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Abstract

Even though reactive oxygen species (ROS) have been implicated in SLE pathogenesis, the
contributory role of ROS, especially the consequences of oxidative modification of proteins by
lipid peroxidation-derived aldehydes (LPDAS) such as malondialdehyde (MDA) and 4-
hydroxynonenal (HNE) in eliciting an autoimmune response and disease pathogenesis remains
largely unexplored. MRL/Ipr mice, a widely used model for SLE, spontaneously develop a
condition similar to human SLE, whereas MRL+/+mice with the same MRL background, show
much slower onset of SLE. To assess if the differences in the onset of SLE in the two substrains
could partly be due to differential expression of LPDAs and to provide evidence for the role of
LPDA-modified proteins in SLE pathogenesis, we determined the serum levels of MDA-/HNE-
protein adducts, anti-MDA-/HNE-protein adduct antibodies, MDA-/HNE-protein adduct specific
immune complexes, and various autoantibodies in 6-, 12- and 18-week old mice of both
substrains. The results show age-related increases in the formation of MDA-/HNE-protein adducts,
their corresponding antibodies and MDA-/HNE-specific immune complexes, but MRL/Ipr mice
showed greater and more accelerated response. Interestingly, a highly positive correlation between
increased anti-MDA-/HNE-protein adduct antibodies and autoantibodies was observed. More
importantly, we further observed that HNE-MSA caused significant inhibition in antinuclear
antibodies (ANA) binding to nuclear antigens. These findings suggest that LPDA-modified
proteins could be important sources of autoantibodies and CICs in these mice, and thus contribute
to autoimmune disease pathogenesis. The observed differential responses to LPDAs in MRL/Ipr
and MRL+/+mice may, in part, be responsible for accelerated and delayed onset of the disease,
respectively.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic complex systemic autoimmune disease
(AD), characterized by high levels of non-organ-specific autoantibodies directed against a
multitude of self-antigens leading to deposition of immune complexes (ICs) and then
destruction of end-organs, such as kidneys [1-6]. This chronic life-threatening disorder
which affects a large population, is much more common in females and is one of leading
causes of death among young and middle-aged women [1,2,6-8]. It is widely accepted that
the etiology of SLE is multifactorial, including genetic, hormonal and environmental
triggers. However, the molecular mechanisms underlying this systemic disorder are not fully
understood.

Many mechanistic aspects of SLE could be addressed by using experimental animals which
represent as model of certain states of immune system. A convenient and widely accepted
model for SLE is MRL/MpJ-Fas!P"/J (MRL/Ipr) mouse, which spontaneously develops a
condition that has many similarities to human SLE, such as developing marked
hypergamma-globulinemia, production of numerous autoantibodies [anti-nuclear antibodies
(ANA), anti-double-stranded DNA antibodies (anti-dsDNA) and anti-Smith antibodies (anti-
Sm)], circulating immune complexes (CICs), lymphadenopathy and glomerulonephritis [9-
13]. The female MRL/Ipr mice develop a more severe form of disease which is associated
with accelerated mortality compared to their male counterparts [10]. On the other hand,
MRL/MpJ (MRL+/+) mouse, which shares the same MRL background with MRL/lpr
mouse, also serves as model for delayed development of SLE. MRL+/+mice spontaneously
develop various autoantibodies after several months, and SLE late in the second year of life
[1,14-16], whereas MRL/lpr mice have accelerated appearance of various autoantibodies
(only a few weeks) and develop glomerulonephritis at an early age of 4-5 months [9-11,16].
Although the Ipr gene causes lymphadenopathy and autoantibody formation in a variety of
mouse strains, full development of SLE is seen only in mice with the MRL background [9].

In recent years, increasing evidence has surfaced in support of a potential role of reactive
oxygen species (ROS) in the pathogenesis of SLE and other ADs [4,6,16-23]. Increased
lipid peroxidation, an oxidative degeneration of polyunsaturated fatty acids by ROS, is
reported in SLE and other ADs [4,6,19,21,22,24-26]. Lipid peroxidation-derived aldehydes
(LPDAS) such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE), bind covalently
with proteins to form MDA- and HNE-modified protein adducts [25,27-30]. Interestingly,
higher levels of MDA-/HNE- protein adducts have been observed in SLE patients
[6,18,19,24,25,31], suggesting a potential role of these adducts in SLE. Previous studies in
our laboratory using autoimmune-prone MRL+/+mice treated with trichloroethene (TCE)
also suggested an association between oxidative stress and autoimmune responses
[16,32,33].

Even though increased ROS formation has drawn considerable attention as the potential
mechanism in the pathogenesis of SLE, the contributory role of ROS, especially the
consequences of oxidative modification of proteins by MDA and/or HNE in eliciting an
autoimmune response and contribution to SLE pathogenesis and progression remains largely
unexplored. In the current study, using two congenic MRL mouse substrains (MRL+/+and
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MRL/Ipr) which differ in the onset of autoimmune lesions, we have focused on evaluating
the contribution of LPDAs-modified proteins in the disease pathogenesis. By evaluating the
age-dependent responses in the two sub-strains, we not only provide evidence for differential
formation of MDA-/HNE-protein adducts and their corresponding antibodies with
increasing age in the two MRL substrains, but also much accelerated and greater response in
MRL/Ipr mice. For the first time, we also provide data showing a remarkable differential
formation of immune complexes specific to MDA-/HNE-protein adducts and significant
inhibition in the binding of ANA to nuclear antigens by LPDA-protein adducts.

Methods

Animals

Five-week old female MRL+/+and MRL/Ipr mice, purchased from The Jackson
Laboratories (Bar Harber, ME), were housed in plastic cages on a bedding of wood chips at
the University of Texas Medical Branch (UTMB) animal house facility maintained at ~

22 °C, 50-60% relative humidity, and a 12 hours light/dark cycle. The animals were
provided standard lab chow and drinking water ad libitum and acclimated for one week. A
time-response study of both MRL+/+and MRL/Ipr mice was conducted by euthanizing the
animals under nembutal (sodium pentobarbital) anesthesia at the ages of 6, 12 and 18 weeks.
At euthanasia, blood was withdrawn from inferior vena cava. Individual sera, obtained
following blood clotting and centrifugation, were stored in small aliquots at —80 °C till
further analysis.

Quantitation of MDA- and HNE-protein adducts in the serum

For the quantitation of MDA- and HNE-protein adducts in the sera from both MRL+/+and
MRL/Ipr mice, competitive ELISAs were performed as described earlier [6,27,33]. Briefly,
flat bottomed 96-well microtiter plates were coated with MDA-/HNE-ovalbumin adducts or
ovalbumin (0.5 ug/well) overnight at 4 °C. For the competitive ELISA, rabbit antisera [anti-
MDA (1:2000 diluted) or anti-HNE (1:3000 diluted); Alpha Diagnostics Int’l, San Antonio,
TX] were incubated with test samples (standards or unknown) at 4 °C overnight. The coated
plates were blocked with a blocking buffer (Sigma, St. Louis, MO) for 2 hours at room
temperature (RT), then a 50 pl aliquot of each of the above-mentioned incubation mixtures
was added to duplicate wells and incubated for 2 hours at RT. After washing, 50 pl of goat
anti-rabbit 1gG-horseradish peroxidase (HRP; 1:2000 diluted, Millipore, Billerica, MA) was
added and incubated for 1 hour at RT. After washing, 100 ul of TMB peroxidase substrate
(KPL, Gaithersburg, MD) was added to each well. The reaction was stopped after 10
minutes by adding 100 ul 2 M H,SO4 and the absorbance was read at 450 nm on a Bio-Rad
Benchmark plus microplate spectrophotometer (Bio-Rad Laboratories, Hercules, CA).

ELISAs for anti-MDA- and anti-HNE-protein adduct specific antibodies in the serum

ELISAs to analyze anti-MDA- and anti-HNE-protein adduct-specific antibodies in the
mouse serum were performed as described earlier [16,20,32,33]. Briefly, flat-bottomed 96-
well microtiter plates were coated with MDA-/HNE-ovalbumin adducts or ovalbumin (0.5
pg/well) overnight at 4 °C. The plates were washed with Tris-buffered saline-Tween 20
(TBST) and the nonspecific binding sites were blocked by incubating with Tris-buffered
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saline (TBS) containing 1% bovine serum albumin (BSA; Sigma) at RT for 1 hour. After
washing extensively with TBST, 50 pl of 1:100 diluted mouse serum samples were added to
duplicate wells of the coated plates and incubated at RT for 2 hours. The plates were washed
5 times with TBST and then 50 pl of rabbit anti-mouse IgG-HRP (1:2000 in TBS;
Chemicon, Temecula, CA) was added and incubated at RT for 1 hour. After washing, 100 pl
of TMB peroxidase substrate (KPL) was added to each well. The reaction was stopped after
10 minutes by adding 100 ul 2 M H,SO4 and the OD was read at 450 nm on a Bio-Rad
Benchmark plus microplate spectrophotometer (Bio-Rad Laboratories). The samples with
net OD values (the difference between OD for MDA-/HNE-ovalbumin and ovalbumin)
greater than 0.2, 0.4, or 0.6 were graded as moderately positive (+), highly positive (++), or
strongly positive (+++), respectively [16,20,32].

Anti-nuclear, anti-ssDNA, anti-dsDNA and anti-SM antibodies in the serum

Serum levels of ANA, anti-single stranded DNA (anti-ssDNA), anti-dsDNA and anti-Sm
antibodies were determined by using mouse-specific ELISA kits (Alpha Diagnostic Int’l) as
described earlier [15,20,32,33].

Quantification of CICs in serum

Serum levels of CICs were determined by using mouse-specific ELISA kits (Alpha
Diagnostic Int’l) following manufacturer’s manual.

Determination of MDA-/HNE-protein adduct specific CICs in the sera

The immune complexes of MDA-/HNE-protein adducts with their respective specific
antibodies in the sera of two MRL substrain mice were analyzed using specific ELISAs.
Briefly, flat-bottomed 96-well plates were coated with rabbit anti-MDA- or anti-HNE-
protein adduct antibodies (1:1000 diluted; Alpha Diagnostics Int’l) overnight at 4 °C. The
plates were washed with TBST and the non-specific binding sites were blocked with TBS
containing 1% BSA (Sigma) at RT for 1 hour. After washing extensively with TBST, 100 pl
of diluted serum samples were added to duplicate wells of the coated plates and incubated at
RT for 2 hours. The plate was washed five times with TBST and then rabbit anti-mouse 1gG-
HRP was added and incubated at RT for 1 hour. After washing, 100 ul of TMB substrate was
added to each well. The reaction was stopped after 10 minutes by adding 100 pl 2M H,SO4
and the OD was read at 450 nm on a Bio Rad Benchmark plus microplate spectrophotometer
(Bio-Rad Laboratories).

Determination of inhibitory effects of LPDA-protein adducts on ANA binding with nuclear
antigens

To determine the effect of LPDA-protein adducts on ANA binding with nuclear antigens,
sera from 18-week MRL/Ipr mice were used as the source of ANA for determining the
inhibition in ANA binding and using mouse-specific ANA ELISA kits (Alpha Diagnostic
Int’l) [15,20,32,33]. To achieve this, serum samples were incubated with LPDA-protein
adducts overnight before performing assay for ANA. Briefly, 100 ul of 1:50 diluted sera [in
phosphate buffered saline (PBS)] were incubated with 100 pl of PBS only, 100 ul of mouse
serum albumin (MSA,; 10 pg/ml in PBS), 100 pl of MDA-MSA (10 pg/ml in PBS) or 100 pl
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of HNE-MSA (10 pg/ml in PBS) at 4 °C overnight. The rest of the steps were similar to
those described earlier [15,20,32,33].

Statistical analysis

Results

The values presented are means + SD. One-way ANOVA followed by Tukey-Kramer
multiple comparisons test (GraphPad Instat 3 software, La Jolla, CA) was performed for the
statistical analysis. Spearman’s rank correlation was used to calculate correlation
coefficients between serum MDA-/HNE-protein adducts and serum CICs as well as serum
anti-MDA-/HNE-protein adduct antibodies and serum ANA. A pvalue < 0.05 was
considered to be statistically significant.

Formation of MDA- and HNE-protein adducts in the sera of MRL+/+and MRL/Ipr mice

To investigate the potential contribution of lipid peroxidation/oxidative stress in the
induction/exacerbation of an autoimmune response, we first determined the formation of
MDA-/HNE-protein adducts in the sera of 6-, 12-, and 18-week old MRL+/+ and MRL/Ipr
mice (Figure 1). As evident from Figure 1A, the formation of MDA-protein adducts
increased with increasing age, and their levels were 50% and 67% higher, respectively, in the
12-week and 18-week old MRL+/+mice compared to the 6-week old MRL+/+mice. The
formation of these adducts in MRL/Ipr mice was greater compared to MRL+/+mice, and the
increases in these adducts in the sera of 12- and 18-week old MRL/Ipr mice were 86% and
118%, respectively, compared to the 6-week old MRL/Ipr mice (o < 0.05). Remarkably, the
serum levels of MDA-protein adducts in MRL/Ipr mice at 6-, 12- and 18-weeks were 4.2-,
5.2- and 5.3-fold greater, respectively, than those in MRL+/+mice of the corresponding age
groups (p < 0.05). Similarly, age-related increases in the levels of HNE-protein adducts in
the sera of both MRL+/+and MRL/Ipr mice were also observed (Figure 1B). Interestingly,
levels of HNE-protein adducts in MRL/Ipr mice at 6-, 12- and 18-weeks were 2.4-, 5.5- and
4.8-fold greater than those observed in MRL+/+mice (p < 0.05). Our results thus show
differential age-related formation of MDA-/HNE-protein adducts in the two MRL
substrains.

Differential induction of anti-MDA- and anti-HNE-protein adduct antibodies in the sera of
MRL+/+and MRL/Ipr mice

To assess if LPDA-modified proteins could contribute to an autoimmune response, anti-
MDA- and anti-HNE-protein adduct antibodies were analyzed in the sera (Figure 2 and
Tables I and 11). There was a weak response to MDA-protein adducts in 6-week old MRL+/
+mice (the levels of anti-MDA-protein adduct antibodies were close to negative controls;
data not shown), but moderate increases in serum anti-MDA-protein adduct antibodies in 12-
and 18-week old MRL+/+mice, which were 49% and 75% greater, respectively, compared to
6-week old MRL+/+mice (Figure 2A). The levels of these antibodies in 12- and 18-week old
MRL/Ipr mice increased significantly (118% and 141% increases, respectively; p < 0.05) in
comparison to 6-week old MRL/Ipr mice. More importantly, the levels of anti-MDA-protein
adduct antibodies in all three age groups of MRL/Ipr mice showed remarkable increases
(4.1-, 6.1- and 5.7-fold at the ages of 6-, 12- and 18-week old, respectively, p< 0.05) in
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comparison to MRL+/+mice of corresponding ages. Furthermore, the number and
percentage of samples positive (+), highly positive (++) and strongly positive (+++) for these
antibodies showed age- and substrain-related increases in the two substrains of MRL mice
(Table I).

Serum levels of anti-HNE-protein adduct antibodies, and the number and percentage of
serum samples positive for anti-HNE-protein adduct antibodies also increased with
increasing age in the two substrains but showed greater response in MRL/Ipr mice, with a
pattern similar to that of anti-MDA-protein adduct antibodies (Figure 2B and Table I1). The
age- and substrain-related increases in the levels of serum anti-MDA-/anti-HNE-protein
adduct antibodies in these mice not only provide support to the increased formation of
LPDA-modified protein adducts, but more importantly, suggest that the LPDA-modification
of endogenous proteins elicits an immunogenic response which could potentially contribute
to autoimmunity.

Production of autoantibodies in the sera of MRL+/+and MRL/Ipr mice

SLE is characterized by high levels of autoantibodies, and such autoantibodies as ANA, anti-
dsDNA, anti-ssDNA and anti-Sm are considered important laboratory evaluation indices of
the disease [1,4,5,34-36]. Here, the autoantibodies were analyzed in the sera of 6-, 12- and
18-week old MRL+/+and MRL/Ipr mice (Figure 3). There were increases in the serum levels
of ANA in 12- and 18-week old MRL+/+mice (71% and 115% increases, respectively)
compared to 6-week old MRL+/+mice. However, ANA levels were much greater in the 12-
and 18-week old MRL/Ipr mice (197% and 508% increases, respectively) in comparison to
6-week old MRL/Ipr mice (p < 0.05, Figure 3A). More importantly, the ANA levels in 12-
and 18-week old MRL/Ipr mice were significantly higher (4.1- and 6.6-fold, respectively)
than in the MRL+/+mice of the corresponding ages (Figure 3A). Furthermore, formation of
anti-dsDNA, anti-ssDNA and anti-Sm antibodies in the sera of MRL mice showed a pattern
similar to ANA (Figure 3B, 3C, 3D). Interestingly, the serum levels of anti-dsDNA in 6-,
12-, 18-week old MRL/Ipr mice were significantly higher (4.1-, 4.5- and 3.8-fold,
respectively) than those observed in MRL+/+mice of the corresponding age, suggesting an
age- and substrain-related autoimmune responses in MRL+/+and MRL/Ipr mice.

Correlation of anti-MDA-/HNE-protein adduct antibodies and serum autoantibodies

We evaluated relationship of the individual serum anti-MDA-/HNE-protein adduct
antibodies with serum autoantibodies. As evident from Figure 6, a significant correlation
was observed between serum anti-MDA-protein adduct antibodies and ANA (r = 0.81, p<
0.01; Figure 4A). Similarly, serum anti-HNE-protein adduct antibodies and ANA were also
highly correlated (r = 0.82, p < 0.01; Figure 4B). Also, a remarkable direct correlation
between serum anti-MDA- and anti-HNE-protein adduct antibodies and anti-dsDNA
antibodies (r = 0.82 and 0.78, respectively, p < 0.01; data no shown) was observed. These
findings not only reveal a direct association between anti-LPDA-modified protein antibodies
and autoantibodies, but also suggest that the serum anti-MDA- and HNE-protein adduct
antibodies along with autoantibodies (i.e., ANA, anti-dsDNA antibodies) may also serve as a
predictive biomarker of progression of autoimmunity.
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MDA-/HNE-protein adducts have inhibitory effect on ANA binding

Since our studies showed a strong association of anti-MDA-/HNE-protein adduct antibodies
and serum autoantibodies, it was of further interest to analyze if these LPDA-protein adducts
affect the binding of ANA with nuclear antigens and thus, contribute to the formation of
ANA. As evidenced in Figure 5, the incubation of sera from 18-week old MRL/lpr mice
with MDA-MSA reduced the ANA binding with nuclear antigens by 29%, while HNE-MSA
significantly decreased the ANA bindings with nuclear antigens by 35% (p < 0.05),
suggesting that these adducts compete with nuclear antigens for ANA-binding activity.

Formation of CICs in the sera of MRL+/+and MRL/Ipr mice

Although the molecular mechanisms of SLE remain largely unknown, it is generally
accepted that SLE is characterized by high levels of autoantibodies leading to increased
formation of CICs, deposition of immune complexes and destruction of end-organs
[1,4,5,10,13]. Therefore, CICs in the sera of MRL+/+and MRL/Ipr were also analyzed. As
shown in Figure 6, the serum levels of CICs in the MRL+/+mice at the age of 12- and 18-
weeks were moderately increased (54% and 119% increases, respectively) compared to the
6-week old MRL+/+mice. However, CICs levels in the MRL/Ipr mice of 12- and 18-weeks
increased remarkably (322% and 564% increases, respectively; p < 0.05) compared to the 6-
week old MRL/Ipr mice. Moreover, the serum levels of CICs in the MRL/Ipr mice of 12-
and 18-weeks were 5.3- and 5.9-fold higher, respectively (p < 0.05) than the MRL+/+mice
of corresponding ages. Furthermore, significant correlations were also observed between
serum MDA-/HNE-protein adducts and CICs (r = 0.82, r = 0.79, p< 0.01, respectively; data
not shown).

Formation of immune complexes of MDA-/HNE-protein adducts with their corresponding
antibodies in the sera of MRL+/+and MRL/Ipr mice

To further support the contribution of MDA-/HNE-protein adducts in the formation of
LPDA-specific CICs and their role in the pathogenesis of SLE, we measured the formation
of immune complexes specific for MDA-/HNE-protein adducts with their respective
antibodies in the sera of MRL+/+and MRL/lpr mice. As shown in Figure 7A, there was very
low formation of MDA-specific immune complexes in the sera of 6-week old MRL+/+mice
(the same level of formation as negative controls, data not shown), but moderately increased
formation in 12, and 18-week old MRL+/+mice (38% and 129% increases, respectively,
compared to the 6-week old MRL+/+mice). Interestingly, there was greater formation of
these immune complexes in the sera of 12- and 18-week old MRL/Ipr mice (204% and
348% increases, respectively, p< 0.05) compared to the 6-week MRL/Ipr mice.
Furthermore, the serum levels of these immune complexes in the MRL/Ipr mice at 6, 12- and
18-weeks were 2.9-, 6.5- and 5.7-fold higher, respectively (p < 0.05) than the MRL+/+mice
of the corresponding ages. As evidenced in Figure 7B, a similar pattern in the formation of
HNE-specific immune complexes was also observed.

Discussion

Despite an association of high morbidity and mortality rate with SLE [1,2,6-8], the
molecular mechanisms of disease pathogenesis are not fully understood. MRL/lpr mice, an
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extensively used model for SLE, develop various SLE features rather aggressively that are
similar to those in human SLE [9,11-13,15,16], whereas MRL+/+mice, with the same MRL
background as MRL/Ipr mice, show much slower onset of SLE (spontaneous SLE late in the
second year of life) [1,14]. We hypothesized that differences in the onset of disease features
in the two substrains could partly be due to differential expression of LPDAs and consequent
immunomodulatory response. To assess our hypothesis and provide evidence for the
potential role of LPDA-modified proteins in the pathogenesis of ADs, we evaluated the
serum levels of MDA-/HNE-protein adducts, anti-MDA-/HNE-protein adduct antibodies,
CICs and MDA-/HNE-protein adduct specific immune complexes, as well as various
autoantibodies in two congenic mice which differ in the onset of disease. Observed
differential oxidative stress-related responses in two sub-strains with increasing age, along
with the potential of LPDA-protein adducts to inhibit ANA binding to nuclear antigens
suggest that LPDA could play a role in the pathogenesis of SLE.

MDA and HNE, the two major LPDASs, are highly reactive and can form MDA-/HNE-
modified protein adducts via binding covalently with free amino groups of proteins and
making them highly immunogenic [4,16,18,30,37-41]. Increased lipid peroxidation
[4,18,19,22,24-26] and higher levels of MDA- and HNE-modified proteins have been
reported in SLE patients [4,6,19,25,26,31,40]. However, significance of increased LPDA-
modified proteins and their contributions to initiation and pathogenesis of SLE remain
unclear. In this study, the formation of serum MDA-protein adducts and HNE-protein
adducts increased with increasing age in both MRL+/+and MRL/lpr mice. However, these
adducts appeared much sooner in MRL/Ipr mice and also showed a robust response. The
early and greater responses observed in MRL/Ipr mice compared to MRL+/+suggest a
potential role of these adducts not only in the development of the autoimmune response but
also in early initiation of the disease.

Increasing evidence suggest that LPDA-modified proteins may trigger an immunogenic
response to the self antigens, leading to a break in immune tolerance [30,40-44]. Moreover,
LPDAs modification of cellular components, generating a variety of antigenic structures,
also give rise to production of multi-specific antibodies that simultaneously recognize
different epitopes [40,44]. In fact, antibodies generated against HNE-modified spitopes have
been shown to have specificity towards native DNA [40,44], and modification of lupus-
associated protein (i.e., 60-kDa Ro protein) with HNE has been shown to increase the
antigenicity and to facilitate epitope spreading [43]. In the current study, we found age-
dependent increases in the antibodies to MDA-/HNE-protein adducts in both MRL
substrains, but remarkably accelerated and greater levels in MRL/Ipr mice. Interestingly, the
pattern of increased anti-MDA-/HNE-protein adduct antibodies in this study was strongly
associated with the serum autoantibodies such as ANA and anti-dsDNA, suggesting that
these LPDA-modified proteins are not only immunogenic and trigger the generation of
antibodies, but also suggest that MDA-/HNE-protein adducts could be a source of
autoantibodies contributing to the pathogenesis and progression of SLE.

SLE is characterized by high levels of non-organ-specific autoantibodies leading to
formation and deposition of immune complexes and then destruction of end-organs such as
kidneys and joints [1,4-6,13]. ANA includes autoantibodies directed against the extractable
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nuclear antigens, and the most prominent ANAs are autoantibodies which bind to dsDNA,
ssDNA, histones, ribonucleoproteins (RNP) and Sm-antigens [1-4,13]. It remains to be
known whether MDA-/HNE-protein adducts could also lead to production of autoantibodies
and contribute to the pathogenesis of SLE. Previous studies have identified several different
antigenic cross-reactivities for anti-DNA antibodies, and the sequence of an anti-HNE
monoclonal antibody was highly homologous to anti-DNA autoantibodies [40,45]. Our
findings in this study also show that increased anti-MDA-/HNE-protein adduct antibodies is
strongly associated with the autoantibodies such as ANA and anti-dsDNA. This led us to
determine if LPDA-protein adducts (neoantigens) are also recognized by anti-nuclear
antibodies. Our data clearly show that pre-incubation of serum with HNE-MSA significantly
decreased the ANA binding with nuclear antigens. This suggests that LPDA-modified
epitopes may lead to production of multispecific antibodies which simultaneously recognize
different epitopes including nuclear antigens or some of serum ANAs also have specificity
towards MDA-/HNE-MSA.

Immune complexes, a hallmark and key mediators of SLE, play a central pathogenic role in
causing tissue damage in the disease [1,4,5,13,46]. Previously, we hypothesized that LPDA-
protein adducts might act as neoantigens eliciting autoimmune responses by stimulating T
and/or B lymphocytes, then persistent increases in antibodies causing formation of immune
complexes leading to ADs [6,16,20,32,33,47]. Our previous studies also have demonstrated
that LPDA-protein adducts contributed to autoimmunity by activating Th1 and/or Th17 cells
[20,47]. T helper (Th) cells (Th1, Th17) play central role in the pathogenesis of SLE by
providing the help required for B cells to differentiate and produce a variety of pathogenic
autoantibodies [47-49]. Our data show a highly positive correlation between the serum
MDA-/HNE-protein adducts and serum CICs which suggests a strong association between
the serum levels of these adducts and the formation of serum CICs. The results further
suggest that formation of MDA-/HNE-protein adducts may serve as one of the important
sources of CICs and contribute to the progression of the disease. To support our conclusion,
we determined immune complexes specific for MDA-/HNE-protein adducts and found
significantly increased but differential formation of these specific immune complexes in the
two substrains of MRL mice, with the MRL/Ipr mice showing early and greater response.

Taken together, our results clearly show age-related increases in the formation of MAD-/
HNE-protein adducts, their corresponding antibodies and MDA-/HNE-specific immune
complexes. Clearly, these responses were greater and more accelerated in MRL/Ipr mice
which also have an accelerated development of SLE in comparison to MRL+/+mice.
Interestingly, the results of this study, for the first time, provide an evidence for a strong
association between increased MDA-/HNE-protein adducts and CICs, as well as the highly
positive correlation between increased anti-MDA-/HNE-protein adduct antibodies and
autoantibodies. More importantly, our results also show that HNE-MSA caused significant
inhibition in ANA binding to nuclear antigens. These findings apart from supporting
immunogenic potential of MDA-/HNE-protein adducts, also suggest that these LPDA-
modified proteins may be important sources of autoantibodies and CICs in these mice
contributing to pathogenesis and progression of autoimmunity. The observed differential
response to LPDAS in the two substrain may, in part, provide explanation for accelerated
disease development. Further studies are, however, necessary to establish the novel pathways
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by which LPDASs break immune tolerance and contribute to an autoimmune response. It
would be important to identify the LPDA-modifying proteins for establishing their role in
disease pathogenesis. It would also be important to assess the usefulness of anti-MDA-/anti-
HNE-protein adduct antibodies in evaluating progression and severity of ADs.
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(A) MDA-protein adducts and (B) HNE-protein adducts in the sera of 6-, 12- and 18-week

old MRL+/+and MRL/Ipr mice. The values are means = D. * p< 0.05 vs. 6-week old
mice; # p< 0.05 vs. MRL+/+mice of respective age.

Free Radlic Res. Author manuscript; available in PMC 2017 May 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

—

Anti-MDA antibodies (OD at 450 nm) >

—

3.0

2.5

20

0.5

0.0

0.5

Anti-HNE antibodies (OD at 450 nm) 0o

0.0

Figure2.

Page 14

[] 6 weeks
B 12 weeks
M 18 weeks

TR
RO

Potetebatols!
[Sse]

o+

T
*
I+

S

MRL+/+ mice

MRL/Ipr mice

[] 6 weeks
B 12 weeks
W 18 weeks

n—*—m_

R

«#

R

““‘
LA
(250
batels
Letately
]
ekl

e

.

z
525
%

5
e
et

5
5
5
el
byt

o

LX)
".:
0%
5%
Fotele!

S

2o
R
2505

MRL+/+ mice

MRL/Ipr mice

(A) Anti-MDA-protein adduct antibodies and (B) anti-HNE-protein adduct antibodies in the
sera of 6-, 12- and 18-week old MRL-+/+and MRL/Ipr mice. The values are means + SD. “p
< 0.05 vs. 6-week old mice; # p < 0.05 vs. MRL+/+mice of respective age.

Free Radlic Res. Author manuscript; available in PMC 2017 May 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

>

ANA (OD at 450 nm)

G

Anti-ssDNA (OD at 450 nm)

N
w

20¢

1 6 weeks o
B 12 weeks
B 18 weeks Nid

MRL+/+ mice MRL/Ipr mice
[ 6 weeks
B 12 weeks 4
B 18 weeks %

1
T

[ K X

MRL+/+ mice MRL/lpr mice

Figure 3.
Serum levels of (A) anti-nuclear antibodies, (B) anti-dsDNA antibodies, (C) anti-ssDNA

antibodies and (D) anti-SM antibodies in the 6-, 12- and 18-week old MRL+/+and MRL/lpr
mice. The values are means + SD. “p < 0.05 vs. 6-week old mice; # p < 0.05 vs. MRL+/

+mice of respective age.

Free Radlic Res. Author manuscript; available in PMC 2017 May 16.

@

Anti-dsDNA (OD at 450 nm)

=

Anti-Sm (OD at 450 nm)

)

)

2.5

2.0

1.5

1.0

0.5

0.0

3.0

25

2.0

0.5

0.0

Page 15

[ 6 weeks #
B 12 weeks k
B 18 weeks
M
#
T
MRL+/+ mice MRL/lpr mice
] 6 weeks o
B 12 weeks
B 18 weeks
*#
:0,0
e
M Seletet
MRL+/+ mice MRL/lpr mice




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al. Page 16

—

Anti-MDA antibodies (OD at 450 nm) >

—

0.0 0.5 1.0 1.5 2.0 25 3.0
Serum ANA (OD at 450 nm)

—

Anti-HNE antibodies (OD at 450 nm) 00

0.0 0.5 1.0 1.5 2.0 25 3.0
Serum ANA (OD at 450 nm)

Figure 4.
Correlation of (A) serum anti-MDA-protein adduct antibodies and (B) serum anti-HNE-

protein adduct antibodies with serum ANA. Spearman’s rank correlation was used to
calculate correlation coefficient.
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Serum levels of MDA-/HNE-protein adduct-specific immune complexes (A. MDA, B. HNE)
in the 6-, 12- and 18-week old MRL+/+and MRL/Ipr mice. The values are means = SD. * p
< 0.05 vs. 6-week old mice; # p< 0.05 vs. MRL+/+of respective age.
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