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Abstract

To gain insight into the mechanisms of autoantibody induc-
tion, sera from 40 patients with systemic lupus erythemato-
sus (SLE) were tested by ELISAs for antibody binding to
denatured individual histones, native histone-histone com-
plexes, histone-DNA subnucleosome complexes, three
forms of chromatin, and DNA. Whole chromatin was the
most reactive substrate, with 88% of the patients positive.
By chi-square analysis, only the presence of anti-(H2A-
H2B), anti-[(H2A-H2B) -DNA], and antichromatin were
correlated with kidney disease measured by proteinuria
> 0.5 g/d. SLE patients could be divided into two groups
based on their antibody-binding pattern to the above sub-
strates. Antibodies from about half of the patients reacted
with chromatin and the (H2A-H2B) -DNA subnucleosome
complex but displayed very low or no reactivity with native
DNAor the (H3-H4)2-DNA subnucleosome complex. An
additional third of the patients had antibody reactivity to
chromatin, as well as to both subnucleosome structures and
DNA. Strikingly, all sera that bound to any of the compo-
nents of chromatin also bound to whole chromatin, and
adsorption with chromatin removed 85-100% of reactivity
to (H2A-H2B)-DNA, (H3-H4)2-DNA, and native DNA.
Individual sera often bound to several different epitopes on
chromatin, with some epitopes requiring quaternary pro-
tein-DNA interactions. These results are consistent with
chromatin being a potent immunogenic stimulus in SLE.
Taken together with previous studies, we suggest that anti-
body activity to the (H2A-H2B) -DNA component signals
the initial breakdown of immune tolerance whereas re-
sponses to (H3-H4)2-DNA and native DNAreflect subse-
quent global loss of tolerance to chromatin. (J. Clin. Invest.
1994. 94:184-192.) Key words: lupus erythematosus, sys-
temic * autoantibodies * histones, immunology * enzyme-
linked-immunosorbent assay

Introduction

Patients with systemic lupus erythematosus (SLE) have a di-
verse array of antinuclear autoantibodies ( 1, 2). The most com-
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mon of these react with histones (3-7), native DNA(nDNA),'
denatured DNA(dDNA) (8-10), Smantigen, and ribonucleo-
protein particles (11, 12).

The origin of these autoantibodies is enigmatic. Previous
studies hypothesized that autoimmunization with the self anti-
gen is the induction mechanism for certain autoantibodies be-
cause it can account for their reactivity with multiple epitopes
on native forms of the antigen (2, 12) and their stronger binding
to self antigen than to antigens from animals further removed
on the evolutionary tree ( 13 ). Productive somatic mutations in
the genes encoding their hypervariable regions of Ig also indi-
cate selection by antigen (14, 15). However, conventional im-
munization with autoantigens generally fails to yield an immune
response to the native immunogen (16). This is particularly
true for histones (17) and nDNA(18). Thus other hypotheses,
such as molecular mimicry ( 19), cross-reaction with a bacterial
antigen (20), polyclonal activation (21), and breakdown of an
idiotypic network (22) have also been proposed.

To gain insight into the genesis of autoantibodies, we ana-
lyzed the epitopes on chromatin recognized by antibodies from
patients with SLE. This is an attractive model system because
indirect evidence from experiments with the LE cell assay (23,
24), soluble deoxyribonucleoprotein (25), and histone-DNA
reconstitution (3, 26) suggested that antibodies to chromatin,
as well as to histones and DNA, are common in patients with
SLE. Additionally, the antigenic regions of chromatin can be
finely mapped because the structure (27, 28) and biochemical
properties (29, 30) of chromatin and its components are well
known and can be readily isolated. Chromatin would be a candi-
date for a principal autoimmunogen in SLE if it has the epitope
diversity to bind autoantibodies to histones and nDNA, as well
as antibodies reacting with structures produced by histone-
DNAquaternary interactions.

For this study, all known forms of histones and histone-
DNA complexes were compared for antigenicity using pre-
viously described ELISAs (31). The antigens included (a) de-
natured individual histones H2A, H2B, H3, H4, and HI; (b)
native histone-histone complexes of the H2A-H2B dimer and
(H3-H4)2 tetramer; and (c) subnucleosome complexes of Hi-
DNA, (H2A-H2B)-DNA and (H3-H4)2-DNA. Three forms
of chromatin also were used: whole (unextracted) chromatin;
HI-stripped chromatin in which HI and most nonhistone pro-
teins were removed by extraction with 0.5 MNaCl (32); and
trypsinized HI-stripped chromatin in which - 15% of the NH2-
terminal regions of all core histones and some COOH-terminal
amino acids of H2A and H3 were removed by enzymatic diges-
tion (33). We found that sera from SLE patients recognized

1. Abbreviations used in this paper: dDNA, denatured DNA; dimer-
DNA, (H2A-H2B)-DNA complex; nDNA, native DNA; tetramer-
DNA, (H3-H4)2 tetramer-DNA complex.
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many epitopes on chromatin, some of which required quaternary
structures for expression of antigenicity. Anti-DNA antibodies
were a subset of this wide spectrum of antichromatin autoanti-
bodies. Along with previous observations on the kinetics of
appearance of antichromatin antibodies of similar specificity in
murine lupus, the present results suggest that autoimmunization
with chromatin accompanied by sequential loss of tolerance
to certain of its numerous epitopes underlies this autoimmune
response.

Methods

Patients. The sera of 40 patients from the lupus clinic of Tan Tock
Seng Hospital, Singapore, who met the revised criteria of the American
College of Rheumatology for SLE (34) were studied. All had active
lupus when their blood was drawn. 24 patients had central nervous
system (CNS) involvement and had been treated for various lengths of
time. The other 16 patients were only recently diagnosed and were
untreated. The occurrences of the 10 recorded symptoms were as fol-
lows: 17 of 40 with malar rash, 1 of 40 with discoid rash, 16 of 40 with
alopecia, 13 of 40 with photosensitivity, 8 of 40 with oral ulcers, 25 of
40 with arthritis, 21 of 40 with proteinuria > 0.5 g/d, 28 of 40 with
neurological abnormalities, 23 of 40 with hematologic abnormalities,
and 9 of 40 with serositis. A detailed analysis of nonchromatin-binding
autoantibodies from some of the patients with CNS involvement has
been reported previously (35). The ethnic makeup of this group was
31 Chinese, 6 Malaysian, 2 Indian, and 1 Euroasian.

Another group of 37 patients with established SLE was subjected
to a more limited study. Sera were collected in the offices of private
rheumatologists in Seattle, Washington and from the arthritis clinics of
the University of Washington Affiliated Hospitals and the Seattle Veter-
ans Affairs Medical Center. Many of these patients were on a variety
of medications including corticosteroids in various doses. All patients
fulfilled at least four criteria for SLE (34). Half of the patients (18/37)
had hematologic manifestations, but only two patients had neurological
disease. The ethnic makeup of this group was 21 white, 5 black, 2
Hispanic, 1 Japanese, 1 Laotian, and 7 unrecorded.

Antigens. Procedures for isolating chromatin and histones and recon-
stituting histone-DNA subnucleosome complexes have been described
in detail (31). Briefly, nuclei were isolated from calf thymus (Pel Freeze
Biologicals, Rogers, AR), and HI and histone-histone complexes were
prepared by salt extraction of nuclei at neutral pH followed by column
chromatography on CM-52 cellulose (Whatman, Maidstone, England)
(29). Histone-DNA subnucleosome complexes were reconstituted by
high to low salt dialysis (36). Individual histones were prepared from
the appropriate histone-histone complex using P60 (Bio-Rad Labora-
tories, Inc., Richmond, CA) column chromatography (37). Whole chro-
matin, Hl-stripped chromatin, and trypsinized chromatin were prepared
as described (32, 33), and the quality of the preparations was the same
as reported previously (31, 38). Native calf thymus DNA(Calbiochem
Corp., La Jolla, CA) was further purified by digestion with proteinase
K, extraction with phenol, and digestion with SI nuclease. dDNAwas
prepared by placing nDNA in a boiling water bath for 15 min and
cooling on ice. Tetanus toxoid USP (Connaught Laboratories Inc.,
Swiftwater, PA) was diluted 1:50 in PBS before use in ELISA.

ELISA. The ELISAs were performed as described (31) with the
modification that polystyrene plates were precoated with methylated
BSA for the dDNA as well as nDNA assays. Briefly, most substrates
(see reference 38 for exceptions) were dissolved in PBS at 2.5 t.g/ml,
and 200 ,u of each solution was added to an microtiter plate (Immulon
2; Dynatech Laboratories, Inc., Chantilly, VA), incubated overnight,
and blocked for 2 h with 0.1% gelatin in PBS. Samples diluted 1:400
in serum diluent (0.1% gelatin, 0.1% BSA, 0.075% bovine gamma
globulin, 0.05% Tween-20 in PBS) were reacted in duplicate for 2 h,
washed with PBS-0.05% Tween, and detected with horseradish peroxi-
dase-conjugated goat anti-human IgM or IgG (Caltag Laboratories,
South San Francisco, CA). The anti-IgM and anti-IgG conjugates were

diluted so that they produced similar ODon ELISA plates coated with
purified IgM or IgG, respectively. The ODof the samples was read on
a spectrophotometer (MR600; Dynatech Laboratories, Inc.) at 60 min
after addition of the colorimetric reagent and, if this reading was greater
than the sensitivity of the spectrophotometer (2.0 OD), the final OD
was calculated by extrapolation from an earlier reading. Extrapolation
was linear to at least 13 OD, thereby expanding the dynamic range of
the assay as previously described (31 ). The reactivity with each antigen
of 15 laboratory and clerical personnel was determined, and this average
ODplus 2 SDwas subtracted from the reactivity of each patient's serum
on that antigen, yielding "OD above normal." The correction for normal
serum binding on different antigens varied from 0.03-0.15 ODfor IgG
and 0.04-0.43 ODfor IgM.

Solid phase antibody adsorption. Diluted sera were incubated four
times for 1 h each in multiple wells of an ELISA plate coated with
either nDNAor whole chromatin. Controls consisted of the sera simi-
larly adsorbed in gelatin-coated wells.

Blocking of murine antibodies. A human serum at 1:300 dilution
was preincubated for 2 h with chromatin bound to the ELISA plate.
Subsequently, the same human serum at 1:30 dilution was coincubated
with a serum from an MRL/lpr or BXSBautoimmune mouse (39), or
a control monoclonal antihistone (40) or anti-nDNA (41) antibody.
Mouse antibody was detected with horseradish peroxidase-conjugated
goat anti-mouse Ig that had been preadsorbed with human Ig (Caltag
Laboratories).

Statistics. For each patient, the correlation coefficient was calculated
relating the amount of each autoantibody to all other autoantibodies,
and the results averaged among all patients for each comparison. The
correlation between the presence of an IgG antibody and a symptom
was determined by chi-square analysis with Yates correction. Other
analyses were performed by two-tailed t test.

Results

Comparison of individuals with and without IgG anti-nDNA
autoantibodies. The profiles of IgG binding of the 40 sera in
the predominantly Chinese SLE patients on the 15 substrates
suggested four groups: 14 patients showed strong (> 0.5 OD
above normal) binding to chromatin and nDNA; 14 displayed
strong binding to chromatin but low or none to nDNA; 7 patients
showed low binding to chromatin and a few other substrates;
the remaining 5 sera were not above normal on any substrate.
There were no significant differences by two-tailed t test in
antibody binding to any of the substrates between the patients
treated with prednisone and the newly diagnosed, untreated pa-
tients.

The IgG binding pattern for the 11 sera reacting most
strongly with nDNA is shown in Fig. 1 A. Reactivity to whole
chromatin, HI-stripped chromatin, and (H2A-H2B) -DNA
predominated, but all other DNA-containing substrates also
were bound strongly. The majority of these sera bound to the
individual histones Hi, H2A, and H2B and relatively less with
H3 and H4. Four of these 11 sera showed a large increase in
binding to the H2A-H2B dimer complex compared with H2A
or H2B, whereas only one serum demonstrated a small increase
for (H3-H4)2 compared to H3 and H4. All but one serum
bound more strongly to nDNAthan to dDNA. The hierarchy
of binding to these substrates was similar for all individuals
whether they had a high or low titer of antichromatin autoanti-
bodies, yielding a pattern in which very few of the lines crossed
(Fig. 1 A).

The binding pattern of the 11 sera with the highest IgG
reactivity to chromatin but no or very low reactivity to nDNAis
displayed in Fig. 1 B. The overall antichromatin and antihistone
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Figure 1. IgG autoantibodies to components of chromatin in SLE. The
data points connected by a line are the activities (OD) of a serum on
the indicated substrates after correcting for normal serum binding. (A)
IgG activity in patients with IgG anti-nDNA antibodies. (B) IgG activity
in patients without IgG anti-nDNA antibodies. The two figures are drawn
to the same scale. The abbreviations for the substrates are DIM, H2A-
H2B dimer; DIM-D, (H2A-H2B) -DNA subnucleosome complex;
TET, (H3-H4)2 tetramer; TET-D, (H3-H4)2-DNA complex; CHR,
whole, unextracted chromatin; STR, HI-stripped chromatin; TRY, tryp-
sinized HI-stripped chromatin. Previous studies demonstrated the valid-
ity of comparing antibody activities on different immobilized antigens
based on analysis of the amount of antigen on the solid phase (31 ), the
capacity of soluble antigen to absorb antibody to the same solid-phase
antigen (38), different antibody binding patterns with different patient
groups (38, 54), the uniform reactivity of monoclonal antibodies with
different forms of the same antigen (39), and the same binding specific-
ities of antibody Fab fragments (55).

binding was lower for this group than the previous one, although
there were a few strong reactors. In these sera, reactivity to
dimer-DNA and the three forms of chromatin predominated,
whereas binding to HI-DNA was low and reactivity to tetra-
mer-DNA* (and of course nDNA) virtually was absent. Four
of II sera showed increased binding to the H2A-H2B dimer
compared with H2A or H2B, although not as dramatic a change
as the sera in Fig. 1 A. Four displayed a substantial increase
and five displayed a modest increase in binding to dimer-DNA
compared with the H2A-H2B dimer. The increase in binding
between dimer and dimer-DNA can not be due to anti-nDNA
antibodies because these sera did not display binding to nDNA
(Fig. 1 B). None of these sera showed an increase to (H3 -

HI H2A DIM H3 TTT RTRTRY; DNA
Hi-DNA H2B DIM-D H4 TET-D STR dDNA

ELISA SUBSTRATES

2 7f

2 L.

-ouw_I.w|a., _. ., ". "i

Hi H2A DIM H3TET CHR TRY nDNA
Hi-DNA H2B DIM-D H4 TET-D STR dDNA

ELISA SUBSTRATES

Figure 2. IgM autoantibodies to components of chromatin in SLE. The
data points connected by a line are the activities (OD) of a serum on
the indicated substrates after correcting for normal serum binding. (A)
IgM activities in the patients from Fig. 1 A. (B) IgM activities in the
patients from Fig. 1 B. Each patient is represented by the same symbol
in Figs. 1 and 2 A, and in Figs. 1 and 2 B. The two figures are drawn
to a different scale than Fig. 1. The abbreviations for the substrates are
given in the legend to Fig. 1.

H4)2 or (H3-H4)2-DNA relative to the components of these
complexes. All the sera in this group displayed the highest
binding to whole chromatin. Many of these sera also bound to
dDNA. Except for the four sera that bound Hi, reactivity with
individual histones was low or absent, particularly with H3
and H4.

IgM reactivities of the sera shown in Fig. 1 A are shown in
Fig. 2 A. Only a portion of their IgM was similar to their IgG
reactivities. All 11 sera bound to whole chromatin and 10 bound
to dimer-DNA. In contrast to their IgG, only five sera contained
IgM that bound to nDNAor tetramer-DNA, reactivity to indi-
vidual histones was relatively high compared with reactivity
to chromatin, and one serum bound individual histones more
strongly than histone-DNA complexes (Fig. 2 A).

IgM binding in the group of sera without IgG anti-nDNA
antibodies also showed predominant reactivity to chromatin
(Fig. 2 B). This group had less IgM antibodies than the group
with IgG anti-nDNA, and four of the 11 sera were negative on
all 15 substrates. There also was less IgM than IgG binding,
since many sera displayed reactivity only to whole chromatin
(compare Fig. 2 B with Fig. 1 B). If IgG reactivity was lacking
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Table I. Amount and Prevalence of IgG and IgM Reactivity
of SLE Sera on Chromatin and its Components

IgG IgM

Mean Mean
Substrate OD±SD* Prevalencet OD±SD* Prevalence$

Hi 1.2±1.9 60 0.4±0.8 35
Hi-DNA 2.6±4.3 68 0.5±1.0 42
H2A 0.7±1.2 55 0.4±0.8 52
H2B 1.0±1.6 55 0.4±0.9 30
H2A-H2B dimer 1.5±2.4 68 0.6±1.0 48
(H2A-H2B)-DNA 4.1±6.0 70 0.8±1.6 48
H3 0.3±0.6 35 0.1±0.4 22
H4 0.4±0.7 38 0.2±0.5 40
(H3-H4)2-tetramer 0.3±0.5 45 0.2±0.5 35
(H3-H4)2-DNA 1.4±3.0 35 0.2±0.5 20
Whole chromatin 5.8±6.8 88 1.2±1.8 68
HI-stripped chromatin 4.9±6.9 78 0.8±1.5 50
Trypsinized chromatin 3.3±5.6 60 0.5±1.2 35
dDNA 1.7±1.6 82 0.4±0.5 65
nDNA 2.5±4.9 55 0.2±0.6 35

* The average ODof 40 SLE sera after correcting for normal serum
binding as described in Methods. * The percentage of patients with
reactivity > mean + 2 SD of 15 normal subjects.

in a serum, so was the corresponding IgM reactivity, except for
anti-dDNA.

Average lgG and IgM binding to chromatin and its compo-
nents. As seen in Table I, the average ODof IgG reactivity was
highest for whole chromatin (5.8 OD), followed by HI-stripped
chromatin, the (H2A-H2B) -DNA complex, and trypsinized
chromatin (4.9-3.3 OD). The next highest level of reactivity
was seen in the other DNA-containing substrates such as the
subnucleosome structures HI-DNA and (H3-H4)2-DNA, as
well as nDNA and dDNA (2.6-1.4 OD). Interestingly, the
H2A-H2B dimer (1.5 OD) had comparable average ODand
displayed the highest reactivity of the DNA-free substrates. The
(H3-H4)2 tetramer and the denatured individual histones H3
and H4 (0.3-0.4 OD) showed the lowest reactivity. The ranking
of the substrates by percent of patients showing > 2 SD above
normal was generally the same as the ranking of average OD;
that is, chromatin (88% positive), HI-stripped chromatin
(78%), and (H2A-H2B)-DNA (70%) displayed the highest
percent positive, and individual histones displayed the lowest.
The only exception was anti-dDNA, in which 82% of the pa-
tients were positive, although their average reactivity was rela-
tively modest.

For IgM autoantibodies, binding to chromatin (68% posi-
tive) still dominated, but the percentage of patients with reactiv-
ity to the DNA-free histones (22-52%) was equal to or higher
than the percent binding to the subnucleosome structures and
nDNA(35-48%) (Table I). The percentage of patients positive
for an IgM reactivity was less than that for the corresponding
IgG reactivity, except for H4. The ranking of average IgM OD
on these substrates was very similar to their ranking by average
IgG OD. That is, whole chromatin (1.2 OD), Hi-stripped chro-
matin (0.8 OD), and (H2A-H2B)-DNA (0.8 OD) were most
reactive, whereas H4 (0.2 OD) and H3 (0.1 OD) were least

reactive. There were two differences between IgG and IgM
reactivities. The IgM binding to nDNAwas relatively low (0.2
OD), and IgM binding to the individual histones tended to be
one half the level displayed by the corresponding IgG antibod-
ies, whereas IgM reactivity to native structures was only one
fifth or less that of the IgG.

Statistical relationships between antibody reactivities. By
visual examination of the data, IgG binding to nDNAand (H3-
H4)2-DNA seem related, as does IgG binding to dimer-DNA
and chromatin (Figs. 1 A and B). Wetherefore compared anti-
body activities by linear regression analysis in all combinations
of IgG substrates, IgM substrates, and IgG versus IgM. As
expected, IgG binding to dimer-DNA was highly correlated to
IgG binding to the three forms of chromatin (r = 0.94-0.97);
less to dimer, tetramer-DNA, and nDNA (r = 0.78-0.83);
and less again with H2B and H2A (r = 0.64 and 0.69). IgG
nDNAshowed very strong correlations with both IgG tetramer-
DNA(r = 0.96) and IgG HI-DNA (r = 0.91). When anti-
nDNA was compared with reactivity with the three forms of
chromatin, there was progressively less correlation with the
more native forms (r = 0.92 with trypsinized chromatin, r
= 0.88 with HI-stripped chromatin, and r = 0.76 with whole
chromatin).

For the four core histones (i.e., H2A, H2B, H3, and H4),
the r value was > 0.7 when reactivity to any of the core histones
was compared with any other core histone. In contrast, HI stood
out from the core histones by displaying a correlation coefficient
< 0.7 when tested with all other antigens except the (H3-H4)2
tetramer. For the intra-IgG comparisons, no other correlations
were > 0.7. The intra-IgM comparisons were essentially the
same as the intra-IgG comparisons described above. Wheninter-
IgG/IgM comparisons were made, only anti-Hi (r = 0.85) and
anti-(H3-H4)2-DNA (r = 0.80) showed correlations > 0.7.
These statistical analyses confirm the significance (or lack of
significance) of the relationships among this set of antigens that
were apparent by visual examination of the data.

The correlation between anti-(dimer-DNA) and antichro-
matin was not a reflection of higher overall autoantibody levels
in sera with elevated anti-(dimer-DNA) because these speci-
ficities showed no or only weak correlations with antibodies to
individual histones. Additionally, we tested all sera for IgG
antibodies to tetanus toxoid. The SLE sera had a mean±SD
antitetanus activity of 1.47±1.86 OD(range 0.01-5.96 OD).
Correlation coefficients between antitetanus and anti-(dimer-
DNA) or antichromatin were 0.20 and 0.17, respectively. Thus,
the highly correlated autoantibody specificities were not due to
a generally elevated immune status or hypergammaglobuli-
nemia in patients with antichromatin antibodies.

Correlations between autoantibodies and symptoms. Almost
all comparisons between a patient's IgG autoantibodies and
disease symptoms were negative using chi-square analysis with
Yate's correction for all 15 antigens and the 10 symptoms listed
in Methods. The highest correlation was found between anti-
(H2A-H2B) and proteinuria (X2 = 10.6, P < 0.01). Anti-
HI-stripped chromatin, anti-whole chromatin and anti- [(H2A-
H2B) -DNA] were also significantly correlated with protein-
uria (X2 = 8.0, 6.3, and 5.2 respectively, with P < 0.05). The
correlation of proteinuria with anti-nDNA was elevated, but not
significantly (X2 = 2.4, P > 0.1). Because a number of related
antigens all displayed a strong correlation with proteinuria, and
because anti-nDNA has been previously noted in SLE patients
with renal disease, these statistical results seem reliable. How-
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ever, because a large number of comparisons were made, the
few other correlations reaching P < 0.05 may have occurred
by chance alone and therefore may not be found for other patient
populations. These were anti-H2B and alopecia, anti-Hl-
stripped chromatin with neurologic symptoms, and anti-(Hl-
DNA), H2A-H2B, and nDNAwith oral ulcers.

Contribution of nDNA antibodies to the reactivity of his-
tone-DNA complexes. Strong IgG binding to (H2A-H2B)-
DNAand/or chromatin with no or low reactivity to nDNAand
(H3-H4)2-DNA was observed in more than one third of the
sera (Fig. 1 B). However, sera containing IgG binding to nDNA
reacted to (H3-H4)2-DNA and Hi-DNA, as well as (H2A-
H2B) -DNA and chromatin (Fig. 1 A). These relationships
were confirmed by linear regression analysis (see above). To
determine if reactivities to (H3-H4)2-DNA and H1-DNA
complexes solely were due to anti-nDNA antibodies binding to
the DNAcomponent of these antigens or if there were also
antibodies specific for the protein-DNA complex, the 10 sera
with the highest nDNA antibodies shown in Fig. 1 A were
adsorbed with nDNA and tested on all DNA-containing sub-
strates. After adsorption with nDNA, an average of only 12%
of nDNAreactivity remained in the sera (Fig. 3 A). However,
an average of 46% of anti-(Hi-DNA) and 57% of anti-(di-
mer-DNA) still remained. Only 36% of anti-(tetramer-DNA)
was left, but 78% of the anti-whole chromatin activity still
remained. Thus anti-nDNA antibodies did not account for most
of the antichromatin and anti-(dimer-DNA) activities, as well
as a substantial portion of the antibody activity against the
(H3-H4)2-DNA and HI-DNA subnucleosome structures. In
contrast, after adsorption with chromatin, only 4% to 13% of
original activity remained for all substrates except Hi -DNA,
which still had an average of 38% activity remaining (Fig. 3
B). Similar results were obtained for all substrates when the
adsorption was repeated. Thus, unlike nDNA, whole chromatin
contains virtually all the antigenic activity recognized by anti-
bodies to all chromatin substructures except H1-DNA.

Autoantibodies to chromatin and histones in American SLE
patients. To determine whether the high prevalence of chroma-
tin-reactive antibodies in this predominantly Chinese sample
generalized to SLE patients of other racial demographics, we
tested 37 American SLE patients with well-established disease
for reactivity to various antigens. After correcting for normal
serum binding, the percentage of patients with reactivity to the
individual histones HI and H2B was 24% and 41%, respec-
tively. Anti-dimer-DNA and anti-whole chromatin were de-
tected in 59% and 70% of the patients, respectively. Only one
serum had anti-DNA and even the average antichromatin activ-
ity was relatively moderate (0.79±1.15 OD), probably because
of the therapeutic intervention most of these patients received.
Nevertheless, the predominance of anti-dimer-DNA/chromatin
antibodies in this sample of American patients was similar to
the serologic features of the patients obtained from Singapore.

Comparison of murine and human autoantibodies. In the
MRL/lpr and BXSB strains of autoimmune mice, the pattern
of chromatin-binding antibodies appears to be similar to that
found in the SLE patients reported here. Specifically, antichro-
matin and anti- [(H2A-H2B) -DNA] reactivity predominated,
with or without concomitant anti-nDNA activity; binding to
individual histones was relatively low; and reactivity with
nDNA and (H3-H4)2-DNA were linked (39). In addition,
patients with procainamide-induced lupus have antibodies that
are primarily directed against the H2A-H2B dimer (42), the
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Figure 3. Solid-phase adsorption with chromatin or nDNA. Ten of the
sera from Fig. 1 A were adsorbed with nDNA(A) or whole chromatin
(B) and the remaining IgG binding on seven DNA-containing substrates
was determined. The patients are represented by the same symbols that
identified them in Fig. 1 A. The abbreviations for the substrates are
given in the legend to Fig. 1.

(H2A-H2B) -DNA subnucleosome, and chromatin, with no or
much lower reactivity against other subnucleosome structures,
nDNA, or individual histones (38). To compare the antibody
specificities in these groups, serum from a typical SLE patient
with anti-nDNA specificity and from a procainamide-induced
lupus patient were tested for their ability to block murine anti-
chromatin autoantibodies. The procainamide-induced lupus se-
rum could block murine sera that did not have anti-nDNA an
average of 94%, but sera with anti-nDNA activity only 62%
(Table II). The SLE serum with anti-nDNA blocked 98% and
82% of the reactivity from the two sets of mouse sera, respec-
tively. The inability of the procainamide-induced lupus serum
to block the binding of monoclonal antibodies to nDNA or
histone H2B and the only partial blockage of the anti-nDNA
monoclonal antibodies by the SLE serum demonstrated that
blocking of mouse sera was not simply due to stearic hindrance.

Discussion

In the current study, 75% of the Singapore SLE patients had
IgG antibodies to at least one histone. Much of this reactivity
was very low, and only 55% were positive at > 0.1 ODabove
normal, in good agreement with the average prevalence of 51%
in previous studies (43). However, antibody binding to more
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Table II. Inhibition of Murine Antichromatin Autoantibodies
by Human Sera

Anti-Hi -stripped chromatin reactivity

Blocking by human
serumt

Procainaniide- SLE
Origin of antibody Control OD* induced LE No. 23

MRIJ/pr without anti-nDNA
1 0.69 86 97
2 0.93 98 99
3 0.90 92 98

MRL/lpr with anti-nDNA
1 0.45 70 93
2 1.03 74 91
3 0.52 67 86

BXSB without anti-nDNA
1 0.60 97 99
2 1.45 89 98
3 0.55 99 99

BXSB with anti-nDNA
1 1.36 35 66
2 0.36 92 96
3 1.61 31 61

Monoclonal antibodies
ID12 (anti-DNA) 0.60 0 19
IH9 (anti-DNA) 0.61 3 41
P4D2 (anti-H2B) 0.36 0 95

* Antibody reactivity of sera from various autoimmune mice (39) or
monoclonal antibodies (40,41) on HI-stripped chromatin in the presence
of normal human serum. t The procainamide-induced lupus serum
contained antichromatin but not anti-nDNA antibodies. SLE No. 23
serum contained antibodies of both specificities.

native components of chromatin was enhanced, reaching 88%
positive for whole chromatin as the test antigen. Moreover, the
level of IgG reactivity for whole chromatin was more than
eight times the average reactivity of individual histones. Similar
results were obtained in a limited study of American patients
with well-established SLE receiving antiinflammatory treat-
ment, although the levels of autoantibodies in this group of
patients was lower. Thus, there was no indication of a racial
or ethnic association of antichromatin antibodies as has been
reported for antibodies to Smand nRNP(44). It appears, there-
fore, that antichromatin antibodies are the most commonautoan-
tibody specificity in SLE, and, based on direct binding, correla-
tion analyses, and adsorption studies, the (H2A-H2B) -DNA
subnucleosome component appears to account for the bulk of
this activity.

Some of the increased antigenicity of chromatin could have
been due to its more complex macromolecular composition,
since it consists of five different histones and nDNA. However,
in sera with anti-nDNA, adsorption studies demonstrated that
< 25% of antichromatin reactivity was due to anti-nDNA anti-
bodies. Additionally, about one third of the sera had high anti-
chromatin reactivity with relatively little anti-nDNA or antihis-
tone. Therefore, the bulk of antichromatin antibodies in most
SLE sera react with epitopes created by the tertiary and quater-

nary structures formed by histone-histone and histone-DNA
interactions, and antibodies to individual histones or to nDNA
were minor components of the IgG antichromatin response.

Often a serum demonstrated IgG but not IgM binding to
some of the substrates tested, but very rarely was there IgM
reactivity in the absence of IgG. Most IgM and IgG antibodies
were not significantly correlated, consistent with previous re-
ports for individual histones (5, 45). The predominant IgG and
IgM reactivity was directed against whole chromatin. However,
there was strong IgG binding to all the native components of
chromatin, whereas IgM did not display this pattern so promi-
nently. These results could be explained by the existence in
vivo of a highly potent antigen drive that results in IgM to IgG
class switch accompanied by altered V-region specificity during
affinity maturation.

In some studies, the presence of anti-nDNA has been corre-
lated with the severity of disease and the presence of lupus
nephritis (25, 46, 47), especially if changes in antibody levels
over time are considered (48, 49). In other studies no significant
correlation between disease and anti-nDNA was found (50, 51 ).
Usually reactivity to individual histones has not been correlated
with disease (45, 52). Wefound that anti-(H2A-H2B), anti-
[(H2A-H2B) -DNA] and antichromatin were significantly
correlated with proteinuria whereas other reactivities were not.
These results suggest that anti- (H2A-H2B) and antichromatin
antibodies could contribute to glomerulonephritis and thus
might have some diagnostic utility in SLE. However, it should
be mentioned that the correlation was not perfect, since 5 of
the 10 patients with the highest antichromatin reactivity did
not display proteinuria. Protein in the urine is not a sensitive
indication of all forms of renal disease because glomerular dam-
age as judged by microscopic examination of biopsies was not
well correlated to proteinuria (47). Renal biopsies were not
performed in the present study. It was interesting that anti-
(H2A-H2B) yielded the highest correlation with proteinuria,
since it has been suggested that histone binding to glomeruli
may be important in developing antibody-induced glomerulone-
phritis (53).

Some sera had antibodies reactive with chromatin and
(H2A-H2B)-DNA but not with nDNAor (H3-H4)2-DNA.
Other sera displayed binding to chromatin and (H2A-H2B) -
DNAas well as nDNAand (H3-H4)2-DNA. These latter sera
were adsorbed with nDNA to determine if their binding to
nDNA accounted for their reactivity to the other DNA-con-
taining substrates. About three quarters of the original binding
to whole chromatin and half of the original binding to dimer-
DNA, tetramer-DNA, and HI-DNA remained after nDNA
reactivity was removed. Antibodies in these sera thus recog-
nized many epitopes on chromatin, including those present on
nDNAand all three subnucleosome particles.

These sera were also adsorbed with chromatin to determine
if chromatin could remove the reactivity to the subnucleosome
particles or if these substrates possessed antigenic regions not
present on chromatin. Specifically, there are regions of the
(H2A-H2B)-DNA complex and the (H3-H4)2-DNA com-
plex that are buried in chromatin and not exposed to solution
(27, 28). As previously demonstrated, we detected IgM anti-
bodies induced by chlorpromazine and hydralazine that recog-
nized epitopes on these regions (38). On the chromatin-related
substrates, these drug-induced lupus sera reacted with histone-
DNAsubnucleosomes but not with chromatin, and adsorption
with chromatin did not remove these antibodies (38). In con-
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trast, absorption of the SLE sera with chromatin removed almost
all binding to the (H2A-H2B)-DNA and (H3-H4)2-DNA
subnucleosome components, demonstrating that the regions of
subnucleosomes buried in chromatin are not antigenic in SLE.
The relationship between the antigenic specificities described
above and nucleosome structure is depicted in Fig. 4.

Reactivities to HI-stripped chromatin, trypsinized chroma-
tin, and nDNA also were removed by adsorption with whole
chromatin. These results are most consistent with the concept
that whole chromatin, but not isolated subnucleosome struc-
tures, is an immunogenic stimulus for B cells in SLE, and
nDNA antibodies are a subset of the wide range of antichro-
matin autoantibodies produced in this disease.

The full range of chromatin components has not been pre-

viously tested with sera from patients with SLE, and this study
revealed two related patterns of IgG reactivity in virtually all
the patients. For both patterns, native substrates such as whole
chromatin, HI-stripped chromatin, and the (H2A-H2B) -DNA
complex were most reactive, whereas the denatured individual
histones, particularly H3 and H4, were least reactive. Poor anti-
genicity of H3 and H4 has been reported previously (for review
see reference 43). The patterns were not caused by assay bias
since similar amounts of all substrates are bound to the ELISA
plate (31), and non-SLE sera yielded different patterns on the
identical substrates (38, 54). In agreement with studies using
the Western blot technique (4, 6, 7), the trypsin-sensitive re-

gions of histones were often antigenic, since trypsinized chro-
matin usually displayed lower reactivity than Hi-stripped chro-
matin. However, most sera displayed substantially stronger re-

activity to trypsinized chromatin than to individual histones,
indicating that the major epitopes in SLE sera occur in the
trypsin-resistant regions of chromatin.

The patterns of antibody reactivity to components of chro-

Figure 4. Relationship between autoantibody
specificity and nucleosome structure. The nucleo-
some core particle, the repeating unit in Hi-
stripped chromatin used as an antigen in this
study, is based on the structure determined by x-
ray crystallography (27, 28). On the left side of
the picture the epitopes common to human and
murine lupus with antichromatin antibodies are
bracketed: i.e., from top to bottom, regions of the
H2A-H2B dimer exposed in chromatin; the his-
tone tails sensitive to digestion with trypsin; re-
gions in (H2A-H2B) -DNA requiring quater-
nary protein-DNA interaction; and regions of the
dimer requiring quaternary protein-protein inter-
actions. On the right side of the picture, the epi-
topes recognized by the subset of human and mu-
rine sera that also bind to nDNAare bracketed:
i.e., the part of the (H3-H4)2-DNA complex
exposed in chromatin, and nDNAitself. In the
middle of the picture the regions of the nucleo-
some that are not antigenic in lupus sera are
bracketed: i.e., the regions of (H2A-H2B)-
DNAand (H3-H4)2-DNA that are buried in
chromatin by protein-protein interactions and the
regions of H2A-H2B and (H3-H4)2 covered by
DNAin chromatin. Other antibodies to individual
histones are not indicated because such activity
is relatively low and the location of those epitopes
on the nucleosome is unclear.

matin in patients with SLE were remarkably similar to those of
the MRL/lpr and BXSB strains of lupus-prone mice (39).
These mice developed antichromatin and anti-[(H2A-H2B) -

DNA] antibodies early in life, and - 75% of them went on to
develop anti-nDNA and anti-[(H3-H4)2-DNA] later in the
course of their disease. SLE patients with only anti-[(H2A-
H2B)-DNA] and antichromatin resembled the pattern from
young mice at the initial appearance of autoantibodies. Those
patients with antibodies to nDNA and the (H3-H4)2-DNA
subnucleosome had a serology like that of the older mice.

The similarity of the murine and human autoantibodies was
supported by inhibition studies in which serum from an SLE
patient with anti-nDNA inhibited virtually all of the binding to
chromatin of both young and old mice. Serum from a procain-
amide-induced lupus patient that contained only antichromatin
blocked the murine antichromatin but not the murine anti-DNA
antibodies. Thus, human and murine autoantibodies recognized
overlapping or identical epitopes on chromatin, implying that
the fundamental immunologic stimulus causing antichromatin
autoantibodies is the same in both species.

Patients with lupus induced by procainamide (38) and cer-
tain other drugs (55) also showed predominant reactivity to
chromatin and (H2A-H2B)-DNA but not nDNA or (H3-
H4)2-DNA. An F(ab')2 fragment from a patient with procain-
amide-induced lupus blocked > 90% of the anti-[(H2A-
H2B) -DNA] reactivity in six of six sera from other patients
with procainamide-induced lupus, four of four with quinidine-
induced lupus, as well as sera from patients with lupus induced
by acebutolol, penicillamine, and isoniazid (55). Thus, autoan-
tibodies from humans with SLE, two strains of lupus-prone
mice, and patients with lupus caused by five different drugs all
recognize identical or overlapping epitopes on chromatin.

Our interpretation of this finding is that these individuals
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may have been exposed to a similar immunologic event. Auto-
immunization with chromatin could account for the antibody
profiles described in this study, but the mechanism causing
chromatin to become immunogenic is obscure. However, once
tolerance to an epitope on chromatin is broken, B cells may
process chromatin and present histone peptides to T cells, which
may then provide help for secretion of anti-nDNA and other
antichromatin autoantibodies (56). The relatively low reactivity
to individual histones compared with higher order structures is
consistent with chromatin being the immunogen. The pattern
of high reactivity to chromatin and (H2A-H2B ) -DNA but not
nDNA or (H3-H4)2-DNA could arise if the (H2A-H2B)-
DNAregion in chromatin became immunogenic in an environ-
ment where B cell tolerance to the (H3-H4)2-DNA subnucleo-
some and nDNAwas preserved. This is exactly the pattern seen
in young lupus-prone mice, in patients with drug-induced lupus,
and in about one third of the SLE patients. Appearance of
antibodies to nDNA and the (H3-H4)2-DNA and HI-DNA
subnucleosomes could be explained by subsequent spreading
of the immune response to all portions of chromatin. Such a
profile of reactivity characterizes 75%of older lupus-prone mice
and 50% of the SLE patients. Wesuggest that SLE patients
with anti-nDNA represent later stage disease when global loss
of tolerance to numerous epitopes on chromatin occurs.
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