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Abstract

To investigate the respective roles of Thl and Th2 cells in
the pathogenesis of lupus-like autoimmune disease, we have
analyzed the spontaneous and antigen-induced productions
of IgG1 vs IgG2a and IgG3 subclasses in relation to the
mRNA expression of INF-y (Thl cytokine promoting
IgG2a and IgG3 production), IL-4 (Th2 cytokine promoting
IgG1 production), and IL-10 (Th2 cytokine) in CD4" T cells
from lupus-prone MRL mice. For this purpose, two paired
sets of MRL mice were chosen for the comparison of these
parameters: (@) MRL-Ipr/lpr (Ipr for lymphoproliferation)
and its recently described substrain with a prolonged sur-
vival, termed MRL-Ipr/lpr.ll (Il for long lived) and (b) MRL
male mice bearing the Yaa (Y-linked autoimmune accelera-
tion) gene (MRL.Yaa) with an accelerated disease and their
male counterparts lacking the Yaa gene. We demonstrate
herein that the accelerated development of lupus-like au-
toimmune disease in MRL-Ipr/lpr and MRL.Yaa mice, as
compared with MRL-Ipr/lpr.ll and MRL-+/+ mice, respec-
tively, was correlated with an enhanced expression of IFN-y
vs IL-4 and IL-10 mRNA in CD4" T cells, which paralleled
with an increase of spontaneous and foreign T cell-depen-
dent antigen-induced productions of IgG2a and IgG3 vs
IgG1 antibodies. These data suggest that an imbalance to-
wards Th1 predominance may play a significant role in the
acceleration of lupus-like autoimmune disease in MRL
mice. (J. Clin. Invest. 1996. 97:1597-1604.) Key words: sys-
temic lupus erythematosus « T helper subset « autoantibody
« cytokine « mutant mice

Introduction

The MRL strain spontaneously develops an autoimmune syn-
drome resembling human SLE characterized by the produc-
tion of various autoantibodies and the development of fatal
glomerulonephritis (1). It has been shown that the progression
of lupus-like autoimmune syndrome in MRL mice is markedly
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accelerated by the presence of the lpr (lymphoproliferation)!
gene and the Yaa (Y-linked autoimmune acceleration) gene
(1, 2). Although the molecular nature of the Yaa gene abnor-
mality has not yet been identified, the /pr gene was recently
found to cause defects in the Fas antigen which mediates apop-
tosis (3). More recently, we have established a substrain of
MRL-Ipr/lpr mice which live almost twice as long with delayed
development of glomerulonephritis, termed MRL-lpr/lpr.ll (1l
for long lived), as compared with conventional MRL-pr/Ipr
mice (4). Since MRL-Ilp#/Ipr.ll mice still carry the /pr mutation,
a new mutation is likely to be responsible for the retardation of
the lupus-like autoimmune syndrome.

It is now well established that the lpr or Yaa gene-medi-
ated acceleration of lupus-like autoimmune disease is depen-
dent on the presence of CD4* T cells (5-9). However, the re-
spective roles of two different T helper cell subsets, Thl and
Th2, exhibiting different capacities of cytokine secretion, in
the development and acceleration of SLE have not yet been
well defined. Since several cytokines produced by Th2 cells,
such as IL-4, IL-5, IL-6, and IL-10, are known to promote anti-
body production by B cells (reviewed in reference 10), it has
been speculated that Th2 cells may play an active role in the
development of autoantibody-mediated autoimmune diseases
such as SLE (11). In fact, a lupus-like autoimmune syndrome
occurring in mice during graft-versus-host and host-versus-
graft reactions has been well documented to be a result of the
selective activation of Th2 type cells (12-15). However, the cy-
tokine generated by the Thl cells such as IFN-y is also known
to promote the secretion of IgG2a and IgG3 antibodies (10, 16,
17). In addition, the acceleration of SLE by repeated injections
of recombinant IFN-y, and inhibition by anti-IFN-y antibod-
ies in (NZB X NZW)F1 hybrid mice (18) suggest the possible
involvement of Thl type cells in the spontaneous development
and progression of SLE.

To assess the respective roles of Thl and Th2 cells in the
pathogenesis of SLE, we have analyzed the expression of
IFN-y, IL-4, and IL-10 mRNA in CD4" T cells from lupus-
prone MRL mice in relation to the production of IgG sub-
classes. To better compare these parameters, we have chosen
two paired sets of MRL mice, i.e. (¢) MRL-/pr/Ipr and its sub-
strain MRL-Ipr/Ipr.ll with a prolonged survival and (b) MRL
male mice bearing the Yaa gene (MRL.Yaa) with an acceler-
ated disease and their male counterparts lacking the Yaa gene
(MRL-+/+); this is because serum levels of total IgG are al-

1. Abbreviations used in this paper: AHGG, aggregated HGG; DN,
double negative; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; HGG, human IgG; [/, long lived; Ipr, lymphoproliferation;
RDU, relative densitometric unit; RT, reverse transcriptase; Yaa,
Y-linked autoimmune acceleration.
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most comparable between MRL-lpr/Ilpr and MRL-Ipr/lpr.il
mice and between MRL.Yaa male and MRL-+/+ male mice,
yet the progression of lupus-like autoimmune disease mark-
edly differs between these two pairs of MRL mice (2, 4). We
report herein that the acceleration of autoimmune disease in
MRL-Ipr/lpr or MRL.Yaa mice is correlated with an increased
production of IgG2a and IgG3 vs IgG1 autoantibodies in par-
allel to an enhanced expression of IFN-y vs IL-4 and IL-10
mRNA in CD4" T cells, suggesting an involvement of Thl
type cells in the acceleration of lupus-like autoimmune disease
in MRL mice.

Methods

Mice. MRL-Ipr/Ipr mice were originally obtained from the Jackson
Laboratory in 1978 and were maintained at Centre de Service des
Animaux de Laboratoire (Orléans, France). In 1988, offspring of a
single pair of long-lived male and female MRL-Ipr/I[pr founder mice
were bred by brother-sister mating. At the sixth generation, a subline
with a prolonged survival, referred to as MRL-Ipr/Ipr.ll, was obtained
(4). MRL-+/+ mice were purchased from Olac Laboratory, Oxon,
UK. MRL.Yaa mice bearing the Yaa gene were developed by trans-
ferring the Yaa gene from BXSB mice into MRL-+/+ mice by back-
cross procedure as described (2). All lines of MRL mice have been
kept under the same condition and only male mice were used for the
present study. Mice were bled from the retroorbital plexus, and re-
sulting sera were stored at —20°C until use.

Immunization. Human IgG (HGG) was heat-aggregated at 63°C
for 30 min. Mice were immunized with an intravenous injection of 400
wg of heat-aggregated HGG (AHGG) in PBS. 10 pg of pneumococ-
cal capsular polysaccharide antigen (Pneumovax-23; Merck Sharp &
Dohme, West Point, PA) in PBS were intraperitoneally injected.

Serological assays. Serum levels of IgG subclasses were deter-
mined by ELISA as described (19). Briefly, rabbit anti-IgG subclass-
specific antibodies (Litton Bionetics Inc., Kensington, MD) were
used for coating the plates, and the assays were developed with the
same corresponding antibodies conjugated with alkaline phos-
phatase. Results are expressed in mg/ml in reference to a standard
curve obtained with mouse Ig reference serum (ICN ImmunoBiologi-
cals, Costa Mesa, CA). IgM, 1gG1, IgG2a, and IgG3 anti-DNA, anti-
HGG, and anti-polysaccharide antibodies were measured by ELISA
using anti-IgM (LO-MM-9) (20), anti-IgG1 (Ig[4a]10.9) (21), anti-
IgG2a (Ig[1a]8.3) (21) and anti-IgG3 (H139.61.1) (22) mAbs conju-
gated with alkaline phosphatase. Monospecificities of these mAb
against IgM and IgG subclasses of MRL mice (Igh') were confirmed
by anti-DNA ELISA using different Ig isotypes of anti-DNA mAb
derived from MRL-Ipr/Ipr mice. Results are expressed in titration units
(U/ml) in reference to standard curves obtained from anti-DNA mAb
of different IgG subclasses and from CBA/J mice (Igh') immunized
with foreign antigens (HGG and polysaccharides).

Purification of CD4" and CD4~CD8~ double negative (DN) T
cells and depletion of T cells. Single cell suspensions were prepared
from a pool of axillary, mediastinal, retroperitoneal, and inguinal
lymph nodes. To purify CD4* T cells, lymph node cells were stained
with a rat anti-CD4 (H129.19) mAb, followed by goat anti-rat IgG
FITC conjugates, and then sorted with a FACStar (Becton Dickin-
son, Mountain View, CA). Thy-1" CD4-CD8~ DN T cells, a charac-
teristic phenotype expanding in lymph nodes of MRL-lp#/Ipr mice
(23), were sorted after staining lymph node cells with a rat anti-Thy-
1.2 (30-H12) mAb, followed by goat anti-rat IgG FITC conjugates,
and then incubated with biotinylated anti-CD4 (H129.19) and anti-
CD8 (H35-17.2) mAb, followed by phycoerythrin-conjugated avidin
(Caltag Laboratories, San Francisco, CA). Cytofluorometric analysis
on FACScan revealed that purified CD4* and DN cell populations
contained < 5% contaminating cells. To deplete T cells, lymph node
or spleen cells were treated with a rat anti-Thy-1.2 (AT-83) mAb and
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rabbit complement. The efficiency of the treatment was documented
by cytofluorometric analysis.

Reverse transcriptase(RT)-PCR. Total cellular RNA from lymph
nodes and sorted lymph node cells were extracted by the guanidine
isothiocyanate/CsCl method (24) and acid guanidinium thiocyanate-
phenol-chloroform method (25), respectively. RNA was retrotran-
scribed after annealing with 1 uM oligo-dT primers (15 mer) in the
presence of 100 U of RT (Life Technology Inc., Gaithersburg, MD),
20 U of RNAsin (Boehringer Mannheim, Mannheim, Germany), 10 mM
DTT, and 500 nM each deoxynucleotide (Boehringer Mannheim) in a
total volume of 20 pl for 1 h at 37°C. Aliquots of the mixture were
then amplified in a thermocycler (Perkin-Elmer Corp., Norwalk, CT)
in a volume of 50 pl with 20 U/ml of Taq polymerase (Boehringer
Mannheim), 200 wM of each deoxynucleotide and 200 nM of each of
the two primers. The cycling conditions were 0.5 min at 94°C for de-
naturation, 1.5 min at 55°C for annealing and 1.5 min at 72°C for elon-
gation, and then 5 min at 72°C after the last cycle. Based on results
obtained by titrations of cycle number which gave a logarithmic in-
crease in the amount of specific amplified products, samples were am-
plified at 32 cycles for IFN-y, IL-4, and IL-12 and at 25 cycles for glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). The primers had
the following sequences, 5’ and 3’ primers, respectively: IFN-y, 5'-TGA-
ACGCTACACACTGCATCTTGG-3" and 3'-CGACTCCTTTITC-
CGCTTCCTGAG-5'; IL-4, 5'-GTCTCTCGTCACTGACGGC-3' and
3'-CATGGTGGCTCAGTACTA-5'; IL-10, 5'-TCAAACAAAGGA-
CCAGCTGGACAACATACTG-3' and 3'-CTGTCTAGGTCCTGG-
AGTCCAGCAGACTCAA-S"; 1L-12 (p40), 5'-CAACATCAA-
GAGCAGTAGCA-3’" and 3'-GCATGAGGAATTGTAATAGC-5;
GAPDH, 5-TGAAGGTCGGTGTGAACGGATTTGG-3' and 3'-
ACGACATACTCAGCACCAGCATCAC-5'. The primer pairs
used were designed to span over introns to avoid the amplification of
potential contaminating genomic DNA. PCR products were visual-
ized after electrophoresis through 2% agarose gels by staining with
ethidium bromide. The product generated by IFN-y primers is 460
bp, by IL-4 primers is 459 bp, by IL-10 primers is 420 bp, by IL-12
primers is 517 bp, and by GAPDH primers is 277 bp. To ensure the
absence of sample contamination, a reaction mixture with no added
cDNA was run in parallel with each PCR.

Dot blot analysis. Serially diluted amplified PCR products were
blotted to nylon membranes (GeneScreen Plus; Dupont Co., Boston,
MA). Hybridization was carried out under high stringency with a full-
length mouse IFN-y cDNA (a kind gift of Dr. W. Fiers, Ghent, Bel-
gium), mouse IL-4 cDNA (pSP6KmIL-4374 [26]) and PCR amplified
IL-10, IL-12, and GAPDH fragments, which were subcloned into
pUCI119 vector and verified by nucleotide sequencing, were used for
preparing 3?P-labeled probes. Quantification was performed by densi-
tometric analysis on dot blots (Image Quant Software FAST SCAN;
Molecular Dynamics Ltd., Kemsing, UK). The ratios of IFN-y to IL-4
or IL-10 mRNA are referred to as relative densitometric units
(RDU).

Statistical analysis. Statistical analysis was performed with the
Wilcoxon two-sample test. Probability values > 5% were considered
insignificant.

Results

Enhanced serum levels of IgG2a and IgG3 vs IgG1 in MRL mice
with an accelerated lupus-like autoimmune disease. The presence
of the Ipr mutation markedly shortens the life span of MRL
male mice as a result of the accelerated development of lethal
lupus-like nephritis (1). This was accompanied by a remark-
able increase in serum levels of all the IgG subclasses and by
the enhanced production of a large spectrum of autoantibod-
ies, as compared with MRL-+/+ mice (27, 28). However,
MRL-Ipr/Ipr.ll mice, a recently described substrain of MRL-



Table I. 50% Mortality Rates and Serum Levels of IgG in Four Different Lines of MRL Male Mice

Genotype 50% Mortality* Total IgG* IgG1 1gG2a 1gG2b 1gG3

Ipr/lpr 6 mo 58.7x19.9 9.6+3.5% 412+17.3% 31x13 4.7+2.4%
Ipr/lpr.ll 12 mo 50.3x11.9 18.3£8.2" 27.1x8.6% 2.9+1.0 1.7+0.7%
Yaa 12 mo 25.5+9.7¢ 7.9+22 15.7+7.28 0.6x0.1 1.4+0.9%
+/+ 18 mo 16.6=5.3% 72x2.0 8.2+3.2% 0.5%0.1 0.7x0.3%

*50% mortality rate due to glomerulonephritis. *Serum levels of total IgG (addition of all the IgG subclasses) and IgG subclasses in MRL-pr/Ipr and
MRL-Ipr/lpr.ll male mice at 4 mo of age (18 mice in each group) and in MRL.Yaa and MRL-+/+ male mice at 6 mo of age (16 mice in each group).

Results are expressed in mg/ml (=1 SD). P < 0.001.

Ipr/lpr mice with a prolonged survival (4), exhibited hypergam-
maglobulinemia and autoantibody production at an extent
comparable to that of conventional MRL-Ipr/lpr mice, yet
their development of lupus-like nephritis was markedly re-
tarded (Table I). Although serum levels of total IgG did not
significantly differ between MRL-lpr/Ipr and MRL-Ipr/Ipr.ll
mice at 4 mo of age (P > 0.1), the analysis of IgG subclasses
showed 1.5-fold and threefold increases in IgGG2a and IgG3, re-
spectively, but a twofold decrease in IgG1l in MRL-p#/Ipr
mice, as compared with MRL-Ipr/Ipr.ll mice (P < 0.001) (Ta-
ble 1). Similarly, serum levels of IgG2a and IgG3 anti-DNA
autoantibodies in MRL-Ipr/Ipr mice were significantly higher
than those of MRL-Ip#/Ipr.ll mice (P < 0.001), while IgG1 anti-
DNA antibody levels were diminished in MRL-p#/Ipr mice
(P < 0.001) (Table II). Consequently, when relative concen-
trations of IgG2a and IgG3 anti-DNA antibodies vs IgG1 anti-
DNA antibodies were analyzed in individual animals, the dif-
ferences between MRL-Ipr/lpr and MRL-Ipr/Ipr.ll mice were
highly significant (P < 0.001) (Fig. 1). However, no differences
in ratios of IgG2a/IgG3 anti-DNA antibodies were observed in
both MRL-Ip#/Ipr mice (P > 0.1).

The Yaa gene accelerated the progression of lupus-like au-
toimmune syndrome in MRL mice, as documented by early
development of lethal glomerulonephritis, although to a lesser
extent than that induced by the /pr gene (2). MRL.Yaa male
mice had moderately but significantly increased concentra-
tions of total IgG in their sera at 6 mo of age, as compared with
MRL-+/+ males lacking the Yaa gene (P < 0.001) (Table I).
The analysis of IgG subclass concentrations revealed that sera
from MRL.Yaa male mice had twofold higher levels of IgG2a
and IgG3 than those from MRL-+/+ male mice (P < 0.001),

Table 1. Serum Levels of IgG1, IgG2a and IgG3 Anti-DNA
Autoantibodies in Four Different Lines of MRL Male Mice

Genotype 1gG1 IgG2a 1gG3
Ipr/lpr 70+88¢ 405+329¢ 169+113¢
Ipr/lpr.1l 263+199% 271+£222% 78+60*
Yaa 39+36% 73£37 53+35%
+/+ 62+16° 67+23 29+18%

Serum levels of IgG1, IgG2a, and IgG3 anti-DNA antibodies in MRL-
Ipr/lpr and MRL-Ipr/Ipr.ll male mice at 4 mo of age (18 mice in each
group) and in MRL.Yaa and MRL-+/+ male mice at 6 mo of age (16
mice in each group). Results are expressed in U/ml (£1 SD). P <
0.001; ¥P < 0.05.

while levels of IgG1 and IgG2b were comparable (P > 0.05)
(Table I). Comparison of serum levels of anti-DNA IgG sub-
classes showed relatively limited differences in IgG1 and IgG3
anti-DNA (P < 0.05), but not in IgG2a anti-DNA autoanti-
bodies (P > 0.1) (Table II). However, the analysis of relative
concentrations of anti-DNA IgG subclasses in individual ani-
mals disclosed that MRL.Yaa mice exhibited highly enhanced
ratios of IgG2a/IgG1 and IgG3/IgG1 anti-DNA antibodies, as
compared with those of MRL-+/+ males (Fig. 1; P < 0.001).
Ratios of IgG2a/IgG3 anti-DNA antibodies did not signifi-
cantly differ in both MRL male mice (P > 0.05).

Enhanced expression of IFN-y vs I1L-4 and I1L-10 mRNA by
CD4* T cells in MRL mice with an accelerated lupus-like au-
toimmune disease. The demonstration of an increased produc-
tion of IgG2a and IgG3 vs IgG1 in association with an acceler-
ated lupus-like autoimmune disease in MRL mice bearing the
Ipr or Yaa gene raised a possibility that these differences in
IgG subclass expression may be related to differential activa-
tion of Thl vs Th2 type cells during the course of autoimmune
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Figure 1. Relative concentrations of IgG2a/IgG1, 1gG3/IgG1, and
1gG2a/IgG3 anti-DNA antibodies in individual sera from 4-mo-old
MRL-/pr/Ipr and MRL-Ip#/Ipr.ll male mice and in sera from 6-mo-old
MRL.Yaa and MRL-+/+ male mice.
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Figure 2. Dot blot analysis of IFN-y, IL-4, IL-10, IL-12, and GAPDH mRNA expression in lymph node cells from 4 month-old MRL-Ipr/lpr and
MRL-Ipr/Ipr.ll male mice (A) and from 6-mo-old MRL.Yaa and MRL-+/+ male mice (B). PCR was performed with cDNA samples from indi-
vidual mice (four to six mice in each group). Reciprocally diluted samples (1.2, 0.4, and 0.13 pl of the PCR mix) from amplified PCR products
were applied to nylon membranes and hybridized with corresponding probes.

disease in MRL mice. To address this question, we used the
RT-PCR and dot blot analysis to compare the in vivo expres-
sion of Thl cytokine (IFN-y) and Th2 cytokine (IL-4 and
IL-10) mRNA in lymph node cells from different lines of
MRL mice.

Comparative measurements of IFN-y and IL-4/IL-10
mRNA expression in 4-mo-old MRL mice bearing the [pr mu-
tation revealed that lymph nodes from MRL-pr/lpr mice had
~ threefold higher IFN-y signals than those from MRL-lpr/
Ipr.ll mice (Fig. 2). In contrast, levels of IL-4 transcripts were
conversely diminished in MRL-/p#/[pr mice, which were about
three to ninefold lower than those of MRL-p#/Ipr.ll mice, al-
though no significant differences in IL-10 mRNA abundance
were observed between these two [pr mice. However, densito-
metric measurements of dot blots revealed that in all MRL-
Ipr/Ipr mice tested, relative expression of IFN-y vs IL-10
mRNA as well as IFN-y vs IL-4 mRNA was significantly ele-
vated, as compared with MRL-lpr/Ipr.ll mice (P < 0.01) (Fig. 3).

In MRL.Yaa and MRL-+/+ male mice at 6 mo of age, the
expression of IFN-y mRNA in total lymph node cells was al-
most comparable, while MRL-+/+ lymph nodes exhibited ap-
proximately threefold increased levels of IL-4 and IL-10 spe-
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cific mRNA (Fig. 2). Semiquantitatively, relative expression of
IFN-vy vs IL-4 and IL-10 mRNA was highly enhanced in 5 of 6
MRL.Yaa mice tested, as compared with that in MRL-+/+
mice (P = 0.025) (Fig. 3).

To confirm that the observed differences in IFN-y, 1L-4,
and IL-10 mRNA expression was due to a differential activa-
tion of Thl vs Th2 type cells in MRL-lpr/lpr and MRL.Yaa
mice having an accelerated disease, a similar analysis was per-
formed on CD4" T cells purified from their lymph nodes. Both
CD4* T cells from MRL-Ipr/lpr and MRL.Yaa mice again ex-
hibited an upregulated expression of IFN-y vs IL-4 and IL-10
mRNA, as compared with those from MRL-lp#/Ipr.ll and
MRL-+/+ mice, respectively (Fig. 3 and 4).

In addition to CD4" T cells, we assessed the contribution of
the Ipr DN T cells, a major subpopulation of T cells in Ipr
lymph nodes, to the IFN-y, IL-4, and IL-10 mRNA expression.
Both DN T cells from MRL-Ipr/lpr and MRL-Ipr/lpr.ll mice
expressed IFN-y and IL-10 mRNA at comparable levels, but
failed to express detectable amounts of IL-4 mRNA (Fig. 4).

Since it has been recently shown that IL-12 plays an impor-
tant role in inducing the generation of Th1 type cells from the
ThO cells (29), the expression of IL-12 mRNA in lymph node
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cells was determined by RT-PCR combined with dot blot anal-
ysis. No significant increased expression of IL-12 mRNA, in
relation to the GAPDH mRNA expression, was observed in
lymph nodes from MRL-lpr/lpr or MRL.Yaa mice, as com-
pared with those from MRL-lp#/Ipr.ll or MRL-+/+ mice (Fig.
2). No IL-12 transcripts were detected in purified CD4" T and
DN T cells (Fig. 4). Since the Ipr DN T cells did not express
IL-12 mRNA, the absent differences in IL-12 mRNA expres-
sion between MRL-lpr/Ipr and MRL-lpr/lpr.ll mice may be
due to a massive accumulation of the [pr DN T cells in their
lymph nodes. However, this possibility was unlikely, because
IL-12 mRNA levels in lymph node or spleen cells depleted of
T cells were comparable in both Ipr mice (data not shown).
Notably, levels of IL-12 mRNA in T cell-depleted lymph node
or spleen cells did not differ between MRL.Yaa and MRL-+/+
mice (data not shown).

Enhanced production of IgG2a vs 1gG1 antibodies against
T cell-dependent foreign antigens in MRL-Ipr/[pr and MRL.Yaa
mice. To further assess an enhanced activity of Thl type cells
in MRL-lp#/Ipr vs MRL-Ipr/lpr.ll mice and in MRL.Yaa vs
MRL-+/+ mice, we determined whether the immunization
with T cell-dependent foreign antigens led to an increased
production of IgG2a vs IgG1 antibodies. 2-mo-old MRL male
mice were immunized with AHGG in PBS in order to avoid
any effects of Freund's adjuvant on the expression of Thl and
Th2 phenotypes. An intravenous injection of AHGG induced
primary IgG anti-HGG antibody responses at comparable lev-
els in all four lines of MRL mice (data not shown). However,
the analysis of IgG1 and IgGG2a anti-HGG antibodies revealed
that MRL-Ipr/lpr and MRL.Yaa mice produced higher titers of
IgG2a anti-HGG antibodies than MRL-lp#/lpr.ll and MRL-+/+
mice (Fig. 5). This markedly contrasted with a limited pro-
duction of IgG1 anti-HGG antibodies in MRL-Ipr/lpr and

experiments are shown.

MRL.Yaa mice, as compared with MRL-Ipr/Ipr.ll and MRL-+/+
mice. In contrast, when MRL.Yaa and MRL-+/+ mice were
immunized with a T cell-independent pneumococcal capsular
polysaccharide, both males developed comparable titers of
IgM (MRL.Yaa, 98+21 U/ml; MRL-+/+, 111+31 U/ml) and
IgG3 (MRL.Yaa, 31+14 U/ml; MRL-+/+, 5743 U/ml) anti-
polysaccharide antibodies 7 and 14 d after immunization, re-
spectively.

Discussion

In the present study, to assess the respective roles of Thl and
Th2 type cells in the acceleration of lupus-like autoimmune
disease occurring in MRL mice bearing the [pr or Yaa gene, we
have analyzed the spontaneous and foreign antigen-induced
production of IgG subclasses in relation to the expression of
Thl cytokine (IFN-y) and Th2 cytokine (IL-4 and IL-10)
mRNA by using RT-PCR. We demonstrate herein that the ac-
celerated development of lupus-like autoimmune disease in
MRL-Ipr/[pr and MRL.Yaa mice, as compared with MRL-Ipr/
Ipr.ll and MRL-+/+ mice, respectively, is well correlated with
an enhanced expression of IFN-y vs IL-4 and IL-10 mRNA in
CD4* T cells, which parallels to an increase of spontaneous
and foreign T cell-dependent antigen-induced productions of
IgG2a and IgG3 vs IgG1. Our results suggest that an imbal-
ance towards Th1 predominance may play a role in the accel-
eration of lupus-like autoimmune disease in MRL mice bear-
ing the Ipr or Yaa mutation.

This conclusion is based on the fact that relative expression
of IFN-y vs IL-4 and IL-10 mRNA, as determined by RT-PCR
in combination with a semiquantitative dot blot analysis, is
highly enhanced in whole lymph nodes as well as CD4" T cells
from MRL-lpr/[pr or MRL.Yaa mice, as compared to appro-
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Figure 4. IFN-vy, IL-4,1L-10, IL-12, and GAPDH mRNA expression in CD4" and /pr DN T cells from 4-mo-old MRL-/pr/Ilpr and MRL-Ipr/Ipr.1l
male mice (A) and in CD4" T cells from 6-mo-old MRL.Yaa and MRL-+/+ male mice (B). PCR was performed with cDNA samples from
CD4" and Ipr DN T cells purified from lymph nodes pooled from three animals for each different MRL lines. PCR products (10 pl of the PCR
mix) were visualized after electrophoresis through 2% agarose gels by staining with ethidium bromide (M, molecular weight marker [DNA mo-
lecular weight marker VI; Boehringer Mannheim]. —, PCR mix without cDNA). Then, reciprocally diluted samples (1.2, 0.4, and 0.13 pl of the
PCR mix) from amplified PCR products were applied to nylon membrane and hybridized with corresponding probes. Representative results of

three separate experiments are shown.

priate control MRL mice. Although our measurements are not
quantitative but only relative between IFN-y and IL-4/IL-10
mRNA expression, the present conclusion is further substanti-
ated by the demonstration that spontaneous and foreign T
cell-dependent antigen-induced productions of IgG2a and
IgG3 antibodies, including anti-DNA autoantibodies, are
highly significantly elevated, as compared with that of IgG1
antibodies. It should be emphasized that the comparison be-
tween MRL-Ipr/[pr and MRL-+/+ mice, though differing only
in the presence of the /pr mutation, is not appropriate for the
present purpose, since the Ipr mutation causes defects in the
Fas antigen which mediates apoptosis (3), resulting in a
marked increase in all the IgG subclasses; this is partly due to
an extension of the functional life span of B cells bearing the
Ipr mutation, as is the case of mice overexpressing a bcl-2
transgene in B-lineage cells (30). Nevertheless, it is worth
noting that the increase in IgG1 levels in MRL-lpr/lpr vs
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MRL-+/+ mice is relatively limited, as compared with those
of I[gG2a and IgG3.

It should be mentioned that the [pr DN T cells, a unique T
cell subset accumulating in lymph nodes of mice bearing the
Ipr mutation (23), express substantial levels of IFN-y and
IL-10 mRNA, yet we observed remarkable differences in
IFN-y mRNA expression, but not in IL-10 mRNA abundance,
when mRNA levels in whole lymph nodes were compared be-
tween MRL-lpr/Ipr and MRL-lpr/lpr.ll mice. This is in fact
compatible with the findings that the [pr DN T cell subset is
the major population (~ 70%) in MRL-/pr/Ipr lymph nodes
containing the increased presence of the Thl type cells, while
the [pr DN T cells are substantially diminished (~ 20%) in
MRUL-lpr/Ipr.ll lymph nodes, in which CD4* T cells exhibiting
the Th2 predominance are the major population (~ 40%) (4).
It can be speculated that a prolonged survival in MRL-Ip#/Ipr.ll
mice may be in part related to the decreased presence of the



IgG1 IeG2a
150 150
o
o
;‘E\ O
£ 1001 100 4
2 © .
8 0
®
o) o)
= I I 4
g . 50 s
o
@
0 0
Ipr lpr.ll Ipr Ipr.li
150 150
= S *
g 100 8 100
3 g :
o
.& | [ ]
g 0 2 50 e %
i

(-3

[~

Yaa +/+ Yaa +/+

Figure 5. Serum levels of IgG1 and IgG2a anti-HGG antibodies in
MRL-Ipr/Ipr and MRL-ipr/Ipr.ll male mice and in MRL.Yaa and
MRL-+/+ male mice. 400 pg of AHGG were intravenously injected
into 2-mo-old MRL mice. 10 d later, serum levels of IgG1 and IgG2a
anti-HGG antibodies were determined by ELISA, and results are ex-
pressed in U/ml. IgG1 and IgG2a anti-HGG activities were undetect-
able in sera from unimmunized MRL mice (< 1 U/ml).

Ipr DN T cells, since IFN-y and IL-10 may promote the IgG2a
and IgG3 production in MRL-lpr/lpr mice. In fact, IL-10 has
been shown to be a potent growth and differentiation factor
for activated B cells (31) and to play a significant role in the
autoantibody production in murine and human SLE (32, 33).
However, the contribution by the [pr DN T cells, if any, may
not be essential, since our recent study has shown that the
spontaneous production of IgG2a and IgG3 was not signifi-
cantly reduced in anti-CD8 mAb-treated MRL-[pr/lpr mice
developing an only limited number of the [pr DN T cells (8).
At present it is difficult to answer how the Yaa gene abnor-
mality is associated with the preferential activation of Th1 cells
for spontaneous autoimmune and foreign antigen-induced im-
mune responses, and how a possible new mutation present in
MRL-Ilpr/lpr.ll mice leads to the downregulation of Thl re-
sponses in MRL-Ipr/I[pr mice. An attractive hypothesis is that
these mutations may modulate the expression of molecules
such as cytokines or adhesion molecules involved in the differ-
entiation of ThO cells towards Th1 or Th2 cells. In this regard,

lack of significant increases in IL-12 mRNA transcripts in
lymph nodes and spleens from MRL mice developing an accel-
erated disease at least argues against the possible involvement
of an IL-12-dependent pathway in the observed modulation of
Th1/Th2 responses.

It is significant that a relatively enhanced activation of Thl
vs Th2 type cells, leading to an increased production of IgG2a
and IgG3, but a diminished production of IgGl1, is associated
with the acceleration of lupus nephritis in MRL mice bearing
the Ipr or Yaa gene. This is highly relevant to the immuno-
pathogenesis of lupus nephritis. Since murine IgG2a, but not
IgG1, antibodies activate far better the complement system, it
is conceivable that the complement activating IgG2a autoanti-
bodies can be more nephritogenic than IgG1 autoantibodies.
More significantly, murine IgG3 mAb have been shown to be
extremely nephritogenic, generating “wire-loop”-like glomer-
ular lesions (34-36), characteristic in human lupus nephritis,
because of their cryoglobulin activity associated with a unique
physicochemical property of y3 heavy chain constant region
(37). In addition, several studies have provided evidence that
the IgG3 production correlates well with the development of
murine lupus nephritis (4, 38—40). Thus, an enhanced produc-
tion of IgG3 antibodies is likely to be an important factor for
the accelerated development of murine lupus nephritis in
MRL mice bearing the Ipr or Yaa gene.

The present observation adds a further insight to under-
standing how the Yaa gene accelerates the development of lu-
pus-like autoimmune disease. We and others have previously
shown that the autoimmune enhancing activity of the Yaa
gene markedly differ in different lupus-prone mice, depending
on the levels of autoantibodies spontaneously produced in the
absence of the Yaa gene (2, 41-44). The Yaa gene-mediated
enhancement of autoantibody production is most dramatic in
mice that spontaneously synthesize relatively low amounts of
autoantibodies, but limited or absent in mice that already pro-
duce substantially high titers. In addition, the present study re-
vealed that in the latter mice, the Yaa gene apparently modi-
fies the quality of autoantibody responses—upregulation of
IgG2a and IgG3 production and downregulation of IgG1 pro-
duction—by promoting the Thl responses. Thus, the role of
the Yaa gene for the acceleration of lupus-like autoimmune
disease is twofold. First, the Yaa gene enhances autoimmune
responses against antigens to which mice respond poorly; and
second, it promotes Th1 responses over Th2 responses against
antigens to which mice respond relatively well, thereby poten-
tiating the production of more nephritogenic autoantibodies.

Our result is consistent with the fact that repeated injec-
tions of recombinant IFN-y can accelerate the development of
SLE, but the treatment with anti-IFN-y mAb inhibits the pro-
gression of SLE in (NZB X NZW)F1 hybrid mice (18). One of
the accelerating effects ascribed to IFN-y, in addition to its im-
mune potentiating activity, may be related to the enhanced
production of cryogenic IgG3 and complement-activating
Ig(G2a autoantibodies with immunopathological consequences.
Although available data have demonstrated a good correlation
between the relative predominance of Thl cells and the accel-
erated development of lupus-like autoimmune disease, it re-
mains to be determined at what extent Th1 cells are involved
in the pathogenesis of SLE. Clearly, studies in lupus-prone
mice overexpressing or deficient in Th1l or Th2 cell activity
should provide further insight towards our understanding on
the respective roles of Thl and Th2 cells in SLE.
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