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Abstract

Increasing evidence suggests that autoantibodies in the rheu-
matic diseases are a consequence of immune selection by self-
material, but the nature of the in vivo immunogen is unknown.
Insight into this problem may be obtained by measuring au-
toantibody binding to various forms of a target antigen. Anti-
histone antibodies arising as a side effect of therapy with
various drugs offer an opportunity to explore this premise be-
cause many forms of histone have been characterized and
adapted to ELISA formats. Two patterns of antibody reactivity
were observed. All 21 patients with symptomatic procaina-
mide-induced lupus and 7 of 12 patients with quinidine-induced
lupus had IgG antibodies reacting predominantly with the
(H2A-H2B)-DNA complex and with chromatin. In contrast,
antibodies in 19 of 24 patients taking procainamide without
accompanying lupus-like symptoms did not show any pattern.
The second pattern was observed in 18/19 chlorpromazine-
treated patients and 14/17 patients with hydralazine-induced
lupus in which IgM antibodies displayed more reactivity with
DNA-free histones than with the corresponding histone-DNA
complexes and almost no binding to Hl-stripped chromatin.
Absorption studies were entirely consistent with these results.
Thus, the two patterns of reactivity with nucleosomal compo-
nents reflect the molecular substructure of chromatin, suggest-
ing that two processes underlie antihistone antibody induction
by drugs. In one, IgG autoantibodies appear to be elicited by
chromatin, whereas in the other, autoimmune tolerance to na-
tive chromatin appears largely intact, and IgM antibodies may
be driven by DNA-free histone. (J. Clin. Invest. 1991. 88:680-
690.) Key words: procainamide - hydralazine - quinidine * chlor-
promazine - drug-induced lupus

Introduction

Autoantibodies reactive with histones have been observed in
the sera of a high percentage of patients treated with cer-
tain drugs, particularly procainamide (p-amino-N-[2-diethyl-
aminoethyl]benzamide), hydralazine (l-hydrazinophthalazine),
and chlorpromazine (2-chloro-10-[3-dimethylaminopropyl]-
phenothiazine) (for reviews see 1, 2). Approximately 15-20%
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of patients taking procainamide (3) and 5-10% treated with
hydralazine (4) develop symptoms of systemic lupus. In con-
trast, virtually no patients taking chlorpromazine develop such
symptoms (5). Lupus-like symptoms are occasionally induced
by quinidine (6'-methoxycinchonan-9-ol) (6), and individual
case reports of lupus related to long-term ingestion of many
other drugs have been reported (1, 2).

There are three major reasons for studying the specificity of
autoantibodies. Associations between the presence of particu-
lar antibodies and disease syndromes have helped in diagnos-
ing some autoimmune disorders and directing the subsequent
treatment ofpatients. The fine specificity ofthe autoantibodies
may yield insight into their etiology and the nature ofthe puta-
tive in vivo immunogen. Finally, well-defined autoantibodies
have proven to be useful tools in characterizing the function of
a number of important cellular proteins (for review see 7).

IgG antibodies reacting with the native H2A-H2B dimer
but much less with the individual histones H2A and H2B were
reported in patients with procainamide-induced lupus (8-10).
In patients treated with hydralazine, antibody reactivity with
individual histones has been described using the Western blot
technique. However, inconsistencies were observed among the
various studies (9, 11, 12) and little diagnostic utility or insight
into the structure of the putative histone immunogen was de-
rived. The pronounced antigenicity of the H2A-H2B dimer in
procainamide-induced lupus suggested that systematic studies
using a comprehensive panel of histone-histone and histone-
DNA complexes in their native quaternary forms might pro-
vide more insight into the origin ofantihistone antibodies than
studies on the antigenicity of individual histones.

To explore this possibility, we developed novel substrates
for ELISA based on current concepts ofhistone and chromatin
structure (reviewed in 13). If chromatin is briefly digested with
micrococcal nuclease, particles called nucleosomes are pro-
duced (14) consisting of the (H2A-H2B-H3-H4)2 histone oc-
tamer wrapped within - 200 basepairs of DNA, with histone
H1 on the outside of this complex. Subnucleosome particles
can be isolated consisting ofH 1 with 60-70 basepairs ofDNA,
H2A-H2B with 50-60 basepairs of DNA, and (H3-H4)2 with
70-80 basepairs of DNA if chromatin is more extensively di-
gested with micrococcal nuclease and treated with 3 M urea
(15), as illustrated in Fig. 1. Stable histone-histone complexes,
free of DNA, can also be isolated. The (H2A-H2B-H3-H4)2
octamer can be separated from H 1, and then dissociated into
two H2A-H2B dimers and an (H3-H4)2 tetramer (16). The
x-ray crystallographic structure of the histone octamer, which
has a tripartite organization with two H2A-H2B dimers in asso-
ciation with the (H3-H4)2 tetramer (17, 18), supports the inter-
pretation that the above structures are physiologically relevant.
Thus, the complicated histone-DNA structure in chromatin
can be chemically dissected, and stable components with well-
defined biophysical properties (19-22) can be isolated. 12 his-
tone-histone and histone-DNA complexes comprising the sub-

680 R. W. Burlingame and R. L. Rubin

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/91/08/0680/11 $2.00
Volume 88, August 1991, 680-690



Micrococcal

Chromatin

DNA

DNA

r~~~~~~~~~~~~~~~~~b~ cleosome

Unfolded H3 H3 H Ce Particle Trypin
and H4 Tetnmlr i-amJ

:H2A.H2B H3H4 Diramer

Unfolded HHAHAD H2B [l ner

andH213<
Trypsinized Core Particle

Dimer DNA

Figure 1. Interactions among the core histones and DNA. The various
substructures of chromatin are depicted based on the biochemical
properties displayed by subnucleosome particles (15) and by histones
(16). The shapes of the particles are based on the x-ray crystallo-
graphic structure of the nucleosome core particle (17).

nucleosome organization of chromatin were applied to ELISA
formats to characterize drug-induced antihistone antibodies in
the context of chromatin structure.

Methods

Chromatin, histone, andsubnucleosomepreparations. Nuclei were iso-
lated from calfthymus (Pel-Freeze Biologicals, Rogers, AR) and whole
chromatin, soluble H 1-stripped chromatin (14), and H 1-stripped tryp-
sinized chromatin (23) were made with slight modifications (24). His-
tones H1, H2A-H2B, and (H3-H4)2 were prepared by methods de-
scribed in detail elsewhere (24), and their structures have been shown to
be native by a number ofcriteria (reviewed in 13). Histone-DNA com-

plexes were reconstituted in a manner shown to resemble native chro-
matin (25) using high to low ionic strength dialysis (24). Calf thymus
DNA (Calbiochem Corp., La Jolla, CA) was further purified by diges-
tion with proteinase K, extraction with phenol, and digestion with SI
nuclease (26, 27).

ELISA. Immulon II (Dynatech Laboratories, Inc., Alexandria, VA)
microtiter plates were incubated with each histone-containing antigen
preparation at 2.5 ,eg/ml, and the ELISA was performed as described
(26). Briefly, sera were diluted 1:400 in serum diluent B. The bound
antibodies were detected with affinity-purified peroxidase conjugated
goat anti-human IgG or IgM (Caltag Inc., South San Francisco, CA).
After addition of the substrate, optical densities were determined after
-10 min and after 60 min using a spectrophotometer (MR600; Dyna-

tech). If the optical density at 60 min was greater than the limit of
detection of the spectrophotometer (2 OD), the final optical density
was calculated by extrapolation (24).

The anti-IgG peroxidase conjugate was tested for reactivity with
human myeloma proteins representing all gamma chain isotypes, as

previously described (28). At a plated myeloma protein concentration
of 2.5 tg/ml, the relative reactivity of the anti-IgG reagent with IgGl,
IgG2, IgG3, and IgG4 was 1.00, 0.94, 1.01, and 0.81, respectively. This
uniformity in IgG isotype reactivity ensures that any observed differ-
ences in IgG binding to a series ofantigens are not due to differences in
the IgG subclasses expressing specificity for a particular antigen.

The micro bicinchoninic acid protein assay (Pierce Chemical Co.,
Rockford, IL) was used to quantitate the protein bound to the wells of
the microtiter plate as described (29). Three mouse monoclonal anti-
bodies specific for DNA (30, 31), were used as the primary antibody in
an ELISA to quantitate each solid phase antigen that contained DNA.

Absorption studies. Sera were diluted so that they would yield an
OD of < 3 on either dimer-DNA or tetramer. Half of each diluted
serum was mixed with whole chromatin and the other halfwith a sus-
pension ofcollagen (Worthington Biochemical Corp., Freehold, NJ) at
a final concentration of 22 gg/ml. This concentration of chromatin
absorbed > 95% of the anti-stripped chromatin reactivity of a proto-
type serum. Incubation proceeded for 2 h at room temperature with
gentle rotation. The absorbent was removed by centrifugation for 5
min in an Eppendorf microfuge, and the supernatant was used in
ELISA in the normal manner. Antibodies to tetanus were measured by
ELISA as previously described (28).

Sera selection. The normal sera came from laboratory and clerical
personnel. The sera from symptomatic and asymptomatic patients
treated with procainamide have been described (10), and another well-
defined procainamide-induced lupus patient was added to that group.
Sera from schizophrenic patients treated with chlorpromazine for > 3
yr were obtained from Dr. M. H. Zarrabi of the V. A. Medical Center,
Northport, NY, and none of these patients had symptoms of lupus as
previously described (32). 13 of 17 patients with lupus induced by hy-
dralazine and 9 of 12 with quinidine-induced lupus were evaluated at
the Division ofClinical Rheumatology at Scripps Clinic. The other sera
were obtained from outside physicians who provided extensive clinical
information at the time ofsuspected drug-induced lupus and follow-up
visits. All patients were considered to have drug-induced lupus based
on symptoms ofpolyarthralgia, myalgia, constitutional symptoms, and
occasionally arthritis, and whose symptoms resolved following discon-
tinuation of the drug.

Data analysis. All ELISA data were entered into a Lotus 1-2-3
spread-sheet (Lotus Development Corp., Boston, MA). The average
optical density plus 2 SD of 20 normal sera was calculated for each
substrate. This value was subtracted from the optical density of each
patient serum for the corresponding substrate to yield antibody activity
above normal binding. This latter value was used for all data analysis
and was graphed with routines contained in Lotus and the graphics
program Freelance (Lotus Development Corp., Boston, MA). Statisti-
cal analyses were performed with the aid of routines in the program.

Sodium dodecyl sulfate discontinuous gel electrophoresis. Gel elec-
trophoresis was performed as described (33), with the modification that
the acrylamide was 15% and the bis-acrylamide was 0.4% in the separat-
ing gel and 6% and 0.8%, respectively, in the stacking gel.

Results

Antigensfor ELISA. All histone preparations and H 1-stripped
chromatin were essentially pure as judged by SDS gel electro-

1 2 3 4 5 6 7 Figure 2. Histone com-
position of various
chromatin preparations

Hi-f :==.used in ELISA. The
samples applied to an
SDS PAGE gel were:
lane 1, total acid ex-
tracted histones; lane 2,
the core histone oc-

H23- m_ tamer; lane 3, the (H3-
H2A- H4)2 tetramer; lane 4,

the H2A-H2B dimer;
-P2 lane 5, Hl; lane 6, Hl-

3 _P stripped chromatin; and
P5 lane 7, trypsinized Hl-

-.w stripped chromatin. The
light band in the dimer
preparation that mi-

grates slightly slower than H4 is c-H2A, a form of H2A with its 15
carboxy-terminal amino acids removed (47).
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phoresis (Fig. 2). The H I lane was intentionally overloaded to
demonstrate that there was no detectable contamination by
nonhistone proteins, but a 5-10% contamination with the
H2A-H2B dimer. The trypsinized chromatin yielded the array
ofhistone polypeptides expected ofthe limit digest (23, 34). An
agarose gel of the DNA from the chromatin fractions showed
the expected 200-bp ladder, while theDNA used in reconstitut-
ing subnucleosome structures and the DNA assays consisted of
a range of high molecular weight molecules (24).

Direct quantitation of protein and DNA bound to the
ELISA plate wells demonstrated similar amounts of all the an-
tigens. In addition, the orientations of the DNA-free histones
and the histone-DNA complexes were shown to be random on
the ELISA plate, substantiating the validity of comparing the
antihistone antibody reactivities among these different sub-
strates in the ELISA format (24).

z
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DIM DIM DNA TNT TNT DNA CNN CNN DNA DNA DNA

Figure 3. Autoantibodies in procainamide-induced lupus. The data
points connected by lines are the optical densities of each patient's
serum measured on the indicated substrate by ELISA and corrected
for normal serum binding. Thus, the reactivity above 0 on the y axis
represents binding above normal. The abbreviations for the twelve
substrates are: DEN DIM, SDS and heat denatured H2A-H2B dimer;
NAT DIM, native H2A-H2B dimer; DIM DNA, (H2A-H2B) dimer-
DNA complex; DEN TET, SDS and heat denatured H3-H4 tetramer;
NAT TET, native (H3-H4)2 tetramer; TET DNA, (H3-H4)2 tetra-
mer-DNA complex; STR CHR, HI -stripped chromatin; TRY CHR,
trypsinized HI-stripped chromatin; Hi DNA, HI-DNA complex. (A)
IgG antibodies; (B) IgM antibodies. Note that A and B are drawn to
different scales.
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Figure 4. (A) IgG and (B) IgM autoantibodies in asymptomatic pro-
cainamide-treated patients. The details are the same as in Fig. 3.

ELISA of sera from patients with procainamide-induced
lupus. The sera of all 21 patients with procainamide-induced
lupus contained IgG antibodies that showed a strikingly similar
pattern of reactivity on the set of histone, DNA, and histone-
DNA substrates (Fig. 3 A). Negligible antibody reactivity with
the SDS and heat denatured H2A and H2B was observed, most
sera showed a strong reaction with the native H2A-H2B dimer,
and all displayed an increased binding to the (H2A-H2B)-DNA
complex. In contrast, all these sera displayed much less relative
reactivity with denatured (H3-H4)2 tetramer, the native (H3-
H4)2 tetramer, and the (H3-H4)2-DNA complex. Seven sera
showed significant binding to the tetramer-DNA complex, but
this was only an average of 22%± 17% (SD) of their optical
density on the dimer-DNA complex. All sera but one reacted
strongly with H1-stripped chromatin and all showed an in-
crease in binding to trypsinized H 1-stripped chromatin. Most
of the sera did not react with denatured DNA, and none
reacted with native DNA. Seven of21 sera reacted withH 1, but
in contrast to the results with the H2A-H2B dimer, all seven
sera showed decreased binding with HI-DNA.

Because of the large number of samples and the uniformly
low reactivity with certain substrates, it is not possible to trace
the reactivity of each serum on all the antigens. The data are
presented this way to demonstrate the qualitative similarity
among the patients in this clinical group despite the wide varia-
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Figure 5. IgG autoantibodies in quinidine-induced lupus. The details
are the same as in Fig. 3.

tion in antibody amounts. The continuous lines connecting the
antigen-binding activities of the sera rarely overlap, indicating
that all the sera displayed the same hierarchy of reactivities
with the components of the antigen set.

Serial dilution ofselected sera showed that ifthe maximum
OD on any antigen was < 12, the relative reactivity to the anti-
gens at the 1:400 dilution was identical at higher dilutions. The
eight sera with OD > 12 on some antigens also retained the
same pattern of reactivity at higher dilution, but a greater per-
centage of their IgG antibodies were directed against dimer-
DNA and chromatin.

The IgM antibodies displayed a related pattern ofreactivity
(Fig. 3 B). Three sera had no IgM antibodies that reacted above
normal with any ofthe histone or chromatin substrates. Ofthe
sera that did react, seven showed an equal or higher binding
with the DNA-free H2A-H2B dimer than with the (H2A-
H2B)-DNA complex or with chromatin. The other sera
showed a pattern of reactivity very similar to that of the IgG
antibodies. Thus, IgM antibodies in procainamide-induced
lupus patients were more heterogeneous in binding specificity
than IgG antibodies, but still retained predominant reactivity
with structures containing the H2A-H2B dimer.

Asymptomaticpatients treated with procainamide. The IgG
antibodies in patients undergoing prolonged therapy with pro-
cainamide without having any symptoms of drug-induced
lupus did not display the pattern of reactivity characteristic of
the group with symptoms (Fig. 4 A). The majority of patients
did not have IgG antibodies that reacted with any of the sub-
strates. Only six out of the 24 sera contained IgG antibodies
reactive with the (H2A-H2B)-DNA complex. However, one of
these six sera showed a decrease in reactivity with the (H2A-
H2B)-DNA complex compared to DNA-free H2A-H2B, and
this serum did not react at all with chromatin, while the other
five did. Their reactivity with (H2A-H2B)-DNA and chroma-
tin was low compared to the symptomatic patients. This lower
reactivity would be even more striking ifFigs. 3A and 4A were
drawn to the same scale. Three sera reacted with the DNA-free
(H3-H4)2 tetramer and showed enhanced binding to SDS and
heat denatured H3 and H4. None of these sera contained IgG
antibodies that reacted with native or denatured DNA.

The majority of the asymptomatic procainamide-treated
patients had IgM antibodies that reacted with the DNA-free
histones (Fig. 4 B). In contrast to their counterparts from symp-
tomatic patients, most of these antibodies also reacted with the
denatured histones and displayed a decrease in antibody reac-
tivity to the histone-DNA complex compared with the corre-
sponding DNA-free histones. Relatively weak reactivity with

I

DMN NAT DM DIN NAT TT TH TRY DEN NAT M

DIM DIM DNA TNT TNT DNA CNN CNR DNA DNA

Figure 7. (A) IgG and (B) IgM autoantibodies in hydralazine-induced
lupus. The details are the same as in Fig. 3.
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Figure 6. IgM autoantibodies in chlorpromazine-treated patients. The
details are the same as in Fig. 3.
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stripped or trypsinized chromatin was exhibited by half the
sera, which also bound to denatured DNA.

Antibodies from quinidine-treated patients. As shown in
Fig. 5 the IgG antibodies from some patients with quinidine-in-
duced lupus showed a pattern of reactivity that was similar, but
not identical, to the pattern displayed by patients with procain-
amide-induced lupus. Seven of the 12 sera reacted with the
(H2A-H2B)-DNA complex, and the three highest also reacted
with H 1-stripped chromatin and trypsinized H1-stripped chro-
matin. Of the five sera that did not react with dimer-DNA, two
showed no reactivity on the substrates tested, one reacted
strongly on denatured dimer, native tetramer, and H 1, and the
other two reacted weakly with native tetramer or H 1. None of
the patients had IgG antibodies to denatured DNA. One
unique feature of the pattern shown by the seven patients with
IgG antibodies to the dimer-DNA complex is their lack ofreac-
tion with the DNA-free H2A-H2B dimer. This contrasts with
symptomatic procainamide-treated patients in which 17 of 21
sera showed a positive reaction with the H2A-H2B dimer.

10 of 12 sera from patients treated with quinidine had IgM
antibodies that reacted with denatured and native H2A-H2B,
while only one reacted with denatured or native tetramer. Half
of the sera reacted with H 1-stripped chromatin or trypsinized
H 1-stripped chromatin (Table I).

Antibodies from chlorpromazine-treated patients. Only six
of the 19 patients taking chlorpromazine had IgG antibodies
reactive with a substrate other than H 1, and no consistent pat-
tern was observed. Ofparticular note was the complete absence
of reactivity with H 1-stripped chromatin (Table I). In contrast,
all the patients had IgM antihistone antibodies, and a consis-
tent pattern of reactivity was observed (Fig. 6). 18 out of 19
patients reacted with the H2A-H2B dimer and 16 reacted with
the (H3-H4)2 tetramer. All sera showed a higher reactivity with
the native complexes than with the denatured complexes, and
in all but one case, the sera displayed a higher reactivity with
the DNA-free histone complex than with the corresponding
histone-DNA complex. All 19 sera reacted most strongly with
H1 and less well with H1-DNA. In addition, 16 sera reacted
with denatured but not native DNA. The lowest reactivity for
all samples was with H 1-stripped chromatin, demonstrating a
pattern of pronounced specificity for the DNA-free histones.

Antibodies from hydralazine-treated patients. Half of the
hydralazine-treated patients did not have IgG antibodies that
reacted with the substrates tested (Fig. 7 A). Of the sera that
reacted, the binding pattern was nonuniform. H 1 was the pre-
dominant antigen recognized, followed by denatured DNA.
35% of the sera reacted with the dimer-DNA complex. Two
sera showed an increase in binding to the (H2A-H2B)-DNA
complex compared with binding to H2A-H2B, while six
showed a decrease. Three patients showed an increase in bind-
ing to the (H3-H4)2-DNA complex compared with (H3-H4)2,
while three other sera showed a decrease. Only five sera bound
to H 1-stripped chromatin and trypsinized H 1-stripped chro-
matin. Thus, the predominant IgG antibody reactivity was di-
rected against HI and denatured DNA, but no clear pattern of
reactivity was observed.

In contrast to IgG antibodies, there was a distinct pattern of
IgM reactivity with the histone and nucleohistone substrates
(Fig. 7 B). 12 out of 17 sera contained IgM antibodies reacting
with the H2A-H2B dimer and the (H3-H4)2 tetramer, usually
both native and denatured. These sera all showed decreased
binding to the corresponding histone-DNA complex, and H 1-

Table II. Statistically Significant Differences in Reactivity
with Chromatin Constituents at P < 0.002*

Antigen Groups comparedt

H2A-H2B Dimer
(H2A-H2B)-DNA

(H3-H4)2 Tetramer

Stripped chromatin

Denatured DNA

Hi

HI-DNA

IgG PA-LE vs. IgG QU-LE
IgG PA-LE vs. IgG PA-AS
IgG PA-LE vs. IgG HY-LE
IgG PA-LE vs. IgG CZ-AS
IgG PA-LE vs. IgM PA-AS
IgG PA-LE vs. IgM QU-LE
IgG PA-LE vs. IgM HY-LE
IgG PA-LE vs. IgM CZ-AS
IgM PA-LE vs. IgM PA-AS
IgM PA-LE vs. IgM HY-LE
IgM PA-LE vs. IgM CZ-AS
IgM CZ-AS vs. IgM PA-LE
IgM HY-LE vs. IgG PA-LE
IgM CZ-AS vs. IgG PA-LE
IgG PA-LE vs. IgG PA-AS
IgG PA-LE vs. IgG HY-LE
IgG PA-LE vs. IgG CZ-AS
IgG PA-LE vs. IgM PA-AS
IgG PA-LE vs. IgM HY-LE
IgG PA-LE vs. IgM CZ-AS
IgM PA-LE vs. IgM HY-LE
IgM PA-LE vs. IgM CZ-AS
IgG HY-LE vs. IgG PA-LE
IgM Hy-LE vs. IgG PA-LE
IgM CZ-AS vs. IgG PA-LE
IgM HY-LE vs. IgM PA-LE
IgM CZ-AS vs. IgM PA-LE
IgM HY-LE vs. IgM CZ-LE
IgG HY-LE vs. IgG PA-LE
IgG CZ-AS vs. IgG PA-LE
IgM HY-AS vs. IgG PA-LE
IgM CZ-AS vs. IgG PA-LE
IgM CZ-AS vs. IgM HY-LE
IgM QU-LE vs. IgG PA-LE
IgM HY-LE vs. IgG PA-LE
IgM CZ-AS vs. IgG PA-LE

* The analysis was performed on the percent of total reactivity data
from Table I. An independent-samples two-tailed t test employing
a pooled estimate of the variance was used to calculate P values (48).
The same or lower P-values were obtained using the Wilcoxon two-
tailed nonparametric test (48) except for anti-(H I-DNA) in which P
< 0.05 for IgM QU-LE vs. IgG PA-LE and < 0.01 for IgM HY-LE
vs. IgG PA-LE. * The group with the higher mean percent of total
reactivity is listed first in the comparison.

stripped chromatin and trypsinized chromatin were the least
antigenic histone-containing substrates. 14 of the sera reacted
with H I and relatively less with H1-DNA. All sera showed
some binding to denatured DNA but not to native DNA. This
pattern of IgM reactivity is virtually identical to the pattern
found in patients treated with chlorpromazine.

Statistical analyses. The ELISA results for IgG and IgM
antibodies to all the antigens in the five patient groups are
summarized in Table I. The reactivity of a patient group on
each antigen is expressed as the average optical density as well
as the percent of the total optical density summed over the
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entire panel of antigens. At least three points which may not be
obvious from the figures can be abstracted from this data.
Firstly, although all of the antigens (except native DNA) dis-
played capacity to react with at least one of the groups indicat-
ing absence of systematic assay bias, each group had no or
negligible reactivity on various antigens. Low antigen reactivity
contributes to the pattern in all groups except the asymptom-
atic procainamide-treated group (PA-AS) which had no pre-
dominant antigen binding and, therefore, no pattern. Sec-
ondly, the standard deviations of the optical densities tend to
be much greater than standard deviations ofthe percent oftotal
reactivity, demonstrating that the absolute amount ofantibody
activity of the individuals in a patient group varies consider-
ably, but the relative reactivity is remarkably uniform among
the individuals within most ofthe patient groups. For example,
the average reactivity of the procainamide-induced lupus
group was 3.2±3.5 OD on native dimer and 9.1±4.6 OD on

dimer-DNA; when expressed as percent of total reactivity the
standard deviations were only one-third to one-fourth the
mean percent of total reactivity (5.5±1.2% and 28.5±9.8%, re-
spectively). Finally, the percent total reactivity can be used to
compare the IgG with the IgM profile within a patient group,
since the absolute signals generated by different class-specific
detecting reagents can be ignored. Except for chlorpromazine-
treated patients, differences between the IgG and IgM reactiv-
ity were found by t test on only one or two of the antigens at a P
< 0.05 level, indicating that the antibody patterns within a
group were not generally isotype-dependent.

Expression of the data as percent of total reactivity also
allowed comparison between patient groups regardless of the
immunoglobulin class as shown in Table II. For simplicity, the
displayed data focus on the two dominant patterns ofreactivity
as typified by procainamide-induced lupus andhydralazine-in-
duced lupus. The IgG and IgM reactivities from only these two

Table III. Effect ofChromatin Absorption on Drug-induced Antibodies

ELISA reactivity after absorption (mean OD+SD)*

Serum Dilution-' Absorbent STR CHR DIM-DNA NAT TET HI Tetanus

PA-LEI 60,000 Collagen 0.9±0.1 0.5±0.0 ND ND 0.0±0.0
Chromatin 0.0±0.0 0.0±0.0 ND ND 0.0±0.0

PA-LE2 500 Collagen 2.9±0.7 1.5±0.1 ND ND 0.0±0.0
Chromatin 0.6±0.1 0.5±0.1 ND ND 0.1±0.0

PA-LE3 600 Collagen 1.4±0.1 0.7±0.0 ND ND 1.3±0.1
Chromatin 0.0±0.0 0.0±0.0 ND ND 1.7±0.3

PA-LE4 2,100 Collagen 2.0±0.3 1.5±0.4 ND ND 2.1±0.1
Chromatin 0.1±0.0 0.1±0.0 ND ND 2.0±0.0

QU-LE1 600 Collagen 7.4±1.2 3.4±0.6 ND ND 1.0±0.1
Chromatin 1.2±0.1 0.8±0.1 ND ND 0.9±0.3

QU-LE2 600 Collagen 1.1±0.1 0.6±0.0 ND ND 0.0±0.0
Chromatin 0.1±0.0 0.1±0.0 ND ND 0.0±0.0

QU-LE3 60 Collagen 1.2±0.1 0.3±0.1 ND ND 1.7±0.4
Chromatin 0.0±0.0 0.0±0.0 ND ND 1.5±0.4

QU-LE4 250 Collagen 0.0±0.0 1.4±0.1 ND ND 1.7±0.1
Chromatin 0.0±0.0 1.9±0.2 ND ND 2.2±0.2

CZ1 400 Collagen ND ND 3.0±0.1 2.1±0.1 1.0±0.1
Chromatin ND ND 3.0±0.1 2.0±0.1 0.9±0.2

CZ2 600 Collagen ND ND 2.4±0.0 3.0±0.0 0.0±0.0
Chromatin ND ND 2.4±0.1 2.8±0.2 0.0±0.0

CZ3 600 Collagen ND ND 3.2±0.1 3.3±0.1 0.1±0.0
Chromatin ND ND 3.0±0.1 3.2±0.1 0.1±0.0

CZ4 600 Collagen ND ND 1.3±0.1 2.6±0.0 0.6±0.1
Chromatin ND ND 1.2±0.1 2.3±0.1 0.4±0.1

HY-LEI 400 Collagen ND ND 0.7±0.1 2.5±0.0 0.3±0.1
Chromatin ND ND 0.4±0.1 1.9±0.1 0.3±0.1

HY-LE2 400 Collagen ND ND 2.4±0.1 1.8±0.2 0.0±0.0
Chromatin ND ND 2.2±0.0 1.6±0.1 0.0±0.0

HY-LE3 300 Collagen ND ND 1.1±0.1 2.3±0.1 0.2±0.0
Chromatin ND ND 0.6±0.0 2.0±0.2 0.1±0.0

HY-LE4 150 Collagen ND ND 2.2±0.1 1.2±0.1 0.0±0.0
Chromatin ND ND 2.1±0.1 1.1±0.0 0.0±0.0

* Sera were diluted to produce < 3 OD on dimer-DNA or native tetramer, treated with 22 ug/ml chromatin or collagen, and tested for residual
antibody to the appropriate substrate. See Fig. 3 for the substrate and Table I for the serum abbreviations. The detecting reagent for stripped
chromatin, dimer-DNA, and tetanus was anti-IgG, and for native tetramer and HI was anti-IgM.
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groups were compared with the IgG and IgM reactivities of all
the other groups for a total of nine comparisons for each anti-
gen. Only the statistical analyses ofthe average percent of total
data are shown, although similar results based on average opti-
cal densities were obtained. In addition, comparisons with the
denatured histones and native DNA are not shown because
antibody activities to these antigens were generally low, and
trypsinized chromatin is not shown 'since it was essentially the
same as H 1-stripped chromatin. Statistically significant differ-
ences only at P< 0.002 are displayed in Table II to comply with
an optional correction for the nine comparisons performed
with each antigen. Anti-[H2A-H2B]-DNA) was significantly
elevated in procainamide-induced lupus for both IgG and IgM
antibodies when compared to all the other groups except IgG
quinidine-induced lupus. Similar differences were observed
with HI -stripped chromatin, presumably due to the presence
of(H2A-H2B)-DNA complexes in this preparation. The other
pattern, dominated by the DNA-free H3-H4 tetramer, HI and
denatured DNA and as exemplified by IgM antibodies in hy-
dralazine-induced lupus and chlorpromazine-treated patients,
was fully supported by the statistical analyses at a P value
< 0.002. No differences between hydralazine-induced lupus
and chlorpromazine-induced autoimmunity were observed on
most of the antigens, verifying the similarity in the patterns in
these two patient groups. The only difference between these
two groups was higher IgM antidenatured DNA in hydral-
azine-induced lupus and higher IgM anti-H 1 in chlorproma-
zine-induced autoimmunity (P < 0.002) when expressed as
percent of total antibody (but not as average optical density).
When all patients with quinidine-induced lupus were consid-
ered, there was no significant difference in the binding of
dimer-DNA or stripped chromatin when compared to hydral-
azine-induced lupus, due to the high standard deviation in the
former group. However, as a group, the seven quinidine-in-
duced lupus patients with anti-dimer-DNA) reactivity were
significantly different from the hydralazine-induced lupus pa-
tients (P < 0.001) for binding to this antigen and trypsinized
chromatin. Because some of the data did not follow a normal
distribution, they were also analyzed by the Wilcoxon two-
tailed rank sum test, producing the same or lower P value sta-
tistics except for two comparisons (Table II). In summary, the
apparent patterns of reactivity revealed by visual inspection of
the figures are supported by objective statistical analyses, sug-
gesting that these data have biologic significance.

Absorption studies. The ELISA studies indicate that anti-
bodies in patients with procainamide-induced lupus and a sub-
set of patients with quinidine-induced lupus bind primarily to
native histone-DNA complexes, while patients treated with hy-
dralazine and chlorpromazine recognize histone epitopes not
exposed in chromatin. However, macromolecular substrates
may be partially denatured when bound to plastic substrates in
ELISA formats, allowing detection of nonnative epitopes (35,
36). To examine this question, we determined the capacity of
whole chromatin, the most native form of nucleohistone, to
bind antibodies in liquid phase. Chromatin-absorbed sera were
tested for residual antibody using the appropriate ELISA sub-
strate and compared to the same sera treated with collagen, an
insoluble hydrophilic protein mixture which serves as an inert
control immunosorbent. Possible nonspecific absorption by
chromatin was also monitored by simultaneous measurement
of antitetanus antibodies.

For four unselected sera from patients with procainamide-

induced lupus, chromatin absorbed an average of 92% of the
anti-H 1-stripped chromatin binding and 89% of the reactivity
to dimer-DNA, while antitetanus remained essentially un-
changed (Table III). Calculations from chromatin titration
studies indicated that preabsorption with - 100 ng chromatin
had the capacity to remove 50% of the antichromatin binding
in a single ELISA well (data not shown), suggesting that these
liquid and solid phase macromolecular complexes are antigeni-
cally similar. (There is 225 ng HI -stripped chromatin on the
solid phase [24]).

Three of four sera from patients with quinidine-induced
lupus displayed similarly efficient antibody absorption by
chromatin without significantly altering antitetanus levels. In-
terestingly, antibody in QU-LE4 that bound dimer-DNA but
not stripped chromatin in ELISA was unaffected by chromatin
absorption, indicating that the epitope in dimer-DNA targeted
by this serum is not expressed on either solid or liquid phase
chromatin.

In contrast to the results with procainamide- and quini-
dine-induced lupus sera, an average of only 25% of the (H3-
H4)2 tetramer reactivity and 14% of the HI reactivity was re-
moved by chromatin absorption of the hydralazine-induced
lupus group, and 3% and 7%, respectively, from the sera of
chlorpromazine-treated patients. The inability ofchromatin to
absorb out these antibodies was not related to their IgM isotype
because an average of 83% of the IgM antistripped chromatin
reactivity was removed by chromatin absorption of sera from
patients with procainamide-induced lupus (data not shown).
These solution absorption studies are, therefore, consistent
with the previous results, demonstrating that sera from chlor-
promazine- and hydralazine-treated patients displayed negligi-
ble binding to HI -stripped chromatin in ELISA and indicate
that the targeted epitopes on H 1 and tetramer are hidden when
these histones are presented as chromatin.

Discussion

In this study all known forms of native histone-histone and
histone-DNA complexes were used as antigens in ELISA to
characterize autoantibodies induced by various drugs. Two dis-
tinct patterns of reactivity related to chromatin structure were
discovered. One pattern, characteristic of all patients with pro-
cainamide- and a subset ofquinidine-induced lupus, was domi-
nated by the highly antigenic (H2A-H2B)-DNA complex. Sera
from these patients uniformly showed less or, in the case of
quinidine-induced lupus, no reactivity with H2A-H2B free of
DNA. Since these sera did not bind DNA by itself, the epitope
may require the quaternary interaction of both histone and
DNA or may be stabilized in the protein by DNA. Only regions
of the dimer exposed in chromatin appear to be reactive since
most of these sera displayed similarly high levels of binding to
H 1-stripped chromatin and absorption with chromatin re-
moved reactivity to dimer-DNA. Strikingly, antibodies to the
(H3-H4)2 tetramer or the tetramer-DNA complex were absent
or relatively low in these patients, even though these structures
make up a major portion of chromatin.

A remarkably different pattern of antibody reactivity was
displayed by IgM antibodies induced by chlorpromazine or
hydralazine. In these cases, the predominant reactivity was
with the DNA-free histones H2A-H2B, H3-H4, and HI. The
corresponding histone-DNA complexes had uniformly lower
reactivity and HI -stripped chromatin usually had even lower
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antigenicity, suggesting that the target epitopes are the protein
regions covered by DNA and buried by protein-protein inter-
actions in chromatin (see Fig. 1). This conclusion is supported
by results from liquid phase absorption, demonstrating that
chromatin did not remove anti-H 1 or antitetramer antibodies
in these sera.

One reason for evaluating all known forms of histone-his-
tone complexes and subnucleosome structures was to deter-
mine ifthere was a correlation between antibody reactivity and
symptoms of drug-induced lupus. Previous work had shown
that reactivity with the DNA-free H2A-H2B dimer can discrim-
inate between most symptomatic and asymptomatic procaina-
mide-treated patients (8, 10), and this work confirms those
findings. In this study, three symptomatic patients did not have
antibodies reacting with the H2A-H2B dimer, and two others
reacted at a very low level, showing false negativity in this as-
say. Using a cutoff level of 2 SD above the average of 20 nor-
mals, six of the asymptomatic patients reacted with the DNA-
free dimer, and therefore would be considered falsely positive
by this criterion. However, binding to the (H2A-H2B)-DNA
complex gave better discrimination between symptomatic and
asymptomatic patients. None of the 21 procainamide-treated
patients having lupus-like symptoms had a reactivity on (H2A-
H2B)-DNA < 1 OD. In contrast, only 2 of the asymptomatic
procainamide-treated patients produced an OD > 1. From Ta-
ble I it can be seen that the asymptomatic patients had an
average OD of 0.3 on both the dimer and dimer-DNA. For
symptomatic patients, the average OD on the dimer was 3.2,
while it was 9.1 on dimer-DNA, a significant difference at P
< 0.001. Thus the presence of IgG antibodies reactive with the
(H2A-H2B)-DNA complex is a better diagnostic marker for
procainamide-induced lupus than antibodies reactive with
DNA-free H2A-H2B.

Previous characterizations ofdrug-induced antihistone anti-
bodies primarily measured reactivity with individual histones
or histone fragments rather than chromatin substructures, so
direct comparison with the current results is difficult. Sera
from patients with hydralazine-induced lupus were reported to
predominantly react with H3 and H4 (9), although other stud-
ies failed to detect a distinct pattern ofIgG reactivity with indi-
vidual histones using solid-phase assays (37) or Western blot
(12). Chlorpromazine-induced antihistone antibodies were re-
ported to display relatively uniform binding with the substrates
tested (5).

One difference between the present results and previous
work concerns the antigenicity of the trypsin-resistant regions
of histones. With the Western blot technique, sera from most
patients with procainamide-induced lupus did not bind the
trypsin-resistant histone cores (1 1, 12), while with ELISA we
found that these regions were strongly antigenic in the form of
trypsinized chromatin. The most likely explanation for this
discrepancy is that the antibodies we detected recognized a
quaternary structure in native and trypsinized chromatin
which is lost during preparation or immobilization of individ-
ual histones. Portanova et al. (9) demonstrated that sera from
patients with procainamide-induced lupus bound the trypsin
resistant cores ofH2A and H2B. This antibody activity may be
directed to the quaternary structure epitope on the H2A-H2B
complex that was demonstrated to reassemble during transfer
ofH2A and H2B to nitrocellulose in the absence of SDS (9).

The uniform patterns ofreactivity ofdrug-induced autoan-
tibodies raise a number ofquestions regarding their origin and

significance. One issue concerns the different isotypes and spec-
ificities of antibodies in symptomatic compared to asymptom-
atic drug-treated patients. The simplest explanation for a
symptom-associated antibody is that only these antihistone an-
tibodies are somehow pathogenic. In this way individuals who
happen to develop IgG anti-(dimer-DNA) antibodies develop
symptoms of lupus. However, it is important to realize that
after discontinuation of therapy, lupus-like symptoms usually
subside much sooner than do autoantibodies, so that it is com-
mon for a patient to be free ofsymptoms but still retain consid-
erable anti-(dimer-DNA) activity (data not shown). This fea-
ture suggests that if these antibodies are pathogenic, another
factor related to continuous drug exposure may be required for
expression of pathogenicity, such as drug-dependent genera-
tion ofan unusual form ofthe target antigen in order for patho-
genic immune complexes to be produced in vivo. Alterna-
tively, elicitation of IgG anti-(dimer-DNA) could be merely
linked in time with an unknown pathogenic process and this
antibody may not be directly involved in that process itself.

Another interesting observation is the strong tendency for
the isotype of drug-induced antibodies in asymptomatic pa-
tients to be predominantly IgM. IgM-restricted immune re-
sponses are generally interpreted to suggest T cell independent
processes such as direct B cell activation by polyclonal stimula-
tors (38). Although the antibodies in procainamide-treated
asymptomatic patients reacted with a wide range of histone
antigens and therefore appear nonspecific, procainamide-in-
duced antibodies are restricted to histone- or denatured DNA-
containing materials, and other autoantibody specificities or
antibodies to exogenous agents are not detected (39). Further-
more, a unique pattern of IgM reactivity on the set of subnu-
cleosome structures was observed in chlorpromazine-treated
asymptomatic patients. A predominant and sustained IgM re-
sponse occurs in animals immunized with particulate forms of
protein antigens such as bovine albumin (40), human thyro-
globulin (41), and to the nuclear antigens Sm and histones (36),
and the antihistone response is thymus-dependent (36). Drug-
elicited IgM antihistone antibodies in asymptomatic patients
resemble the pseudoautoantibodies elicited in normal mice im-
munized with histones adsorbed to latex beads (36) in that
binding to DNA-free histones predominates over binding to
more native forms of histone such as histone-DNA complexes,
chromatin, and nuclei. It might be suggested, therefore, that
asymptomatic patients retain substantial autoimmune toler-
ance to chromatin at the B cell level whereas B cell tolerance is
lost only in symptomatic patients displaying IgG antibodies to
histone-DNA complexes.

The most provocative question raised by these studies con-
cerns the mechanism underlying drug induction of autoanti-
bodies and the basis for the association of some drugs with a
predominant reactivity with only certain chromatin compo-
nents. Allergic-like hypersensitivity reactions to drugs such as
penicillin (42) are commonly used as a paradigm for the au-
toimmune responses in drug-induced lupus. In this way drugs
might be thought to bind to histone-containing self material,
altering it to produce nonnative or even foreign epitopes,
breaking B cell tolerance to autoantigens. T cell help could
derive from a drug-specific response such as the experimental
lymphoproliferation induced in mice by injection of penicilla-
mine, streptozotocin, and gold salts (43), or from nonspecific,
direct lymphocyte activation observed in vitro by drugs such as
procainamide (44) or its metabolite, procainamide-hydroxyl-
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amine (45). However, autoantibody binding does not require
the presence of drug since the nucleohistones used as antigens
were derived from calf thymus, and drug carry-over from pa-
tients' sera would be insignificant after dilution or a few days
after withdrawal of therapy. Furthermore, drug elicitation of
autoantibodies does not follow the kinetics and drug dose de-
pendency of a classical drug allergy, and antidrug antibodies
have been only rarely reported. More subtle mechanisms may
be involved such as drug perturbation of lymphocyte homeo-
static mechanisms mimicking the processes occurring during T
cell activation by MHC class II incompatible structures in ex-
perimental graft-vs.-host reaction (46). However, these con-
cepts fail to provide a credible explanation for the restricted
specificity of the drug-induced antibodies to histone-contain-
ing structures. One way a specific response might develop is if
drug metabolites perturbed chromatin or histone catabolism,
resulting in an immunogenic form of self material with con-
comitant loss ofB cell tolerance to parts ofthe selfimmunogen.

The two patterns of antibody binding to nucleosome com-
ponents suggest that there may be two pathways for autoanti-
body induction by drugs. Although we can only speculate on
the nature of these pathways, it is clear that both patterns are
related to chromatin structure and are essentially reciprocally
related to each other. With one pattern, DNA enhanced anti-
genicity and the epitopes were exposed in chromatin, while in
the other pattern epitopes were partially blocked by DNA and
not exposed in chromatin. Thus, the intermolecular interac-
tions underlying chromatin structure strongly affect its anti-
genicity, suggesting that production of these antibodies is
linked to a process involving autoimmunization with histones
or chromatin.
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