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Abstract

Polyclonal B cell activation is an early feature of autoimmune
disease in humans and mice with systemic lupus erythema-
tosus. The contribution of polyclonal activation to the progres-
sion of autoimmunity is unclear, however, since it precedes the
development of end-organ damage by months or years. To ex-
amine this issue, 109 autoimmune-prone (NZB X NZW)Fj
X NZB backcross mice were hemi-splenectomized at 10 wk
and the number and antigenic specificity of their Ig-secreting B
cells quantitated by ELISA spot assay. Of the 61 mice that had
polyclonally increased numbers of Ig-secreting cells/spleen, 31
died by 6 mo. In contrast, 0/48 backcross mice with normal
numbers of Ig-secreting B cells at 10 wk died over the same
period (P < 0.001). Polyclonally activated mice also developed
proteinuria earlier and more frequently than littermates with
normal numbers of Ig-secreting cells (P < 0.001).

As adults, backcross mice with proteinuria expressed re-
pertoires skewed towards the production of anti-DNA antibod-
ies. At 10 wk these same mice expressed repertoires marked
by polyclonal activation rather than preferential anti-DNA
production. These findings indicate that autoimmune disease in
SLE is accompanied by the autoantigen-driven production of
autoantibodies but is preceded and predicted by polyclonal B
cell activation. (J. Clin. Invest. 1990. 86:1249-1254.) Key
words: autoimmunity - autoantibodies - polyclonal activation-
lupus

Introduction

(NZB X NZW)Fj mice spontaneously develop an autoim-
mune syndrome that resembles human systemic lupus ery-
thematosus (SLE). Their disease is characterized by the pro-
duction of IgG autoantibodies reactive with a variety of self
antigens at 5-9 mo followed by immune complex-mediated
glomerulonephritis and death (1-7). NZB mice develop an
autoimmune disease which features hemolytic anemia and the
increased production of IgM autoantibodies (8, 9). NZWmice
are less autoimmune-prone but contribute genes critical to the
development of lupus nephritis in (NZB X NZW)Fj animals
(10, 11).

Two processes, polyclonal B cell activation and autoanti-
gen-driven immune stimulation, are thought to contribute to
the production of autoantibodies in SLE (12-16). There is
considerable uncertainty, however, concerning the relative
importance of these two processes to disease pathogenesis. A
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role for autoantigen in the perpetuation of autoimmunity is
supported by evidence showing that (a) heightened responses
to specific autoantigens are pathognomonic of active disease
(such as the anti-DNA response in (NZB X NZW)Fj mice and
humans with lupus [4, 7, 17, 18]); (b) certain autoantigens are
able to induce immune responses against themselves (19-21);
(c) autoantibody-secreting B cells switch from IgM to IgG pro-
duction over the course of disease (18, 20); (d) autoantibody
affinity increases over time in a pattern reminiscent of con-
ventional antigen-driven immune responses (4, 5); and (e) au-
toantibody-secreting lymphocytes express clonally related
IgVh region genes, consistent with a process of antigen-driven
B cell selection and expansion (14, 22). Yet there is also evi-
dence which links the development of polyclonal B cell activa-
tion with lupus. For example, the number of B cells secreting
non-autoantibodies as well as autoantibodies is significantly
increased in mice and humans with SLE as is the responsive-
ness of lupus B cells to activation by T cell-derived lympho-
kines (1 3, 23-29).

It has been difficult to assess the contribution of polyclonal
activation to the pathogenesis of SLE due to the confounding
influence of autoantigen-specific immune stimulation. In all
autoimmune strains studied to date, both of these processes
have been detected (13, 21, 23), making it impossible to inde-
pendently assess the contribution of polyclonal activation to
disease progression. The present study was designed to cir-
cumvent this problem by studying (NZB X NZW)Fj X NZB
backcross mice. These backcross mice inherit a complex as-
sortment of autoimmunity associated genes (approximately
six from the NZBparent [6, 10, 11, 30-32] and at least two of
NZWorigin [10, 11]) and as a result show considerable varia-
tion in their autoimmune phenotype including a dissociation
between polyclonal activation and autoantigen-specific stimu-
lation (10, 11, 33-35).

In this report, the presence of polyclonal activation and
autoantigen-specific immune stimulation were monitored as a
function of disease progression in 109 backcross mice using a
sensitive and specific ELISA spot assay (13, 36, 37). Results
indicate that polyclonal B cell activation precedes and predicts
the development of immune-mediated glomerulonephritis. In
older mice, active renal disease was associated with the prefer-
ential production of anti-DNA (but not anti-ovalbumin) anti-
bodies. However in younger mice, increased anti-DNA pro-
duction did not correlate with subsequent disease progression.
These findings are consistent with a model in which autoanti-
body production in lupus is initiated by polyclonal activation
and perpetuated by autoantigen-specific stimulation (21, 38).

Methods

Animals. DBA/2, NZB, NZW, and (NZB X NZW)F1 (sometimes re-
ferred to as F.) mice were obtained from Jackson Laboratory, Bar
Harbor, ME. (NZB X NZW)F, X NZBbackcross mice were bred and
raised in our animal colony. All animals used in this work were female.
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Figure 1. The number
of splenic B cells pro-

ducing IgM or IgG anti-
bodies was determined
by ELISA spot assay.

Each data point reflects
T the average and stan-

dard deviation of at
8 least a dozen mice/

group.

In some experiments, 10-wk-old mice were hemi-splenectomized
under general anesthesia using sterile technique as previously de-
scribed (39). 6%of these animals died within 7 d of surgery and were

discounted from all subsequent analyses. In other experiments, mice
were killed by cervical dislocation and their spleens removed asepti-
cally. Single cell suspensions were made from splenic lymphocytes in
medium consisting of RPMI 1640 supplemented with 2%FCSas pre-

viously described (13). Mice were monitored for the appearance of
protein in their urine (as a measure of renal inflammation) using al-
bustix (Ames Division, Miles Laboratories Inc., Elkhart, IN) since this
has been shown to be a sensitive indicator of the severity of glomerulo-
nephritis ( 17).

ELISA-spot assays. Flat-bottom Immulon I microtiter plates
(Dynatech Laboratories, Inc., Dynatech Corp., Alexandria, VA) were

coated with soluble antigen (including ssDNA, histone [kind gift of Dr.
Brian Kotzin, National Jewish Center for Immunology and Respira-
tory Medicine, Denver, CO]), TNP-KLH' (keyhole limpet hemo-
cyanin), ovalbumin, myosin, actin, and goat anti-mouse Ig (13, 40) or

glutaraldehyde-fixed bromelain-treated mouse red blood cells (41),
and then blocked with 1% BSA in PBS as previously described (13).
Serial dilutions of single cell suspensions, starting with 106 cells/well,
were incubated on antigen-coated plates for 7 h at 370 in a 5%CO2in
air incubator as previously described (42). The cells were washed away
with PBS/0.05% Tween 20 and the plates overlaid for 2 h with phos-
phatase-conjugated antibodies to mouse IgM or IgG (Southern Bio-
technology, Inc., Birmingham, AL). The antibodies produced by indi-
vidual B cells which bound to the plate were visualized by addition of a

5-bromo-3-chloroindolyl phosphate solution (Sigma Chemical Co., St.
Louis, MO) in a low-melt agarose kept at 500. Phosphatase acts on this
substrate to produce a blue spot that cannot diffuse through the agarose
once it solidifies at room temperature (36). The dilution of cells pro-

ducing 20-40 spots/well was used to determine the total number of
antibody-specific B cells/sample. The presence of BSAin the FCSused
to conduct these assays completely inhibited the binding of BSA-spe-
cific antibodies to BSA-blocked plates, giving the assay a zero back-
ground. The sensitivity and specificity of this assay has been docu-
mented in antigen inhibition tests and in studies involving antigen-spe-
cific hybridoma cell lines (13, 36, 37).

Results

Maturation of the (NZB X NZW)F, B cell repertoire. The
number of splenic lymphocytes producing IgM and IgG anti-
bodies in NZB, NZW,and F, mice was examined at 10 wk and
8 mo of age. Autoimmune NZB and F1 mice had 5-15-fold
more IgM-secreting B cells than NZWmice at both time
points (Fig. 1). By comparison, F, mice had normal numbers
of IgG-secreting B cells at 10 wk but developed significantly
increased numbers of IgG producers at 8 mo, unlike the paren-
tal strains.

1. Abbreviations used in this paper: KLH, keyhole limpet hemocyanin;
OVA, ovalbumin.
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Figure 2. The number
of B cells secreting
Ig/106 splenic lympho-
cytes in 10-wk-old fe-
male mice was deter-
mined by ELISA spot
assay. The solid line is
drawn 2 SDabove the
mean of NZWmice.
Individuals exceeding
this number of Ig-se-
creting B cells were con-

sidered to be polyclon-
ally activated (21, 43).

To examine whether polyclonal activation or autoantigen-
specific immune stimulation was responsible for the increased
frequency of Ig-secreting B cells in F1 animals, the number of
lymphocytes producing antibodies reactive with a panel of five
autoantigens (ssDNA, histone, BrMRBC, myosin, and actin)
and two conventional antigens (ovalbumin and TNP-KLH)
was analyzed by ELISA spot assay. Polyclonal activation was

considered to be present when the frequency of Ig-secreting B
cells in a particular mouse exceeded the mean of NZWmice
by > 2 SD. This cutoff was selected on the basis of previous
work showing it provided a good separation between 10-wk-
old autoimmune and congenic non-autoimmune animals (21,
43). Results from studies of at least 12 mice/strain of each age
indicate that (a) all NZB, no NZW, and over 90% of F. mice
were polyclonally activated at 10 wk (Fig. 2); (b) the number of
F1 B cells secreting antibodies reactive with each antigen in the
panel increased > 14-fold between 10 wk and 8 mo, consistent
with the effects of polyclonal activation (Fig. 3, top); and (c)
reactivity against the autoantigens DNAand histone increased
by 130- and 240-fold in these mice, consistent with specific
immune responses against these autoantigens (Fig. 3, bottom).
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Figure 3. The total
number of splenic
(NZB X NZW)F1 B
cells secreting antibod-
ies reactive with the au-

toantigens DNA, his-
tone, bromelain-treated
MRBC,myosin, and
actin, and with the con-

ventional antigens oval-
bumin and TNP-KLH,
was determined at 10

wk and 8 moof age

(top). The increase in
antibody-secreting cell
number over this period
is shown in the lower
panel. Note the dispro-
portionately increased
response to DNAand
histone. Results repre-
sent the average of 12
mice/group.
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(NZB X NZW)F1 X NZB MICE normal versus polyclonally activated animals (13) and re-
vealed that there was no significant difference between the B
cell repertoires expressed by polyclonally activated mice versus
littermate controls (data not shown). The development of glo-
merulonephritis in backcross mice was then analyzed as a
function of both total and antigen-specific production of IgM
or IgG. Polyclonal activation at 10 wk correlated significantly
(R2 = 0.78, P < 0.01) with the development of glomerulone-
phritis whereas anti-DNA and anti-OVA production did not
(Table I).

*A NORMAL Increased anti-DNA production in mice with proteinuria.
The B cell repertoires expressed by backcross mice that sur-

* S POLYCLONALLYACTIVATED O vived until 12 mo were also examined. Nearly 90% of these
I|"| . § . § . | . | animals had significantly increased numbers of Ig-secreting

2 4 6 8 10 12 splenic B cells when compared to NZWmice of the same age
MONTHSOF AGE (Fig. 5, and data not shown). Less than 25% of these animals

had been polyclonally activated at 10 wk, suggesting that the
ie cumulative incidence of > 2+ proteinuria (open sym- onset of B cell activation was delayed in a large proportion of
ath (closed symbols) in (NZB X NZW)F1 X NZBmice backcross mice. The presence of polyclonal activation at 12
out polyclonal activation at 10 wk is shown. modid not distinguish between mice with and without glomer-

ulonephritis (Fig. 5). In contrast, mice with proteinuria had
rlicnrunnrtiunnqtPlv inmrenqeA numherq nf T cell-, secreting TaM

Polyclonal activation predicts the development of autoim-
mune disease in F, X NZBmice. A majority of adult F. mice
develop an autoimmune-mediated glomerulonephritis that
has been linked to the production of IgG autoantibodies reac-

tive with DNA(7, 18). Some F. X NZB backcross mice also
develop renal disease although at a lower frequency than
among Fl's (1 1, 35). A detailed analysis of B cell activation and
disease progression was undertaken in backcross animals to
identify the factor(s) associated with disease progression. A
cohort of 109 F. X NZB female mice were hemi-splenecto-
mized at 10 wk and examined by ELISA spot assay for (a) the
presence of polyclonal B cell activation; (b) the presence of
autoantigen-specific immune responses; and (c) the relation of
(a) and (b) to the subsequent development of glomerulone-
phritis and death.

Backcross mice were considered to be polyclonally acti-
vated if the frequency of B cells secreting Ig in their spleens
exceeded by > 2 SDthe mean frequency of Ig-secreting B cells
in NZWmice of the same age. Using this definition, polyclo-
nal activation was detected in 56% of 10-wk-old F. X NZB
animals (Fig. 2). IgM rather than IgG was secreted by 93-98%
of the activated B cells in mice of this age (data not shown).

In the group of animals with normal numbers of Ig-secret-
ing B cells, 63% survived until 12 mo and none died from
autoimmune disease within the first 6 mo of life (Fig. 4). In
contrast, nearly half of the mice with polyclonal activation
died within 6 mo (P < 0.001, Chi squared analysis) and only
23% survived for 1 yr (P < 0.01). Mice with polyclonal activa-
tion also developed proteinuria more frequently and at an

earlier age than littermates with normal numbers of Ig-secret-
ing B cells (P < 0.001, Fig. 4).

Anti-DNA and anti-ovalbumin production in 10-wk-old F,
X NZBmice. 10-wk-old backcross mice with significantly in-
creased numbers of Ig-secreting B cells had more lymphocytes
producing antibodies against DNAand ovalbumin than did
littermate controls (data not shown). To assess whether this
resulted from polyclonal activation or autoantigen-specific
stimulation, the frequency of B cells reactive with each antigen
was calculated as a percentage of the total number of Ig-se-
creting lymphocytes per mouse. This calculation compensated
for differences in the number of Ig-secreting B cells present in

and IgG antibodies reactive with DNA(but not ovalbumin)
when compared with nonproteinuric mice (Fig. 5).

The repertoires which had been expressed by these two
groups at 10 wk were then compared. Mice with proteinuria as
adults had normal anti-DNA repertoires but more than twice
as many Ig-secreting B cells at 10 wk than did littermates that
did not develop proteinuria (Fig. 6).

Discussion
Results from this work indicate that polyclonal B cell activa-
tion precedes and predicts the development of glomerulone-
phritis and premature death in lupus-prone (NZB X NZW)F1
X NZB mice. At 10 wk approximately one-half of backcross
mice had significantly elevated numbers of Ig-secreting splenic

Table I. Correlation between the Frequency of Ig-secreting B
Cells at IO WkofAge and Disease Progression*

R' as a function R' as a function of %
Measure of total cell No.t expressed reportoirel

Total Ig 0.781 NA
Total IgM 0.721 NA
Total IgG 0.24 NA
Total anti-DNA 0.46 0.02
IgM anti-DNA 0.38 0.05
IgG anti-DNA 0.27 0.10
Total anti-OVA 0.13 0.07
IgM anti-OVA 0.17 0.23
IgG anti-OVA 0.16 0.32

The total number of lymphocytes/ 106 spleen cells secreting Ig or IgM
at 10 wk of age correlated significantly (11, P < 0.001) with the devel-
opment of autoimmune disease in F. X NZBmice whereas the num-
ber of anti-DNA or anti-ovalbumin (anti-OVA) secreting cells/ 106
splenic lymphocytes t or proportion of such cells when calculated as
a percentage of the expressed repertoire I did not.
* The age at which mice developed > 2+ proteinuria was used as the
measure of disease progression. Linear regression analyses were per-
formed using Lotus 123 on data from 109 mice studied over a one
year period. NA, not applicable.
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10-wk and 12-mo-old animals. This required that young ani-
mals be hemi-splenectomized to obtain enough tissue to
quantitate the number of B cells actively secreting Ig. A frag-
ment of spleen was left in vivo to maintain the functional
integrity of the animal's immune system (39). While this ap-
proach was technically more difficult than conventional stud-
ies of serum Ig levels, it provided data on the state of B cell
activation unobtainable by conventional serum studies. As we
and others have shown (a) ELISA spot assays are - 20 times
more sensitive than serum ELISA assays (13, 36, 37), and (b)
the concentration of Ig in serum does not reflect the rate of Ig
production or B cell stimulation alone but rather the balance
between production and degradation. Since the rate of Ig ca-
tabolism increases as serum Ig levels rise (44), the effect of
polyclonal activation on antibody production can be underes-
timated in studies of serum Ig levels, a problem which is re-
solved by using the ELISA spot assay to measure B cell activa-
tion directly.

Many laboratories have provided evidence that polyclonal
activation contributes to autoantibody production in lupus-
prone mice (12, 13, 15, 23). The present report is the first to
link the presence of such activation to the progression of au-
toimmune disease. Yet polyclonal activation was not invari-
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Figure 5. The number of Ig-secreting B cells/ 106 splenic lymphocytes
in 12-mo-old F1 X NZBmice was determined. Results reflect the
average and standard deviation of ten mice/group. Note that mice
with > 2+ proteinuria had significantly increased numbers of anti-
DNA-secreting lymphocytes.

B cells. 50% of these polyclonally activated animals were dead
by 6 moand nearly 90% had developed proteinuria by 12 mo.

In contrast, 0 of 48 animals without polyclonal activation died
of lupus by 6 moand less than half developed proteinuria by 1

yr. There was a strong correlation between the percentage of
splenic B cells secreting Ig at 10 wk and the subsequent devel-
opment of proteinuria or death (P < 0.001). These findings
support the hypothesis that polyclonal activation contributes
to the pathogenesis of systemic lupus erythematosus.

Other laboratories have demonstrated that the appearance
of IgG anti-DNA antibodies coincides with the development
of immune-complex mediated renal disease in NZB/Wmice
(7, 18). Consistent with these findings, we observed that glo-
merulonephritis in adult F. and backcross mice was associated
with a preferential increase in anti-DNA secreting B cells (Fig.
5). NZB/Wmice have also been shown to have disproportion-
ately heightened responses to histone, retroviral GP70, and T
cells surface antigens (10, 34, 35). This set of findings suggests
that multiple (auto)antigens may contribute to the autoanti-
body production characteristic of murine lupus. However, the
observation that anti-DNA production in I0-wk-old backcross
mice does not correlate with disease progression (Fig. 6) sug-
gests that this autoantigen-dependent immune stimulation
occurs primarily during the latter stages of disease.

In this study, B cell activation in backcross mice was mon-

itored by ELISA spot analysis of Ig-secreting lymphocytes in
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Figure 6. Results from repertoire studies performed at 10 wk of age
on the animals studied in Fig. 5 are presented. Mice that as adults
had > 2+ proteinuria and increased anti-DNA antibody production
did not express repertoires skewed towards the production of anti-
DNAantibodies at 10 wk. They did, however, have significantly in-
creased numbers of IgM-secreting B cells when compared with litter-
mates which had normal renal function as adults.
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ably associated with the development of active lupus. Approxi-
mately 10%of those backcross mice with increased numbers of
Ig-secreting B cells at 10 wk did not develop proteinuna over
the subsequent 10 mo. Nor were all mice that developed glo-
merulonephritis polyclonally activated at 10 wk. One inter-
pretation of the latter finding is that polyclonal activation is
not a necessary precursor to disease. Alternatively, polyclonal
activation may have developed in proteinuric mice between
the age when they were tested for polyclonal activation (10 wk)
and the onset of their disease (4-10 mo later). This interpreta-
tion is supported by the finding that nearly 90% of backcross
mice had significantly increased numbers of activated B cells
by 12 mo although less than a quarter of these animals had
been polyclonally activated 10 mo earlier. Future studies
comparing the time of onset of polyclonal activation with the
development of glomerulonephritis in backcross mice may
help resolve this issue.

An additional source of variability in these experiments
was that introduced by the ELISA spot assay. In preliminary
experiments, donor spleens were divided into four fragments.
Variation as high as 10% was found in the number of Ig-se-
creting B cells/106 lymphocytes detected in different fragments
from the same spleen. This variation might be due to micro-
heterogeneity in the distribution of activated splenic B cells
and/or technical variability in the ELISA spot assay. At a
maximum, such variability could have changed the assign-
ment of up to 14% of the animals examined in this report to
the polyclonally activated or normal groups. The actual num-
ber of animals assigned incorrectly is probably much lower,
since (a) experimental variability was frequently less than 10%,
and (b) any error in quantitating the number of Ig-secreting B
cells would be equally likely to place an animal more firmly in
the correct category rather than to change its category. When
the data were reexamined to exclude mice with intermediate
numbers of Ig-secreting B cells (which might have been incor-
rectly assigned) the correlation between polyclonal activation
and disease progression persisted. For example, the group of
mice with the highest 25% of Ig-secreting cells/spleen had a
mortality rate of 87%by 12 mowhereas the group of mice with
the lowest 25% of Ig-secreting cells had a mortality rate of
under 35% (P < 0.01).

Previous studies have shown that at least two indepen-
dently segregating loci in NZWmice (one of which is asso-
ciated with the MHClocus) and at least six genetic loci in NZB
mice influence autoantibody production and/or disease (2, 10,
30, 31, 33-35, 45-46). Analyses of multiple autoimmune,
normal, and recombinant inbred mouse strains have demon-
strated further that the trait of polyclonal activation breeds
true (13, 23). The autoimmune phenotypes expressed by
backcross mice may therefore reflect a complex interaction
between multiple autoimmunity-associated genes. For exam-
ple, while all NZBmice and no NZBmice developed polyclo-
nal activation by 10 wk, 90% of F1 animals (which are hetero-
zygous at all loci) and just over half of backcross mice (which
inherit a mixture of homozygous NZB and heterozygous
NZB/NZWgenes) expressed significantly increased numbers
of Ig-secreting B cells at that age. Additional backcross mice
developed polyclonal activation as they grew older, so that by
12 mo nearly 90% of all animals had increased numbers of
Ig-secreting B cells. Such complexity in the expression of a trait
is not easily attributed to a single gene. Similar complexity is

seen in the development of IgG hypergammaglobulinemia and
glomerulonephritis. These traits are absent from most NZB
and NZWparental mice, present in most Fj's, but show con-
siderable variability in age of onset and severity in backcross
animals (2, 11, 33).

Werecently postulated that murine lupus develops in two
phases, the first being characterized by polyclonal B cell acti-
vation and the second by the (auto)antigen-driven expansion
of autoreactive B cells ( 13, 21, 38). Results from this and other
laboratories indicate that the autoantigen-specific phase of
SLE serves to magnify and perpetuate the production of patho-
genic autoantibodies (such as those against DNAin (NZB
X NZW)F1 mice and against Sm in MRL-/pr/lpr mice (4, 7,
19, 21)). Findings in the present report emphasize the correla-
tion which exists between polyclonal activation and the devel-
opment of active disease. In this context, polyclonal activation
might serve to (a) initiate the production of those autoantibod-
ies that cause tissue damage and the release of autoantigens; (b)
increase the pool of self-reactive B cells available for later au-
toantigen-specific stimulation; (c) interfere with the develop-
ment of self tolerance by stimulating B cells that would other-
wise be deleted; or (d) disrupt the regulatory environment
required for normal immune function (for example by inter-
fering with the development of Id-anti-Id networks). These
observations invite further study into the possibility that ther-
apy during the early polyclonal phase of human and murine
lupus might prevent or delay disease progression.
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