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Abstract

Autoantibodies reacting with chromatin and its components,
histones and DNA, are characteristic of the human autoim-
mune diseases SLE and drug-induced lupus, but the mecha-
nisms of their induction remain unknown. Serial serum samples
collected over short intervals from lupus-prone MRL/MP-
Ipr/Ipr and BXSB mice were tested by ELISA on chromatin
and its substructures to characterize the initial autoimmune
response to these antigens. Direct binding studies demon-
strated that the early autoantibodies recognized discontinuous
epitopes on native chromatin and the (H2A-H2B)-DNA sub-
nucleosome. As the immune response progressed, native DNA
and other chromatin constituents generally became antigenic.
Based on adsorption studies and IgG subclass restriction, anti-
bodies to native DNA were more related to chromatin than to
denatured DNA. The Kkinetics of autoantibody appearance and
the Ig class distribution were similar to the kinetics and distri-
bution seen in antibodies induced by immunization with an exog-
enous T-dependent antigen. These results are most consistent
with the view that autoantibodies reacting with chromatin are
generated by autoimmunization with chromatin, and antibodies
to native DNA are a subset of the wide spectrum of antichroma-
tin autoantibodies. (J. Clin. Invest. 1993. 91:1687-1695.) Key
words: antihistone antibodies ¢ anti-DNA antibodies * systemic
lupus erythematosus

Introduction

Serum autoantibodies reacting with chromatin and/or its pre-
dominant components, histones and DNA, have been found in
SLE (1), drug-induced lupus (2), several other human disease
states (3), and in murine models of SLE (4-7). The mecha-
nisms causing their initial and continued production are un-
known and several theories have been proposed, including di-
rect stimulation of T and B cells by self antigens (5, 8), immuni-
zation by exogenous mimics (9, 10), polyclonal activation
(11), and disruption of an idiotypic network ( 12). Analysis of
the fine antigenic specificities and titers of the antichromatin
autoantibodies at the onset and during the progression of the
autoimmune response could differentiate among the above the-
ories. If the autoimmune response to chromatin mimicked T-
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dependent immunization, the antibodies should display an
IgM to IgG switch, a rapid increase in titer to a number of
epitopes on the specific immunogen in relation to other anti-
gens, somatic mutation in complementarity determining re-
gions and affinity maturation. In contrast, with polyclonal acti-
vation, a number of different antibody specificities should ap-
pear simultaneously and mutations should be random. If
autoantibodies result from crossreactive antibodies, then only
a single epitope on the self antigen should be recognized, since
it is unlikely that an exogenous pathogen would mimic many
different parts of a nonhomologous self molecule. An antiidio-
typic response is cyclic (13) and is often directed against unre-
lated antigens because of multiple specificities in parallel sets of
idiotypes (14).

For several reasons, antichroinatin autoantibodies are a
good model system to examine the hypotheses described
above. A number of mouse strains with accelerated lupus-like
disease develop autoantibodies during a relatively narrow time
window ( 15), allowing investigation of the genesis of autoanti-
body production, as well as comparison of autoantibody speci-
ficities among mouse strains. Additionally, the biochemistry
and three-dimensional structure of chromatin and its parts
have been extensively studied so that chromatin can be dis-
sected into a limited number of well defined native subnucleo-
some structures (16-19). .

In the present study, the genesis of the immune response to
chromatin was studied in MRL /Mp-lpr/lpr (MRL-Ipr)! mice
of both sexes and BXSB males. Mice were bled at short inter-
vals before and during the time they developed autoantibodies.
IgM and IgG antibodies to chromatin, histones, and native,
double-stranded DNA (dsDNA) and denatured, single-
stranded DNA (ssDNA) were measured in all sera. Selected
samples were studied using a wide range of chromatin compo-
nents, subclass specific detecting reagents, and adsorption with
chromatin or DNA. Our results demonstrated that many fea-
tures of antichromatin autoantibody production resemble
those of an active T cell-dependent immunization process, and
that autoantibodies recognize a wide spectrum of epitopes on
chromatin. Together, these findings imply that chromatin is
the structure that initiates the production of antihistone, anti-
subnucleosome, and anti-dsDNA autoantibodies.

Methods

Mice. 17 MRL-Ipr mice of both sexes and 15 male BXSB mice were
obtained from the mouse breeding colony of The Scripps Research
Institute (La Jolla, CA) and kept in a conventional environment. They

1. Abbreviations used in this paper: dSDNA, double-stranded DNA;
MRL/Mp/ipr/Ipr mice, KLH, keyhole limpet hemocyanin; MRL-/pr
mice; ssDNA, single-stranded DNA; TI-1, thymus independent class 1;
TI-2, thymus independent class 2; TNP-KLH, thymus dependent anti-
gen; TNP-LPS, TI-1 antigen.
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were bled from the retroorbital plexus, and sera were stored at —20°C
until use. Initial serial samples from most mice were taken twice weekly
starting when they were 7-8 wk old, and after ~ 1 mo, each mouse was
bled every other week until moribund.

Chromatin, subnucleosomes, histones, and DNA. All procedures for
isolating chromatin and histones and reconstituting histone-DNA sub-
nucleosome complexes have been described in detail (20). Briefly, H1
and histone-histone complexes were prepared from calf thymus (Pel-
Freeze Biologicals, Rogers, AK) nuclei by salt extraction at neutral pH
and column chromatography on CM-52 cellulose (Whatman, Maid-
stone, UK) (16). Histone-DNA subnucleosome complexes were pre-
pared by high to low salt dialysis (21). Individual histones were pre-
pared from the appropriate histone-histone complex by P60 (Bio-Rad
Laboratories, Richmond, CA) column chromatography (22). Whole
chromatin, H1-stripped chromatin, and trypsinized chromatin were
prepared as described (23, 24), and the quality of the preparations has
been demonstrated previously (2, 20). Calf thymus DNA (Calbio-
chem-Novabiochem Corp., La Jolla, CA ) was further purified by diges-
tion with proteinase K, extraction with phenol, and digestion with S1
nuclease. ssDNA was prepared by placing DNA in a boiling water bath
for 15 min and cooling on ice.

ELISA. The ELISAs were performed as described (20) with the
modification that a precoating with methylated BSA was used when
ssDNA as well as dSDNA were the substrates. Briefly, most substrates
(see reference 2 for exceptions) were dissolved in PBS at 2.5 pg/ml,
and 100 ul of each was added to a microtiter plate (Immulon 2; Dyna-
tech Labs, Inc., Chantilly, VA), incubated overnight, and postcoated
for 2 h with 0.1% gelatin in PBS. Samples diluted 1:300 in serum dilu-
ent (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 peroxidase conjugated
goat anti-mouse IgM or IgG (Caltag Labs, South San Francisco, CA),
which had been calibrated to yield a similar OD on mouse IgM or IgG
coated plates, respectively. To increase the dynamic range of the
ELISA, the OD was determined after 10 min and 60 min, and the data
from the latter time point reported. If the OD at 60 min was greater
than the limit of detection of the spectrophotometer (2 OD), the final
OD was calculated by extrapolation, which is linear to = 12 OD (20).

Antisubclass antibodies. The reactivities of subclass-specific detect-
ing reagents (Caltag ) were normalized by ELISA against myeloma anti-
bodies of the appropriate IgG subclasses captured by a plate coated
with (Fab’), goat anti-mouse kappa chain. There was no appreciable
cross-reactivity among the IgG subclass specific antibodies. The rela-
tive level of the subclasses in each mouse strain was measured from a
pool of six sera from 3-mo-old mice. The pooled sera were diluted
1:1,000 in serum diluent, incubated in a plate coated with capturing Ig
as above, and detected with the appropriate dilution of subclass-spe-

cific detecting reagent. Additionally, the capture assay was used to de-
termine the concentration of IgG2b monoclonal antibodies P4D2 and
P17A3 (25). The OD:s generated by a dilution of the hybridoma super-
natants were compared to a standard curve generated from purified
IgG of known concentration.

Solid phase adsorption. Diluted sera were incubated four times for
1 h each in multiple wells of an ELISA plate coated with the antigen.
Controls consisted of sera similarly adsorbed on gelatin-coated wells.

Immunizations. Three mice from each strain were immunized with
the thymus-independent class 1 ( TI-1) antigen trinitrophenol-lipopoly-
saccharide (TNP-LPS) (Sigma Immunochemicals, St. Louis, MO),
the thymus-independent class 2 (TI-2) antigen TNPsy-Ficoll (Bio-
search, San Rafael, CA), or the thymus-dependent antigen TNP,;—
keyhole limpet hemocyanin (KLH) prepared as described (26). All
mice were boosted 2 wk later with TNP,;-KLH in incomplete Freund’s
adjuvant. TNP,,-ovalbumin, prepared as described (26), was used as
the substrate to detect anti-TNP antibodies.

Results

Individual mice. The MRL-Ipr and BXSB mice were bled at
intervals ranging from 3 d to 2 wk for an average of 10 and 12
samples per mouse, respectively. Initially, all sera were ana-
lyzed for IgM and IgG reactivity by ELISA on four substrates:
H 1-stripped chromatin, in which histone H1 and most nonhis-
tone proteins had been removed, leaving the core histone oc-
tamer wrapped with DNA; the DNA-free (H2A-H2B-H3-H4),
histone octamer; dsDNA and ssDNA.

All 17 MRL-/pr mice showed a sustained response (2 wk or
more) to both IgG antichromatin and anti-ssDNA, and most
also had IgM of those specificities (16 and 14, respectively). 12
of the mice displayed a sustained IgG anti-dsDNA response.
When the data from individual mice were analyzed, two gen-
eral patterns were observed. IgG antibodies often, but not al-
ways, appeared before or concurrently with IgM antibodies of
the same specificity, rose sharply to a peak over a 2-3-wk pe-
riod, and stabilized at a level lower than the peak value. Occa-
sionally, they continued to rise until just before death. Addi-
tionally, antichromatin antibodies almost always appeared be-
fore or concurrently with antihistone and anti-dsDNA
antibodies. However, anti-ssDNA often appeared earlier than
antichromatin. As seen in Fig. 1 4 for MRL-/pr #6, no IgM
autoantibodies were observed until days 92 and 96, when a
small transient anti-ssSDNA response was seen. In contrast, by
days 68 and 72, IgG chromatin and ssDNA antibodies had

Figure 1. Time course of autoantibody production in
individual MRL-/pr mice. IgM (A4) and IgG (B) reac-
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average OD + 2 SD of normal mice determined at
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the autoimmune animal to yield OD above normal.
Note that both panels displaying IgM reactivity are
drawn to the same scale to emphasize the point that
the mice make various amounts of these antibodies,
but the IgM and IgG scales are different. Chrom, H1-
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already started to rise (Fig. 1 B). They peaked between days 92
and 105, decreased, and then plateaued until becoming lower
in the last month of life. The IgG anti-dsDNA antibodies dis-
played a lower and later peak while antihistone antibodies were
generally absent in this mouse. For MRL-lpr #7, the IgM
antichromatin showed a very small peak at day 63, and then
started to rise steadily at day 76 (Fig. 1 C). Antibodies to the
other three antigens started to rise on days 85-105. However,
the IgG antichromatin response started rising sharply at day
59, peaking by day 85, and then decreasing (Fig. 1 D). There
was a small early ssDNA response, which increased rapidly
from day 85 to 128. Interestingly, IgG anti-dsDNA antibodies
did not rise until day 128, after the IgM anti-dsDNA. Fig. 1,
A-D are typical for the majority of MRL-/pr mice. When the
12 mice with a sustained IgG anti-dsDNA response are consid-
ered, IgG antichromatin appeared earlier or at the same time as
anti-dsDNA in all of them. IgG was detected earlier or at the
same time as IgM of the same specificity in 8 of these 12 mice.

Analysis of all bleeds in each mouse by linear regression
revealed that changes in IgG chromatin and ssDNA antibodies
were related within individual mice (average r = 0.79 for all 17
mice). No other average correlation > 0.7 was found when all
combinations of IgG and IgM reactivities were compared. The
first antibody appearing was usually IgG anti-ssDNA (7 of 17),
IgG antichromatin, or IgM anti-ssDNA (four each).

For the BXSB mice, the first antibody to appear was usually
IgG antichromatin (7 of 15), IgG anti-ssDNA (4 of 15), or
IgM anti-histone (3 of 15). All mice displayed a sustained IgG
response to chromatin and ssDNA, and 10 to dsDNA. Interest-
ingly, the IgM responses to these four antigens were closely
related. This point is emphasized in Fig. 2 4, which shows that
BXSB #4 had a late IgM response starting between days 115
and 150, and in Fig. 2 C, where BXSB #12 had an early one
starting around day 50. However, in both these mice, the IgG
antibodies arose earlier than or concurrently with IgM and did
not all change together. Fig. 2 B demonstrates that IgG antibod-
ies reactive with ssDNA, chromatin, and histones, all clearly
arose before the corresponding IgM and changed titersindepen-
dently. For BXSB #12 (Fig. 2 D), there was an early IgG
antichromatin reaction, and the other three IgG specificities
arose concomitantly with the corresponding IgM.

Linear regression analysis of the IgM data of individual
BXSB mice confirmed that these antibodies were indeed

linked. The average r value varied from 0.78 to 0.88 when each
pair of substrates was compared: the lowest was ssDNA com-
pared with histone, and the highest was ssDNA compared with
chromatin, and the average standard deviations of the r values
were small (0.14-0.26). The only other correlation > 0.7 was
IgM vs. IgG antibodies for ssDNA (r = 0.78). When just
antichromatin and anti-dsDNA are considered in the 10 mice
with a sustained IgG anti-dsDNA response, IgG antichromatin
arose before or concurrently with IgG anti-dsDNA in all of the
mice. Also, IgG arose earlier or at the same time as the corre-
sponding IgM reactivity in all of these 10 mice.

Average autoantibody appearance. Fig. 3 A shows the bi-
weekly average and standard deviation of IgM reactivities of all
tested MRL-/pr mice on the four substrates. The average
antichromatin response rose steadily from 8 to 20 wk before
dropping at the last time point, while antihistone and anti-
ssDNA remained relatively low from 8 to 14 wk, and then
gradually increased. IgM anti-dsDNA remained low, except for
a transient increase at 16 wk. At all time points, the average
IgM reactivity was highest for chromatin and second highest
for ssDNA. The IgG reactivity displayed a different pattern
(Fig. 3 B). Anti-ssDNA antibodies predominated, with an-
tichromatin second highest, and both antibody levels increased
steadily to high levels from 8 to 20 wk. The IgG anti-dsDNA
reactivity did not rise much above background level until 18
wk, and then stayed elevated. In contrast, the IgG antihistone
antibodies displayed a fairly constant low level of reactivity.
The large mouse to mouse variability resulted in high standard
deviations for all antigens in both IgM and IgG.

In the BXSB mice, the average IgM reactivities to all four
substrates changed concordantly (Fig. 3 C). The high standard
deviations are present because different mice started their IgM
autoantibody responses at different ages, and the absolute
amount of antibody varied among mice, but once an individ-
ual started an IgM response, antibodies to all four substrates
rose concomitantly and to a similar extent, as seen above.
Their IgG response to the four antigens sometimes started be-
fore 8 wk of age, antichromatin generally dominated the early
response and anti-ssDNA arose later, also to high levels (Fig. 3
D). Antihistone antibodies displayed a higher level of binding
and appeared earlier than anti-dsDNA antibodies.

In both strains, the appearance of IgG before IgM of the
same specificity is not seen as clearly in the averages as in the
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Figure 2. Time course of autoantibody production for
individual BXSB mice. IgM (A4) and IgG ( B) reactiv-
ity above normal for BXSB #4, and IgM (C) and IgG
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for the substrates are the same as in Fig. 1.
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Figure 3. Time course of average autoantibody pro-
duction in mice measured by ELISA. The graphs de-
pict the average OD (+SD) above normal for four
substrates. For the MRL-/pr strain (4 and B), the data
from 17 mice were averaged at the 8-wk time point
and nine were alive at 22 wk. For male BXSB mice
(Cand D), the data from 15 mice were averaged for

the 8-wk time point and seven mice were alive at 22
wk. Note that IgM (A4 and C) and IgG (B and D) are
drawn to different scales. The abbreviations for the
substrates are the same as Fig. 1. At a 95% confidence
level using a two-tailed ¢ test, the average IgM
antichromatin level of MRL-/pr mice was significantly
I. elevated compared to the IgM anti-dsDNA for weeks
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only on week 14. For the MRL-/pr IgG binding, aver-
age antichromatin and anti-ssDNA levels were signif-
icantly elevated compared to the other two substrates
from weeks 12 to 22. In the BXSB mice, there were

no significant differences among the average reactivities of the IgM antibodies at all time points. In contrast, the average level of IgG antichro-
matin was significantly elevated compared to either IgG anti-dsDNA or antihistone reactivities at all times, as well as the IgG anti-ssDNA from

weeks 10 to 14.

analysis of individual mice because some mice were early for
both antibody classes, obscuring the individual patterns. The
clear IgG response to chromatin before IgG to dsDNA and
histones is less distinct in the averages for the same reason.
Even with the high standard deviations, there were still signifi-
cant differences between average reactivities as noted in the
legend to Fig. 3.

Age at first appearance of autoantibodies. For the 12 MRL-
Ipr mice that had a sustained IgG anti-dsDNA response, Fig. 4
A displays the age at which their IgG antichromatin and IgG
anti-dsDNA first appeared. In the graph, 8C is placed over the
age that mouse number 8 first displayed its IgG antichromatin
(between 7 and 8 wk), and 8D is placed over the age that this
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Figure 4. Age of onset of antichromatin and anti-dsDNA autoanti-
bodies. Each mouse is represented by its number followed by D for
anti-dsDNA and C for antichromatin. This symbol is placed above
the age that anti-dsDNA or antichromatin first appeared. The sym-
bols for anti-dsDNA reactivity are in bold to help distinguish them
from the markers for antichromatin reactivity. 4 (IgG) and B (IgM)
display the 12 MRL-/pr mice with a sustained (= 2 wk) anti-dsDNA
response, while C (IgG) and D (IgM) show the 10 BXSB mice with
a sustained IgG anti-dsDNA response.
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mouse started its IgG anti-dsDNA response (between 17 and
18 wk). Most mice first displayed antichromatin between 7
and 14 wk of age, while the anti-dsDNA usually developed
between 11 and 20 wk. Interestingly, the three mice with the
earliest anti-dsDNA response, numbers 10, 9, and 2, also had
relatively early anti-chromatin responses. For these same 12
mice, the age at first occurrence of IgM antibodies with these
specificities is displayed underneath in Fig. 4 B. Most did not
show IgM anti-dsDNA antibodies, but of the two that did, IgM
antichromatin was earlier. Compared with IgG depicted in the
figure above, IgM anti-dsDNA for number 7 appeared earlier
than the corresponding IgG response, and for number 13, the
same time as the corresponding IgG response. For IgM
antichromatin, numbers 2, 9, and 11 appeared earlier than the
corresponding IgG; numbers 8, 7, 12, and 14 appeared at the
same time; and the other mice displayed IgM after the corre-
sponding IgG.

Fig. 4 C shows that of the 10 BXSB mice with a sustained
IgG anti-dsDNA response, all except number 14 showed an
earlier IgG antichromatin response. For mouse number 14, the
two reactivities arose simultaneously. The mice that developed
anti-dsDNA antibodies early in life showed antichromatin
even earlier. The age distribution of the appearance of IgM
reactivity in the BXSB mice is striking (Fig. 4 D). In each of the
10 mice depicted, IgM antichromatin and IgM anti-dsDNA
appeared at the same time or within 1 wk of each other. When
compared to the appearance of antichromatin IgG, BXSB num-
bers 11, 12, and 9 displayed IgM antichromatin at the same
time, while the other seven mice displayed IgG first. This figure
emphasizes the point mentioned earlier that the IgM reactivi-
ties to these substrates rose and fell together, but independent
of the IgG.

Reactivity with subnucleosomes and individual histones.
The results from the serial bleeds suggested that autoantibodies
recognized a number of different epitopes on chromatin. To
examine this possibility more fully, sera from six mice of each
strain were chosen at a time before they developed anti-dsDNA
antibodies, so that reactivity with DNA-containing substrates
could not be caused by the presence of anti-dsDNA antibodies.
They were analyzed on a set of substrates that represented all
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the native substructures of chromatin that can be isolated at
neutral pH, as well as the individual histones separated from
each other in dilute acid. The IgM antibodies from five of six
MRL-/pr mice (Fig. 5 A) bound strongly to the three most
native substrates, whole chromatin, H1-stripped chromatin
and trypsinized chromatin (in which ~ 15% of the NH,-termi-
nal residues of all histones and some COOH-terminal residues
of H2A and H3 are removed). They also bound to the (H2A-
H2B) dimer-DNA complex. Four of the samples showed very
low reactivity with the (H3-H4), tetramer-DNA complex,
while none bound to H2A, H3, H4, or the (H3-H4), tetramer.
Serum number 4 recognized H2B and the H2A-H2B dimer,
while serum number 6 bound to H1, HI-DNA, H2B, and
H2A-H2B. For IgG antibodies, all six sera displayed binding to
the three forms of chromatin (Fig. 5 B). Five out of six sera also
recognized the (H2A-H2B)-DNA complex, even though four
of these did not bind to DNA-free H2A-H2B. These five sera
also bound to H1-DNA, albeit very weakly. The (H3-H4), tet-
ramer, both free from and complexed with DNA, was largely
nonreactive. The sera showed variable binding with individual
histones. None reacted with H4; sera numbers 1 and 4 bound
weakly to H2B and H1; and serum number 5 bound strongly to
H2A, H2B, and H1, and weakly to H3.

For BXSB mice the predominant IgM reactivities were not
always with the most native antigens (Fig. 5 C). Even though
five sera reacted with the chromatin substrates, these were the
most reactive substrates for only three of them. H1 was most
antigenic for the other three sera, while H2A, H2B, H3, and
(H3-H4), were also reactive. In contrast, IgG from BXSB mice
without antibodies to dsDNA reacted most strongly with the
native substrates whole chromatin, H1-stripped chromatin and
trypsinized chromatin, and the subnucleosome structure
(H2A-H2B)-DNA (Fig. 5 D). The other subnucleosome struc-
tures, (H3-H4),-DNA and H1-DNA, were much less reactive
or unreactive. These sera displayed a wide reactivity with indi-
vidual histones. Five bound above normal to H2A and/or
H2B, four to H3 and/or H4, and four to H1.

To further examine relative antigen accessibility on the
ELISA plate, binding by monoclonal antibodies with different
specificities was examined. 0.1 ug/ml of P4D2, an IgG2b that
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binds H2B (25), and 0.1 ug/ml P17A3, an IgG2b that binds
dsDNA (25), were reacted on H2B and dsDNA. P4D2 yielded
an OD of 3.78 on H2B and that of P17A3 was 3.39 on dsDNA.
To further characterize the DNA-containing substrates, five
other anti-dsDNA monoclonal antibodies were reacted with
dsDNA, ssDNA, and H1-stripped chromatin. Normalized to
dsDNA, the five antibodies reacted an average of 89.5%+4.6%
as much with ssDNA and 97.0%+3.8% as much with H1-
stripped chromatin. Thus, identical concentrations of different
antibodies yield similar ODs on different substrates. This sub-
stantiates the validity of comparing antibody reactivities on
different substrates.

Relationships among antibodies to DNA-containing anti-
gens. In MRL-/pr mice, there was a strong statistical correlation
between the appearance of antichromatin and anti-ssDNA anti-
bodies. In addition, we thought that these two populations
could be related, since chromatin contains regions of DNA
sensitive to the enzyme S1 nuclease that recognizes ssDNA but
not dsDNA (27) and antibodies crossreactive with ssDNA and
chromatin have been reported (28). However, in five sera
without anti-dsDNA antibodies, adsorption with chromatin in
solution could only remove 4%=+7% of the ssDNA reactive anti-
bodies. Surprisingly, ssDNA in solution inhibited 46%=+21% of
the chromatin binding. However, reduction in binding to chro-
matin after addition of ssDNA was probably the result of
blocking epitopes on chromatin by binding of ssDNA to the
solid-phase antigen, as previously reported for the inhibition of
anti-(H2A-H2B)-DNA by ssDNA (29). Thus, these data indi-
cate that antichromatin and anti-ssDNA are predominantly
separate antibody populations.

A provocative finding that can be seen directly in Figs. 1
and 2 and inferred from Figs. 3 and 4 is that IgG anti-dsDNA
antibodies invariably appeared after both anti-ssDNA and an-
tichromatin antibodies were already present. Since dSDNA is a
component of chromatin and also shares some epitopes with
ssDNA (30), we wanted to determine if anti-dsDNA antibod-
ies were more related to antichromatin or anti-ssDNA antibod-
ies. Two approaches were taken to examine the interrelated-
ness of these three antibody populations. First, sera containing
anti-dsDNA antibodies were adsorbed by solid-phase ssDNA

Figure 5. Autoantibodies to chromatin components in
mice without anti-dsDNA antibodies. Specific sam-
ples were chosen from six MRL-Ipr (4 and B) and
six BXSB (C and D) mice at a time before they de-
veloped anti-dsDNA antibodies so that reactivity with
DNA-containing substrates can not be attributed to
the presence of anti-DNA antibodies. Each of the six
horizontal rows displays the reactivity of one mouse
on the 13 substrates. IgM (A4 and C) and IgG (B and
D) antibody reactivities are drawn to different scales.
H2A, denatured H2A; H2B, denatured H2B; DIM,
native H2A-H2B dimer; D-D, (H2A-H2B) dimer-
DNA subnucleosome complex; H3, denatured H3;
H4, denatured H4; TET, native (H3-H4), tetramer;
= T-D, (H3-H4), tetramer-DNA subnucleosome com-
7S plex; STR, Hl-stripped chromatin; CHR, whole
chromatin; TRY, trypsinized H1-stripped chromatin;
! H], salt extracted H1; and H-D, H1-DNA subnucleo-
H1 some complex.
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Table I. Adsorption with Solid-phase ssDNA

Antibody activity removed (percent decrease)*

Mouse ssDNA dsDNA Chromatin
MRL/Ipr #4 84% 8% 15%
MRL//pr #6 91% 0% 21%
MRL//pr #8 96% 30% 6%
MRL/Ipr #14 95% 62% 38%
MRL/Ipr #14% 88% 56% 56%
Monoclonal 1D12¢ 100% 98% 99%

* Sera containing anti-dsDNA antibodies were adsorbed on solid
phase ssDNA or gelatin and ELISA performed on the indicated sub-
strates. ¥ Samples from the same animal taken 3 mo apart. ¢ This
monoclonal antibody binds to nearly the same extent with dsDNA,
ssDNA, and chromatin (20).

and tested on the three substrates. Table I shows that this treat-
ment adsorbed an average of 91% of the anti-ssDNA reactivity,
but only an average of 31% of the anti-dSDNA reactivity and
27% of the antichromatin reactivity. Thus, the bulk of the anti-
dsDNA antibodies did not recognize epitopes present on
ssDNA. It should be pointed out that ssDNA in solution ad-
sorbed an average of 93% of the dsDNA reactivity (not
shown). Presumably, liquid phase ssDNA has more flexibility
to assume base-stacking conformations than does solid-phase—
bound ssDNA, or there could be antibody-induced renatura-
tion of ssDNA in solution.

In the second approach, the IgG subclass distribution of
these autoantibodies was measured early, middle, and late in
the autoimmune response from six mice of each strain. For
MRL-/pr mice, chromatin and dsDNA reactive antibodies
were somewhat restricted in that IgG2a predominated, IgG1
and IgG2b were present occasionally, and IgG3 reactivity was
rare. The ssDNA response was more promiscuous in that most
animals had reactive antibodies of all four IgG subclasses with
IgG3 and IgG2a predominating and IgG1 the least reactive.
Fig. 6, A and B show representative individuals. The relative
predominance of the anti-ssDNA antibodies is similar to that
of antigen-nonspecific Ig found in pooled MRL-Ipr sera (IgG3
= 37%, 1gG2a = 36%, IgG2b = 16%, and IgGl = 11%). In
contrast, the relative predominance of subclasses in the

. 1gG1 19G2a
MRL/Ipr #6

1gG2b [ J1ga3

antichromatin and anti-dsDNA antibodies is similar to that
induced in vitro by supernatants of cultured MRL-/pr double
negative T cells, where IgG2a was most induced and IgG3 the
least (31).

For BXSB mice, reactivity with all three substrates was
usually IgG2b, sometimes IgG2a, and rarely IgG1 or IgG3 (Fig.
6, C and D). This is somewhat different than the relative pre-
dominance found in total Ig from pooled sera where IgG3 was
the major subclass (IgG3 = 43%, IgG2b = 32%, 1gG2a = 18%,
and IgG1 = 7%). In Fig. 6 D, it can be seen that the predomi-
nant antichromatin response switched from IgG1 to IgG2b late
in this individual’s disease. No mouse made anti-dsSDNA with-
out anti-ssDNA and antichromatin antibodies of the same sub-
class.

Adsorption with chromatin or dsDNA. Analysis of the bind-
ing specificities from serial serum samples revealed that like the
anti-dsDNA reactivity, binding to HI-DNA and tetramer-
DNA also increased late in life (not shown). To determine if
the rise in reactivity to (H3-H4),-DNA was simply caused by
the DNA component of this antigen or if a separate population
of antibodies with specificity for the (H3-H4),-DNA complex
arose concomitantly with antibodies to dSDNA, sera with anti-
dsDNA reactivity were tested on tetramer DNA before and
after adsorption with dsDNA or stripped chromatin. As seen in
Fig. 7, 1-2 ug of chromatin removed ~ 75% of the tetramer
DNA reactivity for both strains and 32 ug removed virtually
100%. In contrast, even after treatment with 32 ug DNA, an
average of 20% of the anti-tetramer DNA remained in MRL-
Ipr mice (Fig. 7 4) and 50% in BXSB mice (Fig. 7 B). Thus,
unique epitopes on the (H3-H4),-DNA complex became anti-
genic as the immune response progressed, particularly in the
BXSB strain.

Immunizations with TI-1, TI-2, and TD antigens. To com-
pare the kinetics of appearance of autoantibodies with those of
antibodies produced by immunization, 10-wk-old mice were
immunized with various forms of TNP. In all three types of
immunization, BALB/c (shown) and C57BI/6 mice (not
shown) were virtually identical. As seen in Fig. 8, 4 and B,
immunization with the TI-1 antigen TNP-LPS caused a sharp
IgM response on day 4, followed 2 d later by a lesser increase in
IgG in both BALB/c and MRL-/pr strains. All three BXSB
mice injected with 100 ug TNP-LPS died 2-3 d after injection,
perhaps because of stimulation of the large number of mono-
cytes that these lupus mice contain (4). For the BALB/c mice,

Figure 6. 1gG subclasses of autoantibodies. Subclass
specific reactivity with chromatin, dsDNA, and
sSDNA were determined at three time points: early,

<~»-®2300 —®0-~00

middle, and late in the course of the animal’s disease.
1, 2, and 3 along the x axis refer to the serial bleeds,
and the ELISA substrates are placed with chromatin
on the left, dSDNA in the middle and ssDNA on the
right. The horizontal rows display subclass specific
reactivity with IgG1 in the front and IgG3 in the back.
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A and B (MRL-Ipr) are drawn to a different scale
than C and D (BXSB).
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Figure 7. Absorption of (H3-H4),-DNA reactivity by liquid phase
H-stripped chromatin and dsDNA. Immunoabsorbent at the indi-
cated concentrations was added to sera, incubated for 2 h at room
temperature, and then ELISA performed as usual. The averages and
SD for six MRL-/pr (A) and six BXSB (B) mice are displayed. As a
measure of nonspecific absorption, at 4 ug/ml of chromatin the anti-
TNP reactivity in control mice was decreased 14%+13%.

the IgG response to the TI-2 antigen TNPs,-Ficoll (Fig. 8 C)
was lower than that induced by TNP-LPS. However, both au-
toimmune strains had a larger and earlier IgG reaction than the
normal mice, and the BXSB mice displayed a much lower IgM
titer than the other strains (Fig. 8, D and E). Perhaps the mono-
cytosis in the BXSB strain caused a rapid IgM to IgG switch,
accounting for the low IgM observed. For both TI-1 and TI-2
immunization protocols the BALB/c mice showed a sharp rise
in IgG after 18 d, presumably because of the TNP,;-KLH boost
given on day 14. This immunization protocol measures the
ability of a T-dependent antigen to further stimulate B cells in
the absence of memory T cells, and might have induced an
isotype switch in the previously activated B cells. The MRL-/pr
and BXSB mice did not display this characteristic, presumably
because the switch to IgG had already occurred. However, as
expected with the T-dependent antigen TNP,;-KLH, the nor-
mal and autoimmune groups (Fig. 8, F-H) displayed a typical
IgG response that rose gradually from days 7-14 and increased
sharply after the boost. Interestingly, IgM antibodies in mice
primed and boosted with the T-dependent antigen were barely
detectable, suggesting a very rapid IgM to IgG switch.

Discussion

The genesis and evolution of autoantibodies reactive with
chromatin and its components have been determined to gain

insight into the immunologic processes that produced them.
Serial serum samples were obtained at short time intervals
from MRL-Ipr and BXSB mice, tested on many related anti-
gens, and relationships among antibody populations were ex-
amined by adsorption studies. Despite being inbred, these mice
displayed large differences in the age of onset, titer, and fine
specificity of their antichromatin responses, consistent with the
view that stochastic processes played a role in the production of
these autoantibodies (32). However, in both strains of mice,
IgG antibodies reactive to chromatin and ssDNA were found
in high titer in every individual, indicating that there was a
similar immunologic process occurring in each of the mice.
Their initial autoimmune response was primarily directed
against conformational epitopes on native chromatin and the
(H2A-H2B)-DNA subnucleosome. Antibodies to other sub-
nucleosome structures and individual histones were present in
lower titer and arose later in the course of disease. The rapid
rise of IgG autoantibodies over a few days to a few weeks, the
predominance of IgG over IgM, and the use of the IgG2a and
IgG2b subclasses were similar to the kinetics, class, and sub-
class preference (33) of antibodies induced by immunization
with a T-dependent protein antigen or a virus, but not a carbo-
hydrate antigen. Taken together, these data are most consistent
with the concept that autoantibodies reactive with chromatin
were caused by T-dependent immunization with chromatin.

What could cause the variability in both the time of appear-
ance and the fine specificity of the autoantibodies in inbred
mice? The random combinatorial events and somatic muta-
tions that occur in the formation of immunoglobulins (34),
and similar processes that take place in the successful expres-
sion of the T cell receptor (35 ) produce animals that have genet-
ically different antigen-responsive cells even though their geno-
mic DNA is identical. Thus, divergence among inbred mice in
the initial specificity of antigen-responsive cells would add to
the diversity of their autoimmune responses. Differences in the
precursor frequency of anti-Sm antibodies have been found in
MRL-/pr mice (32). Another factor that could cause variation
is the putative immunization event. If at least two unlinked
processes had to occur to produce autoantibodies, then the
probability of two independent events occurring simulta-
neously in the same place could contribute to the variability in
age of onset of autoantibody production (see below).

Figure 8. Time course of IgM and IgG anti-TNP an-
tibody production. Anti-TNP reactivity after intra-
peritoneal injection of 100 ug TNP-LPS in 100 ul
normal saline (4 and B); i.p. injection of 100 ug
TNP;s,-Ficoll in 100 gl normal saline (C, D, and E);
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or subcutaneous injection of 100 ug TNP,;-KLH in
/ 200 ul CFA (F, G, and H). All mice were boosted

/7 with s.c. injection of 100 ug TNP,;-KLH in 200 ul

incomplete Freund’s adjuvant on day 14 (arrows on

bottom x axis). Control mice BALB/c (A4, C, and F)
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' and autoimmune MRL-Ipr (B, D, and G) and BXSB
(E and H).
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The autoimmune processes in these mice were not totally -

random, since every individual made an IgG autoimmune re-
sponse to chromatin, usually initially directed against the
(H2A-H2B)-DNA subnucleosome structure. In some cases,
the quaternary interaction of H2A, H2B, and DNA was neces-
sary to form a reactive epitope, since the individual compo-
nents were unreactive. In animals without anti-dsDNA reactiv-
ity, antibodies to both the trypsin-sensitive and the trypsin-re-
sistant regions of chromatin were also present, since
trypsinization reduced but never eliminated the antichromatin
reactivity. The reduction in reactivity was not caused by less
substrate binding to the ELISA plate (20). With the Western
blot technique, trypsinized histones were unreactive (5 ), proba-
bly because only epitopes on individual denatured histones
were measured. As the immune response progressed, antibod-
ies to H1, native DNA and the (H3-H4)-DNA subnucleosome
became apparent. Thus, antibodies reacting with multiple epi-
topes on chromatin, some requiring native antigen, were
found. In previous studies, the presence of autoantibodies reac-
tive with a number of different epitopes on the La/SS-B parti-
cle (36), RNP (37), and histidyl transfer RNA synthetase (38)
have been interpreted as evidence for immunization with self
antigen. The predominant reactivity of autoantibodies to con-
formational epitopes (39, 40) has also indicated autoimmuni-
zation.

It is unlikely that the pattern of reactivity that we have
observed in these mice is caused by artifacts in the assays. We
have previously shown that nearly equal amounts of protein
and DNA are bound to the ELISA plate for all the antigens
(20), that soluble and solid-phase chromatin are antigenically
similar (2), and that there is a lack of assay bias as demon-
strated by the reciprocal binding patterns found in patients
with lupus induced by different drugs (2). In addition, the
increased reactivity of some sera for (H2A-H2B)-DNA com-
pared to H2A-H2B is not caused by antibody valency, demon-
strating that a fortuitous spacing of H2A-H2B along DNA is
not the cause of stronger reactivity with that antigen (29). We
further demonstrated that equal amounts of different antibod-
ies yielded similar ODs on their respective substrates, demon-
strating that the sensitivity of binding to the various substrates
is balanced. These findings support the validity of comparing
serum reactivity on the different substrates.

Predominant reactivity to the (H2A-H2B)-DNA subnu-
cleosome structure early in the murine autoimmune response
is similar to that found in patients with procainamide-induced
lupus (2) and in a subset of patients with SLE (reference 41 and
unpublished observations). Additionally, as was found in the
mice, sera from SLE patients with anti-dsDNA antibodies dis-
played reactivity to the (H3-H4),-DNA subnucleosome after
their dsDNA reactivity was removed (reference 41 and unpub-
lished observations). Thus, there is a strong similarity in the
epitopes recognized by both human and murine antichromatin
autoantibodies.

Two novel aspects of the present work were the collection
of serial serum samples over short time intervals and the mea-
surement of antibody reactivity to a number of related antigens
on chromatin. Once an autoimmune response started, the anti-
body titer typically rose to a peak within a few weeks, similar to
the kinetics seen during an immunization. In a given mouse
serum, IgG antibodies usually arose before or concomitantly
with IgM antibodies of the same specificity. This phenomenon
has also been noted with anti-Sm autoantibodies in MRL-/pr
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mice (42), and most likely indicates that the IgM to IgG switch
is taking place rapidly, before serum IgM can be detected. A
primary IgG response has also been noted in murine graft ver-
sus host disease, and has been attributed to the large amounts
of cytokines produced in this system (reviewed in reference
43). It is possible that similar cytokines are produced at the site
of antichromatin autoantibody production in MRL-/pr and
BXSB mice, since their primary autoantibodies are often IgG.
Different types of immunization can also influence the relative
IgM and IgG production. Immunization with a high dose
(1,000 ug) rather than a medium dose (100 u) of antigen in the
absence of an adjuvant containing bacteria favored IgG over
IgM production (44), as did the use of adjuvants other than
CFA (45). In the present work, even immunization in CFA did
not cause high IgM anti-TNP production. Thus, the lack of an
observable switch from IgM to IgG reactivity can happen with
certain types of immunizations.

Our data are not supportive of polyclonal activation caus-
ing most of the antichromatin autoantibodies. In BXSB mice,
polyclonal activation could have caused IgM autoantibodies,
since a number of different reactivities changed simulta-
neously, and linear regression analysis and two-sided ¢ tests
confirmed their interrelatedness. However, the IgM antibodies
of the MRL-Ipr mice and the IgG antibodies from both strains
did not display linked changes. Polyclonal IgM and specific
IgG responses have been noted previously (11). Since the
serum IgM antibodies in the BXSB mice often appeared after
the IgG antibodies, their induction may not affect IgG produc-
tion and is consistent with earlier work demonstrating that poly-
clonal stimulation of B cells could not by itself induce patho-
genic autoantibodies (46).

For most of the serial IgM and IgG reactivities measured in
this study, the antibody binding rapidly reached a peak and
then gradually decreased without displaying other prominent
peaks. Natural antiidiotypic antibodies ( 13) and antibodies in-
duced by immunization with anti-I-J, which is thought to
disrupt an idiotypic network (47), both displayed periodic fluc-
tuations in titer. Thus, the relatively smooth change of autoan-
tibody reactivity over time was not characteristic of a natural or
a disrupted idiotypic network.

It has been proposed that bacterial DNA or ssDNA could
be the initial stimuli inducing anti-dsDNA antibodies
crossreactive with self material (10). However, in MRL-Ipr
mice, the subclass distribution of antichromatin and anti-
dsDNA were the same, while that for anti-ssDNA was differ-
ent, implying that different immunological forces were driving
the dsDNA and ssDNA responses. Additionally, the observa-
tions in both strains that antichromatin antibodies invariably
arose before anti-dsDNA antibodies in murine lupus, that
ssDNA could not adsorb the majority of anti-dsDNA antibod-
ies while whole chromatin could, and that adsorption with
DNA could not remove the majority of chromatin-reactive an-
tibodies argue instead in favor of a role for chromatin as the
initial immunogenic stimulus inducing anti-dsDNA antibod-
ies. Anti-dsDNA antibodies seem to be a subset of the wide
spectrum of antichromatin autoantibodies present in these
mice.

The results presented here compliment other studies that
examined the immunologic processes responsible for autoanti-
body induction. Panels of anti-DNA and antichromatin mono-
clonal antibodies from autoimmune mice displayed hallmarks
of antigen driven, though not necessarily autoantigen driven,
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immune responses such as clonotypic convergence upon
switching to IgG and confinement of productive mutations to
the complementarity determining regions (48, 49). Affinity
maturation of anti-Jo-1 autoantibodies (40) and decreased re-
activity of human Ro/SS-A autoantibodies with antigens from
animals further from humans on the evolutionary tree (8 ) have
been presented as additional evidence for an autoantigen-
driven autoimmune response.

Autoimmunization with self antigen presents a problem as
a mechanism for autoantibody production, since it has been
well documented that experimental immunization with self
antigens in general, and chromatin (50), dsDNA (51), and
histones (52) in particular, rarely induces autoantibodies, sug-
gesting that tolerance to these molecules is firmly established in
normal individuals. Maintenance of adult tolerance may be an
active process involving self antigen, lymphokines, and the
cells responding to them (53-55). In transgenic models of auto-
immunity, it appears that B cells can be deleted at an early stage
of their ontogeny by being exposed to a polymeric form of
antigen (56), and anergized at later stages by soluble antigen
(57). The loss of one or both of these tolerance-maintaining
pathways could allow abnormal expression of self-reacting Ig
molecules on the B cell surface. Because antibodies reactive
with many epitopes on chromatin were found in these mice,
this antigen must have been involved in their induction, and
because IgG2a and IgG2b were the predominant subclasses of
antichromatin autoantibodies, there must also have been T cell
help. We propose that nontolerant B cells were exposed to an
immunogenic or particulate form of chromatin that cross-
linked specific surface immunoglobulins, starting the activa-
tion of the B cell and allowing subsequent internalization and
processing of antigen. A defect in the catabolism of chromatin
released from dying cells could lead to the presence of poly-
meric forms of chromatin that normally would not be exposed
to the immune system, allowing the B cell to present a peptide
to which the T cells were never tolerized. Alternatively, presen-
tation by a nontolerant B cell of either higher than normal
levels or abnormal forms of peptides from this antigen could
stimulate T cells. It has been demonstrated in chimeric mice
that only B cells with the /pr gene or the Y chromosome asso-
ciated abnormality from BXSB mice produce autoantibodies,
while B cells without these defects do not (58, 59). Thus, one of
the basic immunological defects could be at the level of the
antigen presenting cell, in these cases the B cell. Studies charac-
terizing MHC peptides, as have been achieved recently in other
model systems (60, 61), will further clarify the antigenic struc-
ture(s) involved in systemic autoimmunity and indicate the
way by which tolerance to these molecules is circumvented.
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