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Abstract
Our previous work showed that immunization of rabbits with 4-hydroxy 2-nonenal-modified Ro60
(HNE-Ro60) accelerates autoimmunity. We extended this model into mice, hypothesizing that the
severity of autoimmunity would be dependent on degree of HNE-modification of Ro60. Five
groups of BALB/c mice (ten/group) were used. Group I was immunized with Ro60. Groups II to
IV were immunized with Ro60 modified with 0.4 mM (low), 2 mM (medium) and 10 mM (high)
HNE respectively. Group V controls received Freund's adjuvant. A rapid abrogation of tolerance
to Ro60/La antigens occurred in mice immunized with HNE-modified Ro60, especially in the low
and medium HNE-Ro60 groups. Lymphocytic infiltration and significantly high decrement in
salivary flow (37%) compared to controls was observed only in high HNE-Ro60 group,
suggesting induction of a SS-like condition in this group. Anti-dsDNA occurred only in mice
immunized with medium HNE-Ro60. This group did not have significant decrement in salivary
flow, suggesting induction of SLE-like manifestation in this group. Significantly high antibodies
to Ro60 were found in saliva of mice in low and medium HNE-Ro60, and Ro60 groups as well as
anti-HNE Ro60 in low and medium HNE-Ro60 groups. Understanding the mechanism of this
differential induction may help delineate between these two autoimmune diseases.
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Introduction
Sjögren's syndrome (SS) is a chronic, inflammatory autoimmune disorder characterized by
diminished lacrimal and salivary gland secretion (sicca complex) resulting in
keratoconjunctivitis sicca and xerostomia. SS is the second most common autoimmune
disorder after rheumatoid arthritis, affecting about 1% of the population. There is a female
predilection in this disorder, being more commonly found in women than men, with a ratio
of 9:1. Extreme fatigue, dryness of the eyes and mouth, lymphocytic infiltration of the
salivary glands and autoantibodies occur characteristically in SS.

Autoantibodies to self antigens is a common factor in SS. Antibodies target the Ro RNP
particle, containing a 60 kDa protein (60 kDa Ro or SS-A) non-covalently associated with at
least one of four short uridine rich RNAs (the hY RNAs). These hY RNAs are also, at least
transiently, associated with the 48,000 MW La (or SSB) autoantigen [1-6]. Antibodies to
Ro60 occur in greater than 70% of SS patients. There are other autoantibodies found in sera
of SS patients, such as anti-muscarinic receptors antibodies, which may be involved in the
pathogenesis of glandular dysfunction and are tissue specific [7].

This disorder is classified as primary when only SS is present. However, secondary SS can
also occur along with other inflammatory autoimmune diseases such as rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), primary biliary cirrhosis, polymyositis or
scleroderma [1,2,8-11].

SLE is also a chronic inflammatory and autoimmune disorder associated with the production
of antibodies to self-constituents, including targeting of the Ro60 antigen. Anti-Ro60 occurs
in 25-40% of patients with SLE, while anti-La is found in substantially fewer patients
[10-13]. The presence of anti-Ro is associated with subacute cutaneous lupus, photosensitive
skin rash, deficiency of early complement components, renal disease, neonatal lupus,
lymphopenia and neutropenia [14-16]. Anti-Ro60 is associated with interaction of HLA-
DQα, HLA-DQβ, and the T cell receptor β [17-22].

The mechanism of the loss of tolerance in SLE or SS patients, resulting in the targeting of
the Ro RNP complex, is unknown. Investigations have revealed that if tolerance is broken to
one component of an in vivo complex, the immune response can then generalize and
expand, so that an entire complex is no longer recognized as self by the immune system
[23-26]. This phenomenon of acquiring new autoreactivity as the disease matures is referred
to as epitope spreading. When the antigen specific autoimmune response spreads to different
epitopes within one protein, then it is referred to as intramolecular epitope spreading. The
term intermolecular epitope spreading is applied when the response spreads to epitopes
located on other structural/functional proteins.

Oxygen radicals have been shown to be involved in the pathogenesis of several diseases,
including SLE [27-32]. Products of oxidative damage have been shown to form adducts with
lysine, histidine, cysteine targets [33-37]. HNE (4-hydroxy-2-nonenal) is one of the most
common reactive lipid peroxidation by-products [38]. Elevated levels of proteins modified
by HNE have been detected in the sera of children with autoimmune diseases [29]. HNE-
protein adducts are potential neoantigens, and therefore could be involved in the
pathogenesis of autoimmune diseases.

Therefore, we hypothesized that oxidative by-products, like HNE, would cross link with
Ro60 and help initiate autoimmunity. To test this hypothesis we immunized rabbits with
either the HNE-modified Ro or the unmodified Ro. Our results demonstrated that
autoimmunity is established faster and more vigorously in the animals that were immunized
with HNE modified Ro60 [39]. Specific and vigorous intra- and inter-molecular epitope
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spreading occurred when the animal was immunized with the HNE-modified Ro and not
with unmodified Ro.

We undertook this study to carry out these studies in mice, where genetic manipulation is
possible and to determine whether varying degrees of HNE modification gave differing
outcomes.

Materials and methods
Materials

γ-irradiated mouse chow was from Picolab Rodent Diet 20, LabDiet, St. Louis, MO. Ro60
antigen was purchased from Immunovision, Springdale, AK. Avertin, isoproterenol and
amyl alcohol were from Sigma Chemical Co, St. Louis, MO. Non-heparinized capillary
tubes for saliva collection was from Fisher Scientific, St. Louis, MO. 4-hydroxy-2-nonenal
was from Cayman Scientific, Ann Arbor, MI. Crithidia lucillae immunofluorescent anti-
nDNA and ANA test kits were from Binding Site, San Diego, CA/Inova Diagnostics, San
Diego, CA. Anti-rabbit IgG fluoroisothiocyanate was from Jackson Laboratories, Bar
Harbor, ME. All other chemicals were of reagent grade.

Animals
Four week old female BALB/c mice were purchased from the Jackson Laboratory, Bar
Harbor, Maine. The animals were housed and acclimatized at the Laboratory Animal
Resource Facility at the Oklahoma Medical Research Foundation on a 12 h light/dark cycle.
Mice were fed standard γ-irradiated mouse chow and acidified water ad libitum. All
experimental designs were approved by the OMRF and University of Oklahoma Health
Sciences Center (OUHSC) Institutional Animal Care and Use Committee according to
established guidelines.

Preparation of antigen for immunization
Purified Ro60 (1 mg/ml) was modified by the addition of either 400 μM (low), 2 mM
(medium) or 10 mM (high) HNE at room temperature for 24 hour in the presence of 1 mM
sodium cyanoborohydride. The modified proteins were then dialyzed against 0.1M NaCl
using a 10, 000 molecular weight cut-off membrane. Ro60 treated with sodium
cyanoborohydride and dialyzed simultaneously with the HNE-modified Ro60, served as the
control [39]. Aggregates were seen in Ro60 sample modified with 10 mM HNE.

HNE modification of bovine serum albumin
One mg of BSA was incubated with 5 mM Tris-HCl, pH 8.3 and 5 mM of HNE for 7 hours
at 37 °C. The unbound HNE was removed by centrifuging the sample with a 10,000
molecular weight cut-off spin microfuge from Millipore, Billerica, MA. HNE-modification
was verified by immunoblotting, using a commercial anti-HNE antibody. The HNE-
modified BSA was used as the solid phase antigen in ELISA to determine anti-HNE
antibodies in the mice sera.

Ro60 Immunization
Female BALB/c mice (6 weeks of age) were immunized as previously described [24].
Briefly, mice were immunized intraperitoneally with 50 μg of the unmodified Ro60 or the
Ro60 modified with different amounts of HNE in complete Freund's adjuvant. Subcutaneous
boosting was performed with the antigens suspended incomplete Freund's adjuvant on days
14, 35, 51 and 63. Animals were bled on days 21, 42, 58, 70 and sera obtained were stored at
-20° C until use. All animals had pre-immunization serum collected.
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Enzyme linked immunosorbant assay (ELISA)
A solid phase ELISA for Ro60, HNE-Ro60, Sm and nRNP, anti-HNE were performed as
previously described [4,12]. In the case of anti-HNE ELISA, the primary sera were diluted
1:500 in 1% BSA containing 0.05% Tween-20 to block possible anti-BSA antibodies.

SDS PAGE and immunoblotting
Gradient (4-20 %) and 10 % SDS PAGE were carried out according to Laemmli [40,41] and
the gel transferred to nitrocellulose. Standard immunoblotting was carried out according to
Towbin et al. [42,43].

Peptide mass fingerprinting
Peptide mass fingerprinting for the identification of salivary proteins was conducted as
described before [16,44]. Briefly, a protein band of Coomassie blue-stained SDS-PAGE gel
was excised and destained with 50% methyl cyanide (CH3CN)/100 mM ammonium
hydrogen carbonate (NH4HCO3) for 16 h. The gel pieces were dried, digested with 0.005 %
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Promega, Madison,
WI) for 4 h, and the peptide solution was recovered. The remaining gel piece was further
extracted by shaking with 50 % CH3CN/0.5 % trifluoroacetic acid (TFA) for 30 min, and the
peptide solution was recovered. Both peptide solutions were combined and concentrated on
a SpeedVac concentrator (Thermo Electron Corporation, Waltham, MA) for 90 min.
Peptides were dissolved in 5 μl of 0.2 % TFA; and 0.5 μl of aliquots were mixed with 0.5 μl
of matrix solution containing 1 % a-cyano-4-hydroxycinnamic acid, 50 % CH3CN, and
0.1% TFA. The peptide/matrix solution was applied to a target plate. Mass spectra were
obtained using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometer
(MALDI-TOF-MS) (Voyger Elite, Applied BioSystems, Foster City, CA). The MS spectra
were analyzed in the positive ion mode and the mass peaks were assigned by PerSeptive
GRAMS/386 v3.02. The assigned peak values of peptide masses were searched against the
nonredundant database at the National Center for Biotechnology Information (NCBInr) by
using the Mascot program (http://www.matrixscience.com) and probability-based MOWSE
(Molecular Weight Search) scores [45] were obtained. The score was expressed as
−10*log(P), where P is the probability that the observed match is a random event. Individual
MOWSE scores of more than 62 (p<0.05) for Mus musculus indicate identity or extensive
homology.

Detection of antibodies to double stranded DNA by CLIF
Anti-dsDNA assays using Crithidia lucillae immunofluorescence (CLIF) dsDNA kit was
carried out according to manufacturer's instructions (Binding Site, San Diego, CA).

Anti-nuclear antibody (ANA) testing
ANA using HEp-2 cells was carried out following the instructions of the manufacturer
(ANOVA, San Diego, CA).

Histopathology
Salivary glands were excised from mice on day 126 of the immunization protocol. The gland
from each animal was fixed immediately in 10% formalin and embedded in paraffin. Thin
sections were cut and stained with H&E. Lymphocytic infiltrates (>50 cells each) were
scored by an observer who was blinded to the immunization group of individual mouse.
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Results
Antibodies to Ro60

Antibodies to Ro60 and HNE-modified Ro60 in sera were determined by ELISA using
either unmodified Ro60 or Ro60 modified by low, moderate or high HNE as solid phase
antigens. In general, a rapid abrogation of tolerance to Ro60 was observed in the mice
immunized with HNE-modified Ro60. Mice immunized with Freund's alone did not make
antibodies to Ro60 or other antigens studied.

i. Using Ro60 as solid phase antigen—Mice immunized with high-HNE Ro60, did
not show a strong anti-Ro60 response compared to Ro60 alone, low HNE Ro60 or moderate
HNE Ro 60 immunized mice when Ro60 was used as the solid phase substrate (Figure 1).
Anti-Ro60 levels in the high HNE Ro60 immunized group continued to remain at levels that
were half that of the Ro60 immunized mice up to the 8th bleed (data not shown). On the
other hand antibodies to Ro60 were found to be induced twice as fast by the first bleed in
mice that were immunized with moderate-HNE Ro60 compared to unmodified Ro60
immunized group (Figure 1). However, by the fourth bleed the Ro60, low HNE Ro60 and
moderate HNE Ro60 immunized mice showed similar antibody response.

ii. Using low, moderate or high HNE Ro60 as the solid phase antigen—
Antibodies to HNE Ro60 were found to be present at high levels in mice immunized with
low, moderate or high HNE Ro60 (Figures 1-4). Antibodies to Ro60 in Ro60 immunized
mice were significantly lower than low, moderate or high HNE Ro60 immunized mice when
either low, moderate or high HNE-modified Ro60 was used as the solid phase antigen in
ELISA (Figures 2-4). Moderate-HNE modified Ro60 immunized group had the highest
levels of anti-Ro60 antibody levels when either Ro60 or the HNE-modified Ro60 antigens
were used as the solid phase antigen (Figures 2-4). Anti-Ro60 levels in Ro60 immunized
mice and anti-HNE Ro levels in low HNE Ro60 and moderate HNE Ro60 immunized mice
remain high till the 8th bleed (data not shown).

Antibodies to La
A rapid loss of tolerance to La was observed in the sera of mice immunized with HNE-
modified Ro60. Mice immunized with Freund's alone did not make antibodies to La or other
antigens studied. Antibodies to the La autoantigen were detected as early as the first bleed in
mice immunized with low-and medium-HNE modified Ro60 antigens (Figures 5,6).
However, by the second bleed all mice groups except high HNE Ro60 and Freund's only
control groups made antibodies to La (Figures 5,6).

Antibodies to double stranded DNA and anti-nuclear antibody (ANA)
Antibodies to dsDNA, determined using CLIF, were observed only in the sera of mice
immunized with moderate HNE-modified Ro60 (bleeds 6, 7) (4/4 mice in each bleed)
(Figure 7). Mice immunized with unmodified Ro60, low HNE-modified Ro60, high HNE-
modified Ro60 or Freund's did not have anti-dsDNA antibodies in these bleeds (Figures 7),
suggesting that immunization with moderate HNE Ro60 induces a lupus like condition in
BALB/c mice. ANA indirect immunoflourescence mainly showed speckled patterns in the
sera of Ro60, low and medium HNE Ro60 immunized mice. Freund's control sera did not
have positive ANAs (Table 1).
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Salivary flow and salivary infiltrates
Salivary flow, collected 120 days following immunization, decreased significantly (37%)
(p<0.05, Kruskal-Wallis rank order testing) only in the mice immunized with high HNE
modified Ro60 compared to Freund's (Figure 8).

Lymphocytic infiltration was observed in the high HNE modified Ro60 group but not in
Freund's control (Figure 9), suggesting that immunization with high HNE Ro60 brings about
a SS-like condition in these mice.

Identification of salivary proteins by tryptic digestion and MALDI-TOF Mass spectrometry
Saliva collected from the different groups of mice was subjected to SDS-PAGE and
Coomassie Brilliant Blue staining [46,47]. The band that showed differences in protein
intensity was excised and subjected to peptide mass fingerprinting as described in Materials
and Methods. The tryptic fragments produced by the antigen matched those produced from
Mus musculus alpha-amylase with Mowse score of 95, corresponding to p=0.000025.
Alpha-amylase was found to be decreased in all the groups, particularly the group
immunized with high-HNE Ro60, compared to Freund's only immunized group (data not
shown).

Antibodies to Ro60 and HNE-Ro60 in saliva of Ro60, HNE-Ro60 and Freund's control mice
Significantly high levels of anti-Ro60 antibodies were found in the saliva of mice in the first
three groups (p=0.017; p=0.002; p<0.001 respectively) but not in the group immunized with
the high HNE modified Ro60 and Freund's. Significantly high levels of anti-HNE Ro60
antibodies (p<0.0001) were observed only in the saliva of mice immunized with low,
medium and high HNE modified Ro60 antigens. (Figures 10,11). There was no anti-Sm or
anti-La in the saliva of the immunized groups (data not shown).

Antibodies to HNE in the sera of Ro60, HNE-Ro60 and Freund's control mice
Significantly high levels of anti-HNE antibodies were found in the low, medium and high
HNE-Ro60 groups compared to control (Figures 12 and 13), in the first, second and sixth
bleeds. Anti-HNE antibodies appeared in the first bleed itself, with the anti-HNE level being
higher in the medium HNE Ro60 group compared to the low and high HNE Ro60 groups
(Figure 12). However, only the difference in anti-HNE levels between medium and low
HNE Ro60 groups was significant (p<0.004). Anti-HNE levels were only slightly higher in
the medium HNE Ro60 immunized group compared to the low and high HNE groups in the
second bleed and sixth bleeds (Figure 13).

Discussion
The etiology of autoimmune disease is still not very clear even though genetic and
environmental factors have been implicated. Several lines of evidence point to the
association between oxidative modification of proteins and autoimmunity. Modification of
proteins can alter their conformational structure such that they can behave like neoantigens.
Such altered immunogenicity might lead to an autoimmune response by stimulating T cells
(especially activation of Th1 cells) and inducing an accelerated autoantibody response.

SS and SLE are autoimmune diseases that can be distinguished from one another clinically
without much difficulty in most cases. Keratoconjunctivitis sicca occurs in SS as the main
symptom. However, kidney disease, abnormalities in the central nervous system and arthritis
can occur in SS similar to that seen in SLE [48,49]. These complications are seen
particularly in far-advanced cases of SS. SLE can occur as a mild disease, with non-life
threatening manifestations like lymphopenia, arthritis and rash as well as a severe disease

Kurien et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with manifestations such as glomerulonephritis, heart disease, neurological involvement or
severe hematological disease. In addition, an overlap between the two diseases is seen
frequently, with antibodies to both Ro60 and La [48]. ANA occurs in most patients with SS
and in almost all patients with SLE while anti-dsDNA occurs specifically in SLE. Thus, the
differential diagnosis of the two diseases can be confusing under some circumstances [50].

Previously we have induced a SS like condition, with anti-Ro60, decreased salivary flow
and salivary infiltrates representing serological, clinical and pathological manifestations in
BALB/c mice by immunizing with a peptide from Ro60 [1]. We have also shown that
immunization of rabbits with HNE (10 mM)-modified Ro60 antigen brought about
accelerated epitope spreading and autoimmunity compared to rabbits immunized with
unmodified Ro60. Based on these observations, we hypothesized that the degree of
modification of the Ro60 autoantigen with HNE would determine severity of disease and
possibly bring about differential induction of Sjögren's syndrome (SS) and SLE in BALB/c
mice. The results of this work reveal a novel mechanism by which epitope spreading could
be induced selectively by varying the degree of modification of an immunogen with a by-
product of oxidative damage, namely HNE.

The progression of an autoimmune response from initial activation to a chronic state
involving increased targeting of autoantigens by T cells and antibodies is referred to as
epitope spreading. Abrogation of immune tolerance to one component results in
diversification of B- and T-cell responses to other components of the macromolecule with
the recognition of other epitopes in the intact particle (48). Studies based on immunization
of non-autoimmune mice with self-peptides gives credence to the thought that the highly
diverse B-and T-cell autoimmune responses in SLE might originate from a single protein or
even a single cryptic self epitope without the need for foreign pathogens or molecular
mimics [24, 51-54].

In the present study, immunization with Ro60 modified with medium HNE (2 mM) brought
about accelerated epitope spreading, with an early induction of anti-Ro60 and anti-La
antibodies compared to immunization with low and high HNE modified Ro60 antigen.
Antibodies to double stranded DNA, highly specific for SLE [55], were observed only in
mice immunized with medium HNE-modified Ro60. There was no significant decrease in
salivary flow in this group compared to Freund's control. Thus, this group behaved more like
an animal model for SLE.

Interestingly, mice immunized with high-HNE modified Ro60 behaved more like an animal
model for SS. These mice showed the highest decrement in salivary flow, antibodies to
Ro60, salivary lymphocytic infiltrates and complete lack of antibodies to double stranded
DNA. However, low HNE group also showed a significant decrease in salivary flow
compared to Freund's control, but salivary gland pathology is lacking for these animals.

Taken together, these results suggest that differential modification of Ro60 with HNE brings
about separate pathways for induction of SLE and SS autoimmunity. Oxidative damage has
been shown to occur in SLE patients by us and others [56], but there are no such data for SS.
HNE-modified proteins have been observed in the sera of pediatric lupus patients [29]. Our
previous data showed accelerated epitope spreading and induction of autoimmunity. Our
results demonstrate a clear-cut difference in intermolecular epitope spreading depending
upon the degree of modification of the immunogen with HNE. SLE and SS associated
proteins, such as Ro60, could form chemical adducts consequent to modification with by-
products of oxidative damage and then serve as neo-antigens that the immune system has
probably not been exposed to before. Lysines, histidines and cysteines are natural substrates
for modification with HNE. There are 47 lysines, 13 each of histidine and cysteine in the
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Ro60 autoantigen. In this study Ro60 autoantigen was modified in vitro with varying
amounts of the lipid oxidation by-product HNE (0.4, 2 and 10 mM). Thus, the Ro60
antigens will be modified differentially depending upon the level of HNE used. That this
may be the case is suggested by the observation of varying levels of anti-HNE obtained in
the first bleed of mice in the low, medium and high HNE Ro60 immunized groups.

We hypothesize that the differential epitope spreading between mice with SLE-like
manifestation and SS-like syndrome that we have observed in this study may be directly
related to differential internalization of the neoantigens by antigen presenting cells such as
dendritic cells, or macrophages. The Ro60 autoantigen modified with 10 mM HNE was
observed to precipitate out of solution following modification. For immunization purposes
Ro60 modified with 10 mM HNE had to be mixed well prior to immunization to distribute
the antigen evenly. Modification with 10 mM HNE apparently results in maximal
modification and thus renders a significant portion of the Ro60 insoluble. The insoluble high
HNE modified Ro60 might not be amenable for easy internalization and presentation
compared to the low and medium HNE modified Ro60 antigens. The internalization of the
non-modified Ro60 might in turn be also different from the internalization of the modified
Ro60 by antigen presenting cells.

The antigen presenting cells in turn present novel self peptides to T cells, most probably in a
differential manner depending upon the degree of modification of the protein, to provide
help to autoreactive B cells to induce differential epitope spreading. B cells, specific for
either the differentially modified or unmodified Ro, could also differentially internalize
these antigens, by means of cell surface Ig receptor. Selective epitopes from each of these
different proteins could be then presented to naïve T cells, in the context of major
histocompatibility complex Class II, resulting in a differential diversification of autoreactive
T cells, which assist a diversified B cell response that can in turn recognize separate B-cell
antigenic determinants from the different antigens resulting in autoreactivity.

Another possibility is that, depending upon the degree of modification the number of HNE
molecules on Ro60 available for interaction with other molecules will be different. The
alkene bond of HNE reacts with the three nucleophilic amino acids cysteine, histidine and
lysine through Michael-type addition [57]. The product of this reaction is generally thought
to be a cyclic hemiacetal, which equilibrates with an open-chain form of the protein adduct.
The free aldehyde in the open-chain form of the alkenal adduct is expected to retain its
electrophilic character, and therefore can react with a second lysine, histidine or cysteine.
Thus, HNE can act as heterobifunctional crosslinking reagents.

The high modification of Ro60 by HNE resulted in aggregates, as mentioned in Materials
and methods. Therefore, we hypothesize that there would be less number of HNE molecules
to interact with other molecules like dsDNA, Ro60 or La. Thus, there will be limited epitope
spreading in the mice immunized with high HNE Ro60. That there are low levels of HNE
exposed in the Ro60 molecule in the high HNE Ro60 immunized group is borne out
indirectly by the low anti-HNE levels in the saliva of this group compared to low HNE and
moderate HNE Ro60 immunized groups (Figure 11). The differential induction of intra
molecular and inter molecular epitope spreading could be a mechanism by which there is
differential induction of SLE or SS upon immunization with differentially modified
autoantigens.

Oxidatively modified Ro60 has been reported in human liver, which points to the fact that it
is possible that Ro60 could be subject to modification in autoimmunity. Such a scenario
envisages developing antibodies to Ro60 and thus autoimmunity to the entire Ro
ribonucleoprotein particle after an initial immune response to oxidized Ro60. A similar
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effect was observed under experimental conditions when we immunized mice with Ro60
modified with different levels of HNE. Distinct intermolecular epitope spreading effects
were seen in these animals, with a higher modification leading to a SS-like condition while
the antigen with a medium modification with HNE led to a lupus-like scenario.

Reports show that oxidatively modified self-antigens are targeted by autoantibodies.
Aldehyde-modified proteins have been demonstrated to be highly immunogenic and
autoantibodies directed against epitopes in malonildialdehyde- (MDA) and HNE modified
low-density lipoproteins (LDL) have been shown in the plasma of rabbits and mice
immunized with oxidized LDL (ox-LDL) [57,58]. Antibodies against ox-LDL or MDA-
LDL have been found in atherosclerotic plaques [59-62]. Itabe et al, 1998 [63] have shown
that MDA-crosslinked proteins are actually present in vivo and that their production is
stimulated by oxidative stress. Recently Chang et al, 1999 [64] have demonstrated
oxidation-specific antigens on the surface of apoptotic cells. Antigens modified by oxidative
by-products have been shown to induce immune responses in alcoholic liver disease [65]. In
type 1 diabetes mellitus, autoantibodies have been shown to be present in patient sera that
bind oxidatively modified islet cell proteins [66].

We found significant levels of anti-Ro60 in the saliva of mice immunized with Ro60 and
HNE-Ro60. By comparing the average OD values of unmodified 60 kD Ro with low HNE
modified Ro60 and medium HNE modified Ro60 group (Figure 10), it is evident that the
OD is almost the same for all groups, showing that the same level of anti-Ro antibodies is
present in these groups. But when HNE-modified Ro60 was used as solid phase substrate
(Figure 11) the OD values were significantly elevated in low and medium HNE-Ro60
groups compared to unmodified Ro60 as the solid phase antigen (Figure 10), suggesting that
a different antibody is responsible for this elevation, namely anti-HNE antibodies, or
antibodies specific for HNE-Ro60 that do not also bind unmodified Ro60. At the same time,
the level of antibodies in mice immunized with unmodified Ro remained the same (Figures
10 and 11), indicating that only anti Ro60 antibodies are present in that group, regardless of
the use of unmodified Ro or HNE-modified Ro as solid phase substrate. Therefore, we
hypothesize that different antibodies were introduced to the two coated antigens: (a) when
unmodified 60-kD Ro was used as solid phase substrate, only the anti-Ro antibodies were
introduced to the antigens, which is similar for unmodified Ro, HNE 1 and HNE 2 (Figure
10) but (b) when HNE-modified Ro60 was used as solid phase substrate, anti-HNE
antibodies are introduced to the antigens (Figure 11).

In summary, highly significant anti-Ro and anti-HNE Ro antibodies were observed in the
saliva of HNE groups of mice compared to unmodified Ro60 immunized group. Further,
immunization with Ro60 undergoing the moderate level of oxidative modification gave an
SLE-like illness, while the low and high levels of modification resulted in a SS-like picture
in the immunized mice. High HNE-modified mice did not have salivary autoantibodies;
however, the main etiology of antibodies in saliva of immunized mice is unknown.
Decreased levels of salivary amylase have been reported in SS patients (2). The highly
significant decrement in the levels of alpha-amylase in high HNE-modified Ro60
immunized group of mice (Figure 10) gives more credence to the presence of SS-like
condition in this group.

There are limitations to this study. First, we do not know the status of renal disease in these
animals, especially those that demonstrate SLE-like manifestations. Even though the
presence of anti-dsDNA antibodies is a strong indicator of the presence of lupus it would be
of interest to know the severity of disease by investigating kidney damage in these mice.
Further studies our group is pursuing may shed some light in this regard.
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As far as we know this is the first report demonstrating differential development of SS and
SLE in mice following immunization with an oxidatively modified autoantigen. The
preferential targeting of dsDNA in these mice as well as induction of salivary flow
decrement based on immunization with Ro60 modified to different levels with HNE
suggests distinct pathways of anti-Ro60 autoimmunity in mice with either SLE- or SS-like
disease. Recent work shows preferential targeting of a Ro60 apotope found on early
apoptotic cells by autoantibodies found in lupus patients but not in SS patients. The
preferential targeting was seen even in a subset of SLE patients with anti-Ro and no anti-La
[67,68]. In our current study, the preferential targeting of specific proteins and dsDNA
implies disease-specific pathways for the induction of anti–Ro60 autoimmunity. Our report
also underscores the importance of an hitherto unappreciated mechanism for epitope
spreading, which may have clinical implications in SS and SLE. There may be differential
modification of various autoantigens in the clinical setting in these autoimmune diseases.

Since oxidative processes are important factors that induce autoimmunity in the clinical
scenario, it may be possible to prevent the development of autoimmunity in genetically
susceptible individuals by administration of antioxidants or other dietary manipulations to
decrease formation of HNE/oxidative by-products.
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Figure 1.
ELISA results of Ro60, used as solid phase antigen, bound by mice bleeds 1-4. Group I-
mice immunized with unmodified Ro60; Group II-mice immunized with low HNE Ro60;
Group III-mice immunized with moderate HNE Ro60; Group IV-mice immunized with high
HNE Ro60; Group V-mice immunized with Freund's alone. CC refers to conjugate control.
P refers to positive control and N refers to normal control.
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Figure 2.
ELISA results of low HNE Ro60, used as solid phase antigen, bound by mice bleeds 1-4.
Group I-mice immunized with unmodified Ro60; Group II-mice immunized with low HNE
Ro60; Group III-mice immunized with moderate HNE Ro60; Group IV-mice immunized
with high HNE Ro60; Group V-mice immunized with Freund's alone. CC refers to
conjugate control. P refers to positive control and N refers to normal control.
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Figure 3.
ELISA results of moderate HNE Ro60, used as solid phase antigen, bound by mice bleeds
1-4. Group I-mice immunized with unmodified Ro60; Group II-mice immunized with low
HNE Ro60; Group III-mice immunized with moderate HNE Ro60; Group IV-mice
immunized with high HNE Ro60; Group V-mice immunized with Freund's alone. CC refers
to conjugate control. P refers to positive control and N refers to normal control.
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Figure 4.
ELISA results of high HNE Ro60, used as solid phase antigen, bound by mice bleeds 1-4.
Group I-mice immunized with unmodified Ro60; Group II-mice immunized with low HNE
Ro60; Group III-mice immunized with moderate HNE Ro60; Group IV-mice immunized
with high HNE Ro60; Group V-mice immunized with Freund's alone. CC refers to
conjugate control. P refers to positive control and N refers to normal control.
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Figure 5.
Immunoblot analysis of intermolecular epitope spreading to La autoantigen in the Ro60,
Freund's adjuvant and low, medium or high HNE-modified Ro60 immunized animals.
Immunoblotting was carried as mentioned in “Materials and methods”. Top panel-Bleed 1;
Bottom panel-Bleed 2.
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Figure 6.
ELISA analysis of intermolecular epitope spreading to La autoantigen in the Ro60, Freund's
adjuvant and low, medium or high HNE-modified Ro60 immunized animals. Top panel-
Bleed 1; Bottom panel-Bleed 2. ELISA was carried out as mentioned in “Materials and
methods”. Values are means ± standard deviation (8 animals in Ro 60 group and Freund's
control; 10 animals each in the other three groups), a= p<0.000046 compared to high HNE
Ro60 group, b= p< 0.00021 compared to Freund's control group, c= p< 0.053 compared to
Ro60 group, d=p< 0.056 compared to low HNE group, e= p< 0.00006 compared to high
HNE group, f= p< 0.000158 compared to Freund's control group
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Figure 7.
Antibodies to dsDNA detected by CLIF assay in mice immunized with Ro60, Freund's
adjuvant and low, medium or high HNE-modified Ro60. “+” refers to human positive
control, and “-” to human negative control supplied in the kit. A: Ro60 immunized group; B:
Low HNE Ro60 group. C: moderate-HNE Ro60 group; D: high-HNE Ro60 group. E:
Freund's control
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Figure 8.
Salivary flow in mice immunized with unmodified Ro60, low HNE Ro60, medium HNE Ro
60, high HNE Ro60 and Freund's adjuvant only. Minimum, 25%tile, median, 75%tile and
maximum are shown with 10 animals in each group. Salivary flow is measured as mentioned
in “Materials and methods”., a= p<0.05 compared to Ro60 group, Kruskal-Wallis rank order
testing, b= p< 0.05 compared to Freund's control group, Kruskal-Wallis rank order testing
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Figure 9.
Pathology of salivary glands from animals immunized with high HNE Ro60 or Freund's
only. Salivary lymphocytic infiltrates in an animal immunized with high HNE-modified
Ro60 (Top Panel) and in an animal immunized with Freund's (Bottom panel).
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Figure 10.
ELISA analysis of anti Ro60 antibodies in the saliva of mice immunized with Ro60,
Freund's adjuvant and low, medium or high HNE-modified Ro60 (Groups I-V) using
unmodified Ro60 as solid phase substrate. Group I: Mice immunized with unmodified Ro60;
Group II: Mice immunized with Ro60 modified with 0.2 mM HNE (low HNE); Group III:
Mice immunized Ro60 modified with 2 mM HNE (medium HNE); Group IV: Mice
immunized Ro60 modified with 10 mM HNE (high HNE); Group V: Mice immunized with
Freund's alone. Antibody response is evident in Ro, HNE 1 and 2 groups. Values are means
± SD for 4 determinations.
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Figure 11.
ELISA analysis of anti-HNE Ro60 antibodies in the saliva of mice immunized with Ro60,
Freund's adjuvant and low, medium or high HNE-modified Ro60 (Groups I-V) using high
HNE modified Ro60 as solid phase substrate. Group I: Mice immunized with unmodified
Ro60; Group II: Mice immunized with Ro60 modified with 0.2 mM HNE (low HNE);
Group III: Mice immunized Ro60 modified with 2 mM HNE (medium HNE); Group IV:
Mice immunized Ro60 modified with 10 mM HNE (high HNE); Group V: Mice immunized
with Freund's alone. Antibody response is evident in Ro, HNE 1 and 2 groups. Values are
means ± SD for 4 determinations.
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Figure 12.
Anti-HNE levels in the first bleed of mice immunized with unmodified Ro60, low HNE
Ro60, medium HNE Ro60, high HNE Ro60 and Freund's adjuvant. Values are means ±
standard deviation (10 animals in Ro60 and Freund's control group; 3 animals in HNE Ro60
groups). p<0.004 –anti-HNE levels in medium HNE Ro60 group versus low HNE Ro60
group
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Figure 13.
Anti-HNE levels in the first and seconds bleeds of mice immunized with unmodified Ro60,
low HNE Ro60, medium HNE Ro60, high HNE Ro60 and Freund's adjuvant. Values are
means ± standard deviation (8 animals in Ro 60 and Freund's control group; 10 animals in
HNE Ro60 groups).
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Table 1

ANA results of anti-Ro and anti-HNE Ro antibodies in experimental mice binding to HEp-2 cell substrate.
Ro60, low and medium HNE Ro60 mice bind strongly, while high HNE Ro60 immunized mice binds only
moderately. Freund's control do not bind at all. ‘↑’ refers to high binding; ‘→’ refers to moderate binding; ‘↓’
refers to no binding.

Bleed 1 (1:80) ANA Intensity Samples Tested

Ro60 ↑↑↑ 3

Low HNE-Ro60 ↑↑↑→ 4

Med HNE-Ro60 ↑↑→→ 4

High HNE-Ro60 ↑→→→ 4

Freund's Con ↓→ 2

Bleed 1 (1:40) ANA Intensity Samples Tested

Ro60 ↑↑↑ 3

Low HNE-Ro60 ↑↑↑→ 4

Med HNE-Ro60 ↑↑↑→ 4

High HNE-Ro60 ↑↑↑→→ 5

Freund's Con →→ 2

Bleed 2 (1:40) ANA Intensity Samples Tested

Ro60 ↑↑→→ 4

Low HNE-Ro60 ↑↑→→ 4

Med HNE-Ro60 ↑↑→→ 4

High HNE-Ro60 ↑→→→ 4

Freund's Con ↑↓↓ 3

Bleed 6 (1:40) ANA Intensity Samples Tested

Ro60 ↑↑↑↑ 4

Low HNE-Ro60 ↑↑↑→→ 5

Med HNE-Ro60 ↑↑→→ 4

High HNE-Ro60 ↑→→→ 4

Freund's Con ↑→↓↓ 4
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