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EXTENDED REPORT

Time between onset of apoptosis and release of
nucleosomes from apoptotic cells: putative implications
for systemic lupus erythematosus
A E M van Nieuwenhuijze, T van Lopik, R J T Smeenk, L A Aarden
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ann Rheum Dis 2003;62:10–14

Objective: To investigate the kinetics of nucleosome leakage from apoptotic cells in an in vitro system
and extrapolate the results to autoimmune disease, in particular systemic lupus erythematosus.
Methods: A sensitive nucleosome enzyme linked immunosorbent assay (ELISA) was developed, using
a monoclonal antibody (mAb) against histone 3 and an mAb against nucleosomes. Nucleosome
release during apoptotic cell death was studied in Jurkat cells. AnnexinV binding (early apoptosis) and
propidium iodide positivity (late apoptosis) of the cells were compared with nucleosome release at dif-
ferent times after apoptosis induction.
Results: Nucleosomes appeared in culture supernatant of Jurkat cells 24 to 48 hours after apoptosis
induction, when the cells had been late apoptotic for more than 12 hours.
Conclusion: Nucleosomes are released from late apoptotic Jurkat cells, with a 12 hour delay from the
appearance of AnnexinV binding cells. This result suggests that in vivo scavenger mechanisms have 12
hours to remove apoptotic material from the circulation.

Eukaryotic DNA is packed in chromatin. In inactive chro-
matin, the DNA is complexed to histones and forms
nucleosomes. A nucleosome is an octamer of four pairs of

histones 2A, 2B, 3, and 4, around which two superhelical turns
of 146 bp dsDNA are wound. Histone 1 and a linker of 60 bp
dsDNA connect the individual nucleosomes like beads on a
string.

During apoptotic cell death, oligo- and mononucleosomes
are generated by internucleosomal cleavage of chromatin.1

The nucleosomes are then packed in apoptotic blebs along
with other nuclear components.2 In vivo, these blebs are
released into the circulation and are cleared by various
mechanisms, among which are direct complement binding,
complement binding through C reactive protein, serum amy-
loid protein, and mannose binding lectin, and immunoglobu-
lin G (IgG) binding, followed by phagocytosis and subsequent
uptake by the liver.3–9 Efficient clearance prevents the
occurrence of nucleosomes in plasma.

In patients with systemic lupus erythematosus (SLE),
nucleosomes have been found in the circulation and it is well
established that they function as an autoantigenic target.10–16

Several mechanisms have been proposed that might lead to
the production of antinucleosome antibodies: bypass of toler-
ance, molecular mimicry between self antigens and bacterial
antigens, and exposure to altered antigens or neoantigens.17–20

The presence of somatic mutations and class switching
suggests that production of antinucleosome antibodies is
antigen driven and might be due to deficient clearance of
apoptotic cells from the circulation.21–28 If such cells circulate
for long enough, they will eventually become late apoptotic
and the nuclear membrane will become permeable. Intracellu-
lar and intranuclear components such as nucleosomes will be
released which, upon contact with antigen presenting cells,
can lead to formation of antinucleosome antibodies.15 29–34

We studied the leakage of nucleosomes from apoptotic Jur-
kat cells. For this purpose we developed a sandwich enzyme
linked immunosorbent assay (ELISA) with monoclonal
antinuclear antibodies for the measurement of nucleosomes,
similar to nucleosome assays described by other
groups.11 13 26 35 We found that the time between induction of

apoptosis and the presence of nucleosomes in the culture

medium is 24 hours. This implies that clearance mechanisms

in vivo have a generous time in which to remove apoptotic

material from the circulation.

METHODS
Monoclonal antinuclear antibodies
The two antinuclear monoclonal antibodies (mAbs, CLB-

ANA/58 and CLB-ANA/60) used in this study were taken from

a large panel of mAbs, obtained by fusion of spleen cells of

mice with spontaneous SLE ((NZB×W)F1) with the murine

myeloma cell line SP2/0. The primary screening method used

was an anti-dsDNA ELISA.36 Hybridomas were grown in

culture medium (Iscove modified Dulbecco’s medium

(IMDM), BioWhittaker Europe, Verviers, Belgium) supple-

mented with 2.5% fetal bovine serum (Bodinco BV, Alkmaar,

The Netherlands), 50 µM β-mercaptoethanol, penicillin (100

IU/ml), streptomycin (100 µg/ml), and recombinant inter-

leukin 6 (500 U/ml). Immunoglobulin was purified from the

culture supernatant using a protein A Sepharose column

(Pharmacia, Uppsala, Sweden) under high salt conditions (3

M NaCl, 1.5 M glycin-NaOH, pH 8.9).37 After elution with 0.1

M sodium citrate pH 5, the immunoglobulin was dialysed

against DNAse buffer (0.02 M Tris-HCl pH 7.5, 0.01 M CaCl2,

0.01 M MgCl2) and diluted to a final concentration of 0.5

mg/ml. DNAseI (Boehringer Mannheim, Mannheim, Ger-

many) was added to a final concentration of 0.5 mg/ml

followed by one hour’s incubation at 37°C. DNAseI treated

mAbs were directly applied on the second protein A column

under high salt conditions37 and eluted with 0.1 M sodium cit-

rate pH 5. Monoclonal antibodies were dialysed against phos-

phate buffered saline (PBS) and kept at –20°C until use. Both

mAbs were of the IgG2a κ subclass.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abbreviations: ELISA, enzyme linked immunosorbent assay; HRP,
horseradish peroxidase; mAb, monoclonal antibody; PAA,
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Specificity analysis of antinuclear antibodies
The Crithidia assay and HEp-2 assay were performed as

described before, using an FITC conjugated goat antibody to

mouse IgG (GM17-FITC, CLB, Amsterdam, The

Netherlands).38 39 The antihistone ELISA was performed as

described before,37 with the following modifications: as a stand-

ard we used the culture supernatant of a specific antihistone

mAb (CLB-ANA/92), which was defined as 1000 antihistone

U/ml; all incubations were performed in high performance

ELISA buffer (HPE buffer, CLB, Amsterdam, The Netherlands).

Histone immunoblotting was performed as follows: his-

tones 1, 2A, 2B, 3, and 4 (Boehringer Mannheim, Mannheim,

Germany) were run at 0.5 µg/lane on homogeneous 20%

sodium dodecyl sulphate (SDS)-polyacrylamide (PAA) gels

using the Pharmacia Phastgel system (Pharmacia, Uppsala,

Sweden). Proteins were blotted onto nitrocellulose mem-

branes (Protran, Schleicher&Schuell, Dassel, Germany) by

heating the gels with the membranes on top (pre-wetted with

PBS, pH 7.4) for 40 minutes at 70°C, followed by washing in

PBS and drying. The blots were pre-wetted in PBS-0.1%

(wt/vol) Tween 20 for 30 minutes before incubation. The mAbs

CLB-ANA/58 and CLB-ANA/60 were diluted to a final concen-

tration of 2.5 µg/ml in HPE buffer. Blots were incubated for 60

minutes, washed three times in PBS and then incubated with

10 µg/ml goat-antimouse immunoglobulin horseradish per-

oxidase (HRP) labelled antibodies (GM17-HRP, CLB, Amster-

dam, The Netherlands) for 60 minutes in HPE buffer. After

washing three times in PBS, blots were developed by incuba-

tion with 3,3′-diaminobenzidine tetrahydrochloride tablets

(DAB tablets, Kem-En-Tec, Copenhagen, Denmark) and 0.03%

hydrogen peroxide in distilled water for five minutes, followed

by rinsing in distilled water and drying on air.

To visualise marker proteins and histones, extra gels were run

simultaneously and silver stained using the Pharmacia Phast-

gelsystem Development Unit (Pharmacia, Uppsala, Sweden).

Histones
Histones were treated with DNaseI to remove any DNA

contamination. Samples were diluted in DNase buffer to a

final concentration of 0.5 mg/ml. DNaseI was added to a final

concentration of 40 µg/ml, followed by one hour’s incubation

at 37°C. The reaction was stopped by adding sodium EDTA to

a final concentration of 30 mmol/l.

Dimers of histones were made by mixing DNaseI treated

histones at a final concentration of 25 µg/ml each in PBS, fol-

lowed by 60 minutes’ incubation at 4°C. For histone-dsDNA

combinations, herring sperm dsDNA (Sigma, Zwijndrecht,

The Netherlands) was added at a final concentration of 25

µg/ml before incubation at 4°C. Dimers were coated in differ-

ent concentrations on microtitre plates using the antihistone

ELISA protocol.

DNAseI treatment of Jurkat supernatant
Supernatant samples for the specificity experiments of the

nucleosome ELISA were treated with DNAseI to degrade any

nucleosomes present. Samples were diluted in DNAse buffer,

and 40 µg/ml DNAseI was added. After one hour’s incubation

at 37°C sodium EDTA was added to a final concentration of 30

mmol/l. In negative controls sodium EDTA was added before

addition of DNAseI.

Nucleosome ELISA
All incubations were carried out at room temperature in a

volume of 100 µl/well. Plates were washed five times with PBS/

0.02% (wt/vol) Tween 20 between incubations. Microtitre plates

were coated overnight with 2 µg/ml mAb CLB-ANA/60

(antihistone 3) in 0.05 M NaHCO3 pH 9.6. Samples were diluted

in HPE buffer supplemented with 5% (vol/vol) normal mouse

serum and incubated for 60 minutes at room temperature.

Biotinylated mAb CLB-ANA/58 (0.5 µg/ml) in HPE was added

for 60 minutes at room temperature. Poly-HRP labelled strepta-

vidin (CLB, Amsterdam, The Netherlands) diluted 10 000 times

in HPE buffer was added for 20 minutes. Plates were developed

by addition of 100 µg/ml 3,3′,5,5′-tetramethylbenzidine (TMB,

Merck, Darmstadt, Germany) and 0.003% hydrogen peroxide in

0.11 M sodium acetate buffer pH 5.5 for five minutes. Develop-

ment was stopped by addition of 2 M H2SO4. Extinction was

measured at 450 nm. As a standard we used culture supernatant

of Jurkat cells (106 cells/ml), cultured for an additional week to

obtain 100% apoptotic cells. One unit is the amount of nucleo-

somes released by approximately 100 Jurkat cells. The detection

limit of the assay is 5 U/ml.

Induction of apoptosis
Apoptosis of Jurkat cells was induced by 200 µM etoposide or

5 µg/ml CD95 mAb CLB-CD95/15 (van Lopik T et al,
unpublished data). Jurkat cells were grown in culture medium

(IMDM, BioWhittaker Europe, Verviers, Belgium) supple-

mented with 5% fetal bovine serum (Bodinco BV, Alkmaar,

The Netherlands), 50 µM β-mercaptoethanol, penicillin (100

IU/ml), and streptomycin (100 µg/ml). Before addition of

etoposide, cells were washed three times in Earle’s balanced

salt solution (GibcoBRL Life Technologies, Paisley, Scotland)

to remove the fetal bovine serum. Etoposide was added to a

final concentration of 200 µmol/l in wells with 5×105 cells

(volume 200 µl) and incubated for 24 hours. Cells and super-

natant were carefully separated for flow cytometric analysis or

ELISA measurement. Supernatant was centrifuged for 15

minutes at 13 000 g to make sure all cells and membranes

were removed. Procedures for the incubation with mAb CLB-

CD95/15 are the same as those of etoposide apoptosis

induction, except this incubation is performed in the presence

of 2.5% fetal bovine serum.

Flow cytometric analysis (FACS staining)
Cells were washed three times with HEPES buffer (9.2 mM

HEPES, 0.15 M NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2 in

distilled water, pH 7.4) and incubated for 30 minutes with

FITC labelled AnnexinV (BenderMed, Vienna, Austria)

diluted 1500 times in HEPES buffer. After three washes with

HEPES buffer, cells were resuspended in HEPES buffer-0.5%

(wt/vol) bovine serum albumin (Sigma, Zwijndrecht, The

Netherlands). Propidium iodide was added to a final concen-

tration of 500 ng/ml and samples were measured immediately

(Becton-Dickinson FACScan).

RESULTS
Characterisation of mAbs CLB-ANA/58 and
CLB-ANA/60
In earlier studies, supernatants of mAbs CLB-ANA/58 and CLB-

ANA/60 were shown to be specific for histones or nucleosomes,

Figure 1 Antihistone activity of mAbs CLB-ANA/58 and
CLB-ANA/60. The mAbs were tested by ELISA against a mixture of
histones H1, H2A, H2B, H3, and H4. Units were calculated by
comparison with a standard antihistone mAb, which was defined as
1000 antihistone U/ml.

Apoptosis and release of nucleosomes 11
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or both, rather than for DNA.33 To analyse these mAbs in

greater detail, we first tested their reactivity against a mixture

of histones in the histone ELISA (fig 1). Monoclonal antibody

CLB-ANA/60 was found to react very well, while mAb

CLB-ANA/58 only generated a minor signal. Neither mAb

reacted with dsDNA in the Crithidia assay, whereas both

mAbs reacted equally well on nuclei of HEp-2 cells in an

immunofluorescence test (results not shown). Taken to-

gether, these results suggest that mAb CLB-ANA/60 is specific

for histones and mAb CLB-ANA/58 for other nuclear compo-

nents. When tested on immunoblot, mAb CLB-ANA/58 did

not react with histones, whereas mAb CLB-ANA/60 seemed

to react with histones 2A, 2B, and 3. Careful examination of

the blot, however, showed that the signal found in lanes 2 and

3 was due to contamination of the histone 2A and 2B prepa-

rations with histone 3 (fig 2A and B). For further

experiments, the contamination with histone 3 was removed

from the histone preparations using a mAb CLB-ANA/60

affinity column. Indeed mAb CLB-ANA/60 did not show any

reaction with the histone 2A and 2B preparations after this

purification (results not shown).

To test whether mAb CLB-ANA/58 was an antinucleosome

antibody, the epitope was determined in an antihistone ELISA

using different combinations of histones and DNA as coat.

Biotinylated mAb CLB-ANA/58 was applied directly to the

coat. The epitope recognised by mAb CLB-ANA/58 is a

combined epitope of histone 2A, histone 2B, and dsDNA (fig

3). No reaction was seen with histones 3 and 4 either alone or

as dimers (not shown).

Validation of nucleosome ELISA
Combination of mAbs CLB-ANA/58 and CLB-ANA/60 in a

sandwich ELISA leads to an ELISA in which complexes of

histone 2A, 2B, 3, and DNA (nucleosomes) can be measured in

culture supernatant and plasma.

To determine the specificity of the nucleosome ELISA, the

supernatant of late apoptotic Jurkat cells was used as a sam-

ple. Apoptosis was induced by incubation for 24 hours with

200 µM etoposide, which results in 100% late apoptotic cells

(confirmed by AnnexinV and propidium iodide (PI) FACS

staining, results not shown), and release of nucleosomes in

the culture supernatant. Figure 4 shows that the nucleosome

ELISA was indeed able to detect nucleosomes in this

supernatant. When the supernatant was treated with DNAseI

to degrade the nucleosomes, the signal was inhibited

completely.

Figure 2 Epitope determination of mAb CLB-ANA/60 on histone immunoblot. (A) 20% SDS-PAA gel with histones, silver staining. (B) Histone
immunoblot incubated with 2.5 µg/ml mAb CLB-ANA/60. Lane M, 100 kDa protein marker; lane 1, histone 1; lane 2, histone 2A; lane 3,
histone 2B; lane 4, histone 3; lane 5, histone 4.

Figure 3 Epitope determination of mAb CLB-ANA/58. Test of mAb
on several combinations of histones or DNA, or both.

Figure 4 Validation of the nucleosome ELISA using Jurkat cell
supernatant incubated 24 hours with 200 µM etoposide. 100% of
the cells were late apoptotic.

Figure 5 Determination of the time between apoptosis induction
and nucleosome release. Apoptosis was induced by addition of 5
µg/ml anti-Fas. Apoptosis was measured by AnnexinV (early
apoptosis) and PI (late apoptosis) FACS staining, nucleosomes were
measured by ELISA.
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Determination of time span between apoptosis
induction and nucleosome release
The time between apoptosis induction and release of

intracellular components such as nucleosomes was studied in

Jurkat cells. Apoptosis was induced by adding 5 µg/ml CD95

mAb and supernatant, and cell samples were taken after 0, 3,

6, 12, 24, 48, and 96 hours at 37°C. Apoptosis was determined

by Annexin V and PI FACS staining. After 12 hours 40% of the

cells were early apoptotic and 20% were late apoptotic (fig 5).

Nucleosome measurement in the supernatant showed that

despite the large percentage of apoptotic cells after 12 hours,

nucleosomes were only released after 24–48 hours of incuba-

tion with anti-CD95 (fig 5). The control samples without CD95

mAb showed <10% apoptotic cells after 96 hours of

incubation (not shown). Similar results were obtained when

etoposide was used to induce apoptosis.

DISCUSSION
The mAbs used to develop the nucleosome ELISA have been

described before by Kramers et al.33 CLB-ANA/58 (DNA32 in

ref 33) was found to be directed against H2A/H2B/DNA. CLB-

ANA/60 (DNA34) was shown to react with H3, H4, and DNA.

Yet our findings suggest that this mAb is specific for H3 alone.

The reactivity to H4 must have been due to contamination of

commercially available histone preparations.

When developing an ELISA for nucleosomes with mAbs

extreme caution is required when purifying these antibodies.

Monoclonal antibodies directed against nuclear antigens will

become complexed to their antigen, derived from dying cells

in hybridoma culture.37 40 Even minor contamination of

antibodies with their antigen results in an unacceptably high

background in a sandwich ELISA. We decided, based on earlier

purification experiments, to use a high concentration of

DNAseI and two high salt protein A purifications. With this

purification method no traces of nuclear components com-

plexed to antibodies were found in our preparations (not

shown).

The nucleosome ELISA with mAbs CLB-ANA/58 and

CLB-ANA/60 was used to study nucleosome release during

apoptotic cell death. After induction of apoptosis in Jurkat T

cells with anti-CD95 most of the cells became late apoptotic

within 12 hours. To our surprise it took such late apoptotic

cells another 12 hours to release nucleosomes in the superna-

tant. Extrapolation to the situation in vivo suggests that apop-

totic cells can circulate about 24 hours before nuclear material

is exposed to the immune system. Therefore, to avoid an

immune response, the body has a 24 hour period in which to

remove dying cells.

Healthy people remove apoptotic cells efficiently and those

cells will therefore not persist in the circulation for longer than

24 hours. When the clearance of apoptotic material is

defective, however, released intracellular apoptotic material

can cause immune responses and autoimmune phenomena.

Mutations in the scavenger machinery indeed lead to SLE or

SLE-like syndromes.24 41 Antinuclear antibodies and nuclear

antigens are found in the circulation of patients with

SLE.11 24 42–46

In extrapolating the results we found in our Jurkat in vitro

model to autoimmunity and especially to SLE, we suggest that

24 hours is probably sufficient for removal of apoptotic mate-

rial, even when part of the scavenger machinery is not

functional as a result of mutation. Problems will arise when

large quantities of apoptotic cells are generated; a functional

defect in the clearance mechanism will then become the lim-

iting factor. This hypothesis is supported by the fact that SLE

often exacerbates on exposure to ultraviolet light or after

infection.47 48 We are currently investigating if we can find sup-

port for our hypothesis by measuring nucleosomes and

antinuclear antibodies in longitudinal series of SLE plasma

and correlating the results with disease activity.

ACKNOWLEDGEMENTS
The work presented in this report was supported by the Dutch League
against Rheumatism grants NR 841 and NR 97-1-402.

. . . . . . . . . . . . . . . . . . . . .
Authors’ affiliations
A E M van Nieuwenhuijze, T van Lopik, R J T Smeenk, L A Aarden,
Department of Immunopathology, Sanquin Research at CLB and
Laboratory of Experimental and Clinical Immunology, University of
Amsterdam, Amsterdam, The Netherlands

REFERENCES
1 Oliveri M, Daga A, Cantoni C, Lunardi C, Millo R, Puccetti A. DNase I

mediates internucleosomal DNA degradation in human cells undergoing
drug-induced apoptosis. Eur J Immunol 2001;31:743–51.

2 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.

3 Platt N, da Silva RP, Gordon S. Recognizing death: the phagocytosis of
apoptotic cells. Trends Cell Biol 1998;8:365–72.

4 Manfredi AA, Rovere P, Galati G, Heltai S, Bozzolo E, Soldini L. et al.
Apoptotic cell clearance in systemic lupus erythematosus. I. Opsonization
by antiphospholipid antibodies. Arthritis Rheum 1998;41:205–14.

5 Manfredi AA, Rovere P, Heltai S, Galati G, Nebbia G, Tincani A, et al.
Apoptotic cell clearance in systemic lupus erythematosus. II. Role of
beta2-glycoprotein I. Arthritis Rheum 1998;41:215–23.

6 Du Clos TW. The interaction of C-reactive protein and serum amyloid P
component with nuclear antigens. Mol Biol Rep 1996;23(3–4):253–260.

7 Hicks PS, Saunero-Nava L, Du Clos TW, Mold C. Serum amyloid P
component binds to histones and activates the classical complement
pathway. J Immunol 1992;149:3689–94.

8 Mevorach D, Mascarenhas JO, Gershov D, Elkon KB.
Complement-dependent clearance of apoptotic cells by human
macrophages. J Exp Med 1998;188:2313–20.

9 Ogden CA, de Cathelineau A, Hoffmann PR, Bratton D, Ghebrehiwet B,
Fadok VA et al. C1q and mannose binding lectin engagement of cell
surface calreticulin and CD91 initiates macropinocytosis and uptake of
apoptotic cells. J Exp Med 2001;194:781–95.

10 Bruns A, Blass 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.

11 Amoura Z, Piette JC, Chabre H, Cacoub P, Papo T, Wechsler B, et al.
Circulating plasma levels of nucleosomes in patients with systemic lupus
erythematosus: correlation with serum antinucleosome antibody titers and
absence of clear association with disease activity. Arthritis Rheum
1997;40:2217–25.

12 Holdenrieder S, Stieber P, Bodenmuller H, Busch M, Von Pawel J,
Schalhorn A, et al. Circulating nucleosomes in serum. Ann N Y Acad Sci
2001;945:93–102.

13 Williams RCJ, Malone CC, Meyers C, Decker P, Muller S. Detection of
nucleosome particles in serum and plasma from patients with systemic
lupus erythematosus using monoclonal antibody 4H7. J Rheumatol
2001,28:81–94.

14 Amoura Z, Koutouzov S, Piette JC. The role of nucleosomes in lupus.
Curr Opin Rheumatol 2000;12):369–73.

15 Berden JH, Licht R, van Bruggen MC, Tax WJ. Role of nucleosomes for
induction and glomerular binding of autoantibodies in lupus nephritis.
Curr Opin Nephrol Hypertens 1999;8:299–306.

16 Ravirajan CT, Rowse L, MacGowan JR, Isenberg DA. An analysis of
clinical disease activity and nephritis-associated serum autoantibody
profiles in patients with systemic lupus erythematosus: a cross-sectional
study. Rheumatology (Oxford ) 2001;40:1405–12.

17 Utz PJ, Hottelet M, Schur PH, Anderson P. Proteins phosphorylated
during stress-induced apoptosis are common targets for autoantibody
production in patients with systemic lupus erythematosus. J Exp Med
1997;185:843–54.

18 Utz PJ, Anderson P. Posttranslational protein modifications, apoptosis,
and the bypass of tolerance to autoantigens. Arthritis Rheum
1998;41:1152–60.

19 Casciola-Rosen L, Rosen A. Ultraviolet light-induced keratinocyte
apoptosis: a potential mechanism for the induction of skin lesions and
autoantibody production in LE. Lupus 1997;6:175–80.

20 Kowal C, Weinstein A, Diamond B. Molecular mimicry between
bacterial and self antigen in a patient with systemic lupus erythematosus.
Eur J Immunol 1999;29:1901–11.

21 Brard F, Shannon M, Prak EL, Litwin S, Weigert M. Somatic mutation
and light chain rearrangement generate autoimmunity in
anti-single-stranded DNA transgenic MRL/lpr mice. J Exp Med
1999;190:691–704.

22 Manheimer-Lory AJ, Zandman-Goddard G, Davidson A, Aranow C,
Diamond B. Lupus-specific antibodies reveal an altered pattern of somatic
mutation. J Clin Invest 1997;100:2538–46.

23 Amoura Z, Piette JC, Bach JF, Koutouzov S. The key role of nucleosomes
in lupus. Arthritis Rheum 1999;42:833–43.

24 Maekawa Y, Yasutomo K. Defective clearance of nucleosomes and
systemic lupus erythematosus. Trends Immunol 2001;22:662–3.

25 Welch TR, Brickman C, Bishof N, Maringhini S, Rutkowski M, Frenzke
M, et al. The phenotype of SLE associated with complete deficiency of
complement isotype C4A. J Clin Immunol 1998;18:48–51.

Apoptosis and release of nucleosomes 13

www.annrheumdis.com

 on 18 October 2006 ard.bmjjournals.comDownloaded from 

http://ard.bmjjournals.com


26 Holdenrieder S, Stieber P, Bodenmuller H, Fertig G, Furst H, Schmeller
N, et al. Nucleosomes in serum as a marker for cell death. Clin Chem
Lab Med 2001;39:596–605.

27 Yasutomo K, Horiuchi T, Kagami S, Tsukamoto H, Hashimura C,
Urushihara M, et al. Mutation of DNASE1 in people with systemic lupus
erythematosus. Nat Genet 2001;28:313–14.

28 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.

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

30 Amoura Z, Chabre H, Bach JF, Jacob L. The appearance of
antinucleosome antibodies precedes that of anti- double-stranded DNA
and anti-histones in murine lupus. Rev Med Interne 1993;14:980.

31 Jacob L, Viard JP. Anti-DNA antibodies and their relationships with
anti-histone and anti- nucleosome specificities. Eur J Med
1992;1:425–31.

32 van Bruggen MC, Kramers C, Walgreen B, Elema JD, Kallenberg CG,
van den Born J, et al. Nucleosomes and histones are present in
glomerular deposits in human lupus nephritis. Nephrol Dial Transplant
1997;12:57–66.

33 Kramers K, Stemmer C, Monestier M, van Bruggen MC, Rijke-Schilder
TP, Hylkema MN, et al. Specificity of monoclonal anti-nucleosome
auto-antibodies derived from lupus mice. J Autoimmun 1996;9:723–9.

34 van Bruggen MC, Kramers C, Berden JH. Autoimmunity against
nucleosomes and lupus nephritis. Ann Med Interne (Paris )
1996;147:485–9.

35 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.

36 Smeenk RJT, Brinkman K, Van den Brink HG, Westgeest AAA. Reaction
patterns of monoclonal antibodies to DNA. J Immunol 1988;140:3786–
92.

37 Kramers C, Hylkema MN, van Bruggen MC, Van de Lagemaat R,
Dijkman HB, Assmann KJ, et al. Anti-nucleosome antibodies complexed to
nucleosomal antigens show anti-DNA reactivity and bind to rat
glomerular basement membrane in vivo. J Clin Invest 1994;94:568–77.

38 Aarden LA, Smeenk RJ. Measurements of antibodies specific for DNA.
In: Levkovits I, editor. Immunological methods. New York: Academic
Press, 1981:75–82.

39 Brinkman K, Termaat R, Van den Brink H, Berden J, Smeenk R. The
specificity of the anti-dsDNA ELISA. A closer look. J Immunol Methods
1991;139:91–100.

40 Brinkman K, Termaat RM, de Jong J, Van den Brink HG, Berden JH,
Smeenk RJ. Cross-reactive binding patterns of monoclonal antibodies to
DNA are often caused by DNA/anti-DNA immune complexes. Res
Immunol 1989;140:595–612.

41 Arnett FC, Reveille JD. Genetics of systemic lupus erythematosus. Rheum
Dis Clin North Am 1992;18:865–92.

42 Korb LC, Ahearn JM. C1q binds directly and specifically to surface blebs
of apoptotic human keratinocytes - complement deficiency and systemic
lupus erythematosus revisited. J Immunol 1997;158:4525–8.

43 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 SLE. Arthritis Rheum 1998;41:1241–50.

44 Pablos JL, Gomez-Reino JJ. Defective phagocytosis in systemic lupus
erythematosus [editorial]. Eur J Clin Invest 1998;28:864–5.

45 Kalden JR. Defective phagocytosis of apoptotic cells: possible
explanation for the induction of autoantibodies in SLE. Lupus
1997;6:326–7.

46 Perniok A, Wedekind F, Herrmann M, Specker C, Schneider M. High
levels of circulating early apoptic peripheral blood mononuclear cells in
systemic lupus erythematosus [see comments]. Lupus 1998;7:113–18.

47 Golan TD, Foltyn V, Roueff A. Increased susceptibility to in vitro
ultraviolet B radiation in fibroblasts and lymphocytes cultured from
systemic lupus erythematosus patients. Clin Immunol Immunopathol
1991;58:289–304.

48 Cohen MR, Isenberg DA. Ultraviolet irradiation in systemic lupus
erythematosus: friend or foe? Br J Rheumatol 1996;35:1002–7.

14 van Nieuwenhuijze, van Lopik, Smeenk, et al

www.annrheumdis.com

 on 18 October 2006 ard.bmjjournals.comDownloaded from 

http://ard.bmjjournals.com

