expose neighboring antigen present-
ing cells to nuclear neoepitopes. At these very early phases
of apoptosis, we found free histones or nucleosome-com-
plexed histones already released from the nucleus. This
occurred earlier than phosphatidylserine expression on the
cell surface. As shown, nucleosomes might be released into
the medium as well. Thus, the increased levels of nucleo-
somes in SLE sera might stem from dying cells. However,
it is important to note that this is not specific for SLE sera
but is also seen in sera from patients under dialysis or
during sepsis. Whether the reduced DNase I concentration
in SLE sera contribute to the development of autoimmunity
against apoptotic cells and thereby to the pathogenesis
of the disease itself (as seen in DNase I knockout mice
[49-51]) is unclear to date. In vitro, apoptotic material can
indeed activate T-cells and B-cells: co-incubation of auto-
logous apoptotic material with freshly isolated PBMC led
to the expansion of histone-specific T-cell clones which
could provide help to B-cells for the formation of dsSDNA
antibodies [52]. In similar experiments, there were nucleo-
some-specific T-cells detected in SLE patients as well [53].

Whether this in vitro scenario is also central for an
in vivo situation in SLE is investigated by many groups
right now.

Acknowledgments

This study was supported by the DFG (SFB 263/C11).

References

[1] Tan EM. Antinuclear antibodies: diagnostic markers for autoimmune
diseases and probes for cell biology. Adv Immunol 1989;44:93—-151.

[2] Amoura Z, Piette J-C, Bach J-F, Koutouzov S. The key role of
nucleosomes in lupus. Arthritis Rheum 1999;42:833-43.



[3]

[4]

[5

—

[6

=

[7

—

[8

—_

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

C. Gabler et al./Biochemical Pharmacology 66 (2003) 1441-1446

Bell DA, Morrison B, VandenBygaart P. Immunogenic DNA-
related factors. Nucleosomes spontaneously released from normal
murine lymphoid cells stimulate proliferation and immunoglobulin
synthesis of normal mouse lymphocytes. J Clin Invest 1990;85:
1487-96.

Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, Rothfield NF,
Schaller JG, Talal N, Winchester RJ. The 1982 revised criteria for the
classification of systemic lupus erythematosus. Arthritis Rheum
1982;25:1271-7.

Arbuckle MR, James JA, Kohlhase KF, Rubertone MV, Dennis GJ,
Harley JB. Development of anti-dsDNA autoantibodies prior to
clinical diagnosis of systemic lupus erythematosus. Scand J Immunol
2001;54:211-9.

Davis P, Percy JS, Russell AS. Correlation between levels of DNA
antibodies and clinical disease activity in SLE. Ann Rheum Dis
1977;36:157-9.

Lorenz HM, Herrmann M, Winkler T, Gaipl U, Kalden JR. Role of
apoptosis in autoimmunity. Apoptosis 2000;5:443-9.

Emlen W, Niebur J, Kadera R. Accelerated in vitro apoptosis of
lymphocytes from patients with systemic lupus erythematosus. J
Immunol 1994;152:3685-92.

Wyllie AH, Kerr JF, Currie AR. Cell death: the significance of
apoptosis. Int Rev Cytol 1980;68:251-306.

Enari M, Sakahira H, Yokoyama H, Okawa K, Iwamatsu A, Nagata S.
A caspase-activated DNase that degrades DNA during apoptosis, and
its inhibitor ICAD. Nature 1998;391:43-50.

Higuchi Y, Matsukawa S. Active oxygen-mediated chromosomal 1-2
Mbp giant DNA fragmentation into internucleosomal DNA fragmen-
tation in apoptosis of glioma cells induced by glutamate. Free Radic
Biol Med 1998;24:418-26.

Wyllie AH. Glucocorticoid-induced thymocyte apoptosis is associated
with endogenous endonuclease activation. Nature 1980;284:555-6.
Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson
PM. Exposure of phosphatidylserine on the surface of apoptotic
lymphocytes triggers specific recognition and removal by macro-
phages. J Immunol 1992;148:2207-16.

Andree HA, Reutelingsperger CP, Hauptmann R, Hemker HC, Her-
mens WT, Willems GM. Binding of vascular anticoagulant alpha
(VAC alpha) to planar phospholipid bilayers. J Biol Chem 1990;265:
4923-8.

Gaipl US, Kuenkele S, Voll RE, Beyer TD, Kolowos W, Heyder P,
Kalden JR, Herrmann M. Complement binding is an early feature of
necrotic and a rather late event during apoptotic cell death. Cell Death
Differ 2001;8:327-34.

Koopman G, Reutelingsperger CP, Kuijten GA, Keehnen RM, Pals ST,
van Oers MH. Annexin V for flow cytometric detection of phospha-
tidylserine expression on B cells undergoing apoptosis. Blood 1994;
84:1415-20.

Bacso Z, Everson RB, Eliason JF. The DNA of Annexin V-binding
apoptotic cells is highly fragmented. Cancer Res 2000;60:4623-8.
Gabler C, Schiller M, Blank N, Kriegel M, Winkler S, Berden JH,
Kalden JR, Lorenz HM. Contents of core histones in the cytoplasm of
human lymphoblasts correlates with features of early apoptosis. Clin
Exp Rheumatol 2002;20:262.

Gabler C, Schiller M, Blank N, Kriegel M, Winkler S, Berden JH,
Kalden JR, Lorenz HM. Different contents of each histone in the
cytoplasm of human lymphoblasts after induced apoptosis. Ann
Rheum Dis 2002;61(Suppl 1):36.

Gabler C, Blank N, Winkler S, Kalden JR, Lorenz HM. Accumulation
of histones in the cytoplasm precedes expression of apoptosis-related
phagocytosis signals in human lymphoblasts. In: Proceedings of the
Meeting Apoptosis 2003 in Luxembourg. p. 58.

Huggins ML, Todd I, Cavers MA, Pavuluri SR, Tighe PJ, Powell RJ.
Antibodies from systemic lupus erythematosus (SLE) sera
define differential release of autoantigens from cell lines undergoing
apoptosis. Clin Exp Immunol 1999;118:322-8.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

1445

Salgame P, Varadhachary AS, Primiano LL, Fincke JE, Muller S,
Monestier M. An ELISA for detection of apoptosis. Nucleic Acids Res
1997;25:680-1.

Eckert A, Oster M, Zerfass R, Hennerici M, Miiller WE. Elevated
levels of fragmented DNA nucleosomes in native and activated
lymphocytes indicate an enhanced sensitivity to apoptosis in sporadic
Alzheimer’s disease. Dement Geriatr Cogn Disord 2001;12:98-105.
Lecoeur H. Nuclear apoptosis detection by flow cytometry: influence
of endogenous endonucleases. Exp Cell Res 2002;277:1-14.
Fournel S, Genestier L, Rouault JP, Lizard G, Flacher M, Assossou O,
Revillard JP. Apoptosis without decrease of cell DNA content. FEBS
Lett 1995;367:188-92.

Wu D, Ingram A, Lahti JH, Mazza B, Grenet J, Kapoor A, Liu L, Kidd
VIJ, Tang D. Apoptotic release of histones from nucleosomes. J Biol
Chem 2002;277:12001-8.

Earnshaw WC. Nuclear changes in apoptosis. Curr Opin Cell Biol
1995;7:337-43.

van Nieuwenhuijze AE, van Lopik T, Smeenk RJ, Aarden LA. Time
between onset of apoptosis and release of nucleosomes from apoptotic
cells: putative implications for systemic lupus erythematosus. Ann
Rheum Dis 2003;62:10-4.

Gabler C, Blank N, Schiller M, Winkler S, Kriegel M, Kalden JR,
Lorenz HM. Accumulation of histones in the cytoplasm precedes
expression of apoptosis-related phagocytosis signals in human lym-
phoblasts. Immunobiology 2002;206:241.

Steinman CR. Circulating DNA in systemic lupus erythematosus.
Association with central nervous system involvement and systemic
vasculitis. Am J Med 1979;67:429-35.

Raptis L, Menard HA. Quantitation and characterization of plasma
DNA in normals and patients with systemic lupus erythematosus. J
Clin Invest 1980;66:1391-9.

McCoubrey-Hoyer A, Okarma TB, Holman HR. Partial purification
and characterization of plasma DNA and its relation to disease activity
in systemic lupus erythematosus. Am J Med 1984;77:23-34.
Rumore PM, Steinman CR. Endogenous circulating DNA in systemic
lupus erythematosus. Occurrence as multimeric complexes bound to
histone. J Clin Invest 1990;86:69-74.

Amoura Z, Piette JC, Chabre H, Cacoub P, Papo T, Wechsler B, Bach
JF, Koutouzov S. Circulating plasma levels of nucleosomes in patients
with systemic lupus erythematosus: correlation with serum antinu-
cleosome antibody titers and absence of clear association with disease
activity. Arthritis Rheum 1997;40:2217-25.

Burlingame RW, Rubin RL, Balderas RS, Theofilopoulos AN. Genesis
and evolution of antichromatin autoantibodies in murine lupus im-
plicates T-dependent immunization with self antigen. J Clin Invest
1993;91:1687-96.

Amoura Z, Chabre H, Koutouzov S, Lotton C, Cabrespines A, Bach JF,
Jacob L. Nucleosome-restricted antibodies are detected before anti-
dsDNA and/or antihistone antibodies in serum of MRL-Mp Ipr/lpr and
+/4 mice, and are present in kidney eluates of lupus mice with
proteinuria. Arthritis Rheum 1994;37:1684-8.

Lorenz H-M, Griinke M, Hieronymus T, Herrmann, Kiihnel A, Manger
B, Kalden JR. In vitro apoptosis and expression of apoptosis-related
molecules in lymphocytes from patients with systemic lupus erythe-
matosus and other autoimmune diseases. Arthritis Rheum 1997;40:
306-17.

Perniok A, Wedekind F, Herrmann M, Specker C, Schneider M. High
levels of circulating early apoptic peripheral blood mononuclear cells
in systemic lupus erythematosus. Lupus 1998;7:113-8.

Krapf F, Herrmann M, Leitmann W, Kalden JR. Antibody binding of
macromolecular DNA and RNA in the plasma of SLE patients. Clin
Exp Immunol 1989;75:336-42.

Casciola-Rosen L, Andrade F, Ulanet D, Wong WB, Rosen A.
Cleavage by granzyme B is strongly predictive of autoantigen status:
implications for initiation of autoimmunity. J Exp Med 1999;190:
815-26.



1446

[41]

[42]

[43]

[44]

[45]

[46]

C. Gabler et al./Biochemical Pharmacology 66 (2003) 1441-1446

Rosen A, Casciola-Rosen L. Autoantigens as substrates for apoptotic
proteases: implications for the pathogenesis of systemic autoimmune
disease. Cell Death Differ 1999;6:6-12.

Gabler C, Hieronymus T, Blank N, Schiller M, Berden JH, Winkler S,
Kalden JR, Lorenz HM. Histone release into the cytoplasm of human
PBMCs and preapoptotic lymphoblasts. Ann Rheum Dis 2001;
60(Suppl 1):63.

Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, Kalden
JR. Impaired phagocytosis of apoptotic cell material by monocyte-
derived macrophages from patients with systemic lupus erythemato-
sus. Arthritis Rheum 1998;41:1241-50.

Baumann I, Kolowos W, Voll RE, Manger B, Gaipl U, Neuhuber WL,
Kirchner T, Kalden JR, Herrmann M. Impaired uptake of apoptotic cells
into tingible body macrophages in germinal centers of patients with
systemic lupus erythematosus. Arthritis Rheum 2002;46:191-201.
Berden JH, Licht R, van Bruggen MC, Tax WIJ. Role of nucleosomes
for induction and glomerular binding of autoantibodies in lupus
nephritis. Curr Opin Nephrol Hypertens 1999;8:299-306.
Casciola-Rosen LA, Anhalt G, Rosen A. Autoantigens targeted in
systemic lupus erythematosus are clustered in two populations of
surface structures on apoptotic keratinocytes. J Exp Med 1994;179:
1317-30.

[47]

[48]

[49]

[50]

[51]

[52]

(53]

Krieg AM. CpG DNA: a pathogenic factor in systemic lupus erythe-
matosus? J Clin Immunol 1995;15:284-92.

Tsai YT, Chiang BL, Kao YF, Hsieh KH. Detection of Epstein-Barr
virus and cytomegalovirus genome in white blood cells from patients
with juvenile rheumatoid arthritis and childhood systemic lupus
erythematosus. Int Arch Allergy Immunol 1995;106:235-40.
Chitrabamrung S, Rubin RL, Tan EM. Serum deoxyribonuclease I and
clinical activity in systemic lupus erythematosus. Rheumatol Int 1981;
1:55-60.

Napirei M, Karsunky H, Zevnik B, Stephan H, Mannherz HG, Moroy
T. Features of systemic lupus erythematosus in Dnase1-deficient mice.
Nat Genet 2000;25:177-81.

Gunnarsson I, Guo-Zhong F, Mannherz HG, Napirei M, Giiltekin A,
Frostegard J. Decreased serum Dnase 1 activity levels in SLE patients
with active disease. Ann Rheum Dis 2001;60(Suppl 1):185.

Voll RE, Roth EA, Girkontaite I, Fehr H, Herrmann M, Lorenz H-M,
Kalden JR. Histone-specific ThO and Thl clones derived from sys-
temic lupus erythematosus patients induce double-stranded DNA
antibody production. Arthritis Rheum 1997;40:2162-71.

Bruns A, Bléss S, Hausdorf G, Burmester GR, Hiepe F. Nucleosomes
are major T and B cell autoantigens in systemic lupus erythematosus.
Arthritis Rheum 2000;43:2307-15.



	The putative role of apoptosis-modified histones for the induction of autoimmunity in Systemic Lupus Erythematosus
	Introduction
	Apoptosis and autoantibodies
	General features of apoptosis
	Release of histones and nucleosomes during early apoptosis
	SLE pathogenesis and apoptosis
	The possible role of histones for the induction of autoimmunity in SLE
	Acknowledgements
	References


