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Abstract
We previously reported the establishment of a rabbit (Oryctolagus cuniculus) model in which peptide
immunization led to production of lupus-like autoantibodies including anti-Sm, -RNP, -SS-A, -SS-
B and –dsDNA characteristic of those produced in Systemic Lupus Erythematosus (SLE) patients.
Some neurological symptoms in form of seizures and nystagmus were observed. The animals used
in the previous and in the present study were from a National Institute of Allergy and Infectious
Diseases colony of rabbits that were pedigreed, immunoglobulin allotype-defined but not inbred.
Their genetic heterogeneity may correspond to that found among patients of a given ethnicity. We
extended the information about this rabbit model by microarray based expression profiling. We first
demonstrated that human expression arrays could be used with rabbit RNA to yield information on
molecular pathways. We then designed a study evaluating gene expression profiles in 8 groups of
control and treated rabbits (47 rabbits in total). Genes significantly upregulated in treated rabbits
were associated with NK cytotoxicity, antigen presentation, leukocyte migration, cytokine activity,
protein kinases, RNA spliceosomal ribonucleoproteins, intracellular signaling cascades, and
glutamate receptor activity. These results link increased immune activation with up-regulation of
components associated with neurological and anti-RNP responses, demonstrating the utility of the
rabbit model to uncover biological pathways related to SLE-induced clinical symptoms, including
Neuropsychiatric Lupus. Our finding of distinct gene expression patterns in rabbits that made anti-
dsDNA compared to those that only made other anti-nuclear antibodies should be further investigated
in subsets of SLE patients with different autoantibody profiles.

The development of the autoimmune disease Systemic Lupus Erythematosus (SLE) is
influenced by a combination of genetic (1), epigenetic (2), environmental, (3) and hormonal
factors (4). The complexity of this disease has made the development of specific targeted
treatments difficult, and understanding the molecular dynamics of diverse gene expression
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pathways that may contribute to SLE extremely challenging. The clinical manifestations of
SLE are highly variable with multiple organs and organ systems affected; these include skin
(5) joints (6), heart (7), kidney (8) and the nervous system (9). Presence of autoantibodies to
RNA spliceosomal ribonucleoproteins and dsDNA are characteristic in this disease (10,11).
Underlying disease manifestations are a multitude of inflammatory processes and immune
system dysregulation that may arise over a period of several years culminating in overt clinical
disease and often marked by quiescence and flare-ups.

Combinations of several genetic defects may contribute to susceptibility to development of the
complex disease processes in lupus (1,12). Studies in mice (13-15) and human patients
(16-19) have implicated individual candidate genes and genetic regions associated with
development of SLE. However, few such discoveries have led to substantial improvements of
clinical management. It is therefore important to continue to examine interplay of different
genetic defects on pathways that become dysregulated. The collective effects may be
responsible for the various manifestations of the disease.

Gene profiling microarray studies using PBMC in SLE patients have revealed overexpression
of genes encoding inflammatory cytokines, chemokines and other genes that affect the immune
system (20-24) including those involved in apoptosis, signal transduction, and the regulation
of the cell cycle (25). The generally accepted view that gene products induced by type 1
interferons (IFN) have a role in lupus has been supported by observations of their significant
upregulation in PBMC of pediatric and some adult SLE patients. DNA-containing immune
complexes present in sera from lupus patients have been shown to induce genes encoding type
1 IFNs (reviewed in 26-28 and references therein). Recently a Phase I, safety and tolerability
study of a human monoclonal antibody (mAb) MEDI-545 with broad specificity for type 1
IFNs utilized Affymetrix Human Genome arrays to evaluate the effects of the anti-IFN mAb
treatment on IFN α/β inducible gene signatures in patients with mild SLE (28)
(ClinicalTrials.gov identifier: NCT00299819A). In addition, a recent longitudinal study
suggested that monitoring serum levels of IFN-regulated chemokines, most notably CXCL10
(IP-10), could greatly improve the identification of patients at risk of disease flare (29).

An important goal of biomedical research is to translate basic findings into clinical applications.
Models in inbred mice that spontaneously develop SLE, along with various mutant, transgenic
and knockout models have documented a variety of genetic defects leading to SLE, but from
the clinical perspective, the degree to which these findings using the inbred or homogeneous
artificially mutated strains apply to individuals in heterogeneous outbred human populations
is open to question. Given that there is still no cure available for SLE, it is important that we
continue to explore possibilities using new animal models including for neuropsychiatric lupus
(NPSLE). This report extends information about the rabbit model of lupus in pedigreed, non-
inbred, and genetically defined rabbits (30-32). We describe unique gene expression changes
associated with lupus-like serological patterns in immunized rabbits. Our results also
demonstrate that caution must be applied when choosing the structure of the carrier Multiple
Antigen Peptide (MAP-peptide) for immunization. We discovered that using MAP-4 rather
than MAP-8 significantly altered patterns of immune response and gene expression. Currently,
microarrays specific for study of gene expression profiles are not available for rabbits.
Therefore, we first conducted studies that compared identically prepared rabbit and human
cRNA binding to the Affymetrix U95 microarray available for human gene expression
analyses. It was determined that the human microarray could be used with rabbit cRNA to yield
information on genetic pathways activated and/or suppressed in autoantibody-producing
immunized rabbits. In the current report, gene expression profiles of a total of 47 rabbits, from
4 generations within a pedigreed group of control and immunized rabbits, were obtained and
analyzed.
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Materials and Methods
Animals

Rabbits from the NIAID colony were pedigreed, non-inbred, and allotype-defined. The animal
studies described here were reviewed and approved by the animal care and use committees of
NIAID/National Institutes of Health, Bethesda, MD (animal study protocol LI-6) and of the
Spring Valley Laboratories (Woodbine, MD), where the NIAID allotype-defined rabbit colony
was bred and housed. When introduced into a study group, the rabbits were housed in a room
separate from the main colony and monitored with video cameras (30). We describe here four
groups of one to two-year old rabbits totaling 47 (26 males, 21 females) that were selectively
bred using high responder parents or their relatives. Rabbits in sequential Groups 2, 3 or 4 were
related to Group 1 or 2 animals and/or their siblings (30). Additional rabbits from further
selective breeding (31) were used for some confirmatory tests by quantitative PCR analyses.
Table I summarizes the rabbits used in the microarray studies. Fourteen normal unimmunized
rabbits including some that were subsequently immunized were also used for RNA extraction.
The autoantibodies in Group 4 rabbits were detected as described earlier (30) and their
responses summarized with their pedigree in (31). Those responses found in groups 1-3 (SM-1
through BB-31) were also previously reported (30). The pedigrees and summaries of antibody
responses of animals of groups 1-4 studied by microarray expression analyses along with those
in group 5 used in qPCR validations studies (31), can be accessed online, and are freely
available at:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2561998/pdf/nihms51377.pdf/?
tool=pmcentrez. The added pedigree and summary of autoantibody responses of group 6
described subsequently (Figure 6 in 32) is also is freely available at:
http://www.plosone.org/article/slideshow.action?uri=info:doi/10.1371/journal.pone.
0008494&imageURI=info:doi/10.1371/journal.pone.0008494.g006

Immunization
Rabbits were immunized as described in (30) with one of two peptide immunogens synthesized
on MAP-4 (Group 2 rabbits) or MAP-8 (Groups 1, 3, and 4) backbones (AnaSpec Inc., San
Jose, CA). Rabbits were first injected s.c. with 0.5 mg MAP-peptide/0.5 ml BBS (pH8.0) +
0.5 ml CFA and then boosted at 3 week intervals with the same antigen in IFA. Peptide ‘SM’
is derived from a major antigenic region of the nuclear protein Sm B/B′ while peptide ‘GR’
corresponds to the known rabbit sequence of an extracellular epitope of the 2b subunit of
neuronal postsynaptic N-methyl-D-aspartate (NMDA) receptors. Control rabbits were
immunized with MAP-4 or MAP-8 backbone (BB) in identical adjuvants. Three rabbits (PB-45
through 47) that were identically handled and injected with PBS only and 14 unimmunized
rabbits were also included in the microarray analysis. Sera for antibody assays and/or
heparinized blood for RNA extraction were collected immediately before immunization (pre-
immune) and 1 week after each boost (post-boost). Sera were stored at −20°C. Within three
hours of bleeding, peripheral white blood cells (PWBC) were prepared and RNA extracted
from them.

Serum autoantibodies to total extractable nuclear Ags (ENA) and to component Ags Sm, RNP,
SS-A (Ro 60 and 52 kDa), SS-B (La), were assayed by ELISA using adaptations of
commercially available human diagnostic kits (INOVA Diagnostics). Assays for
autoantibodies to calf thymus dsDNA were adapted similarly using two different commercially
available kits (Vidia, Vestec (Kit A); Zeus Scientific (Kit B)). Manufacturers' instructions were
followed. Briefly, 100 μl of rabbit sera diluted 1/100 in the proprietary sample diluents were
added to Ag-coated wells and incubated for 60 min at 37°C (Kit A) or 30 min at RT (Kit B).
Wells were then washed, incubated for 60 min at 37°C (Kit A) or 30 min at RT (Kit B) with
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secondary Ab HRP-goat anti-rabbit IgG Fc (Jackson ImmunoResearch Laboratories), and
developed with TMB for reading OD at 450 nm.

RNA extraction
For RNA extraction from PWBC, heparinized blood diluted 2:1 with warm 3% gelatin in PBS
was incubated for 50 min at 37°C in 5% CO2. The upper layer was then removed and
centrifuged at RT, 400 g for 12 min to pellet leukocytes. After discarding supernatants,
leukocyte pellets were washed twice with PBS and centrifuged again for 15 min. The washed
pellet was then lysed with TRIzol (Invitrogen, Carlsbad, CA) and total RNA was extracted
using RNAeasy Mini columns following manufacturer's instructions (Qiagen, Valencia, CA).

Synthesis of cDNA and cRNA
The cRNA probes were prepared from mRNA using the Affymetrix gene chip eukaryotic small
sample target labeling protocol assay version II (Affymetrix, Santa Clara, CA) using 2 cycles
of cDNA synthesis and in vitro transcription (IVT) reactions. In the first round, cDNA was
synthesized from 100 ng RNA (Superscript, Invitrogen) using a T7- Oligo (dT) promoter
primer. Resulting cDNA was used in IVT reactions (T7 Megascript Ambion, Austin, Texas)
to generate first cycle cRNA and cDNA synthesized from this cRNA was subsequently used
in the second IVT cycle for obtaining biotinylated cRNA using CTP and UTP (EnzoBioarray,
Enzo Life Sciences, Farmingdale, NY).

Microarray analysis
Labeled cRNA was hybridized to the Affymetrix U95A human microarray according to the
manufacturer's recommended protocol. Non-normalized MAS5 signals were used to compare
raw probeset intensity values between human and rabbit samples. Final rabbit study analyses
were conducted with expression values summarized using dChip (33), log2 transformed and
Loess normalized using an R package (http://www.elwood9.net/spike) (34). Genes with
maximum expression values less than 7 for all samples were eliminated from analysis. Multi-
way ANOVA along with specific contrasts, K-means clustering and gene expression
visualizations were performed using Partek Genomics Suite (St. Louis, MO). Genes were
identified as significantly modulated if the ANOVA contrast p-value was <0.05 and the
absolute log2 fold change was >1.0.

Data were deposited in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo).

The series entry (GSE23076) provides access to all data at:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23076

Pathway and network analyses
The gene sets were analyzed using DAVID (35)
(http://david.abcc.ncifcrf.gov/knowledgebase/) and Ingenuity Pathways Analysis (IPA)
(Ingenuity Systems, Mountain View, CA; www.ingenuity.com). IPA constructed hypothetical
gene/protein interactions clusters between our set of differentially expressed genes and all other
genes stored in the knowledge base after generating a set of networks having a network size
of not more than 35 gene/proteins. IPA computes a score for each possible network according
to the fit of that network to the supplied Focus Genes or the input genes. The score is derived
from a p value that indicates the likelihood of Focus Genes being found together in a network
due to random chance. A score >2 indicates >99% confidence that the Focus Gene network
was not generated by chance alone. Biological functions are then assigned to each network.
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Quantitative real time PCR (QRT-PCR)
For validation studies of the expression of genes of interest identified in the microarray studies,
quantitative RT-PCR was performed using ABI Prism 7900. Total RNA extracted from rabbits'
WBCs was converted to first strand cDNA. Briefly, 1 μg of total RNA was added to a 20-μL
reaction mixture consisting of 0.5 μg random primers (Invitrogen, Carlsbad, CA) and RNase-
free water. The reaction mixture was incubated at 65°C for 5 min and then quickly chilled on
ice for 5 min. To the reaction mixture, 4 μL of 5× first strand buffer (Invitrogen, Carlsbad,
CA), 1 μL of 10 mM dNTP mix (Invitrogen), and 1 μL of 0.1 M dithiothreitol (Invitrogen) was
added and incubated at 25°C for 2 min. Following this one Unit of SuperScript II (Invitrogen,),
was added and the reaction mixture was first incubated at 25°C for 10 min followed by 42°C
for 50 min, and finally heated to 70 °C for 15 min, and then chilled on ice. Two units of DNase-
free RNase H (Invitrogen) were added to the mixture that was incubated at 37°C for 20 min to
remove the original RNA template. The RNase H was inactivated by heating the reaction
mixture at 70 °C for 10 min. All cDNA samples were stored at −80°C until RT-PCR analyses
were performed. RT-PCR analysis of mRNAs was performed on a 7900HT Sequence
Detection System (Applied Biosystems). The cDNA synthesized from isolated PWBCs was
directly used as template for real-time PCR by using TaqMan 2x PCR Master Mix Reagents
Kit (Applied Biosystems). The primers, probes and PCR conditions used are shown in Table
II. Each sample from three independent experiments was run in duplicate. The unit number
showing relative mRNA levels in each sample was determined as a value of mRNA normalized
against Peptidylprolyl isomerase A (PPIA). RT-PCR data were analyzed by using the
2−ΔΔC

T method as described by Livak and Schmittgen (36). Based on its uniform expression
among rabbit groups in the microarray analysis, rabbit peptidylprolyl isomerase A (PPIA;
cyclophilin A) was selected as the housekeeping gene control and used for the calculation of
ΔCT. Where rabbit sequences were unavailable, primers were designed after searching for
rabbit sequences with corresponding human gene sequences in the database containing the
trace archives of the whole genome shotgun sequence of the rabbit (Oryctolagus cuniculus)
generated by the Broad Institute of MIT and Harvard University (NCBI trace archive: cross-
species Megablast at http://www.ncbi.nlm.nih.gov/blast/tracemb.shtml) and in assemblies of
rabbit scaffolds at Ensembl and UCSC (see links on the NCBI Rabbit Genome Resources site
at: http://www.ncbi.nlm.nih.gov/projects/genome/guide/rabbit/.

Results
Comparison of hybridization of rabbit and human cRNA to a human microarray

DNA arrays are currently available for only a limited number of species and to overcome this
limitation, cross-species hybridization has been utilized as one potential solution. For example,
given that only about 75% of a probe with a minimum 15 nucleotides of perfect match is needed
to provide a microarray hybridization signal, a number of studies have shown successful results
from hybridization of swine, bovine, canine and non-human primate RNA to human
microarrays (37-43). These studies also demonstrated evolutionary conservation of basal gene
expression levels within a given tissue. We conducted a controlled comparison of the
hybridization of identically prepared cRNA from human and rabbit PWBC on the human
Affymetrix U95A array. We hypothesized that the average probeset hybridization signal will
be weaker for rabbit samples than for humans but for a large number of genes we expected
individual probes within a probeset would show good hybridization signals given the level of
sequence similarities between rabbit and human coding sequences (44). Comparisons of human
vs rabbit in coding sequence alignments within ENCODE target regions permitted calculation
of mean percent identity of rabbit and human coding sequences in these regions. Supplemental
Figure 1 shows the distribution of percent identity values over all the genes within ENCODE
target regions present in both rabbit and human and Supplemental Table 1 lists the data used
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to generate Fig. S1. Mean and median percent identities are 80% and 86% respectively. We
thank Drs. E. H. Margulies and S. J. Parker for providing these analyses and calculations.

To help control for poor performing probes within a probeset, we used the dChip algorithm
which gives greater weight to good performing probes when summarizing the probeset signal
intensity. To test this hypothesis, we compared expression signals obtained from hybridizing
Affymetrix U95A Arrays with RNA isolated from 9 different PWBC samples from rabbit and
9 from humans. Figs.1 A and B show that indeed the non-normalized MAS5 probeset intensity
distribution is on average 1.7-fold (log2) dimmer for the rabbit samples than for the human
samples, despite loading equal amounts of labeled cRNA onto each array. Following dChip
signal summarization and within species normalization, the rabbit samples were 0.7-fold
dimmer on average compared to the human samples (Figs. 1C and 1D) confirming our
hypothesis that dChip should be able to better control for poor performing probes within a
probeset. Confirmatory real time PCR analyses of other human microarray studies not
presented here has shown a lack of detection or high false positive rates for genes expressed
below a log2 signal intensity of 7 (unpublished results). Based on this result, when values below
this level are considered as background, 85% of the human genes, on the U95A Array are
detectably expressed in the human PWBC samples compared to about 65% of the rabbit PWBC
genes (Supplemental Fig. 2A). As discussed above, previous studies have shown evolutionary
conservation of gene expression levels within a given tissue. Absolute expression values for
human and rabbit samples were visualized by K-means clustering (Supplemental Fig. 2B).
Approximately 80% of genes had similar absolute expression values in both human and rabbits.
This can be seen in Clusters 1, 4, 5, and 6 (Supplemental Figs. 2B and 2C) with >70% of the
genes showing <2-fold average difference between the 9 human and 9 rabbit samples (data not
shown). Clusters 2 and 3 indicate that 20% of the genes have substantially higher values in
human samples compared to rabbit (Supplemental Figs. 2B and 2C), most likely due to poor
hybridization of rabbit RNA to these human probesets or species-specific differences. Given
that we are interested in immune-related gene expression patterns in the study of a SLE-rabbit
model, the numbers of Gene Ontology “Defense Response” genes expressed above background
(>7) were compared for the human and rabbit samples. Rabbit expresses >80% of the number
of Defense Response genes found in human samples (Supplemental Fig. 2D). Taken together,
these results give us confidence that we can use human microarrays to detect modulation of
biological relevant pathways in our SLE-rabbit model.

Microarray analysis
To further confirm the performance of the human arrays, we evaluated the consistency of the
average expression levels of four housekeeping genes (ACTB, PPIA, RPL3A, GAPDH) across
the eight different study groups listed in Fig. 2. As anticipated, these genes are well expressed
and there was no significant gene expression difference between the groups for a given gene
(ANOVA p>0.05).

The purpose of the present study was to investigate differential gene expression using our
earlier described rabbit model (30-32). The rabbits chosen for this study were genetically
related yet heterogeneous and therefore were more closely representative of human lupus
patients than inbred mice. Immunization groups comprised rabbits immunized with one of two
different peptide immunogens SM or GR synthesized on branched lysine MAP-8 (groups 1,
3, 4; 10 SM and 13 GR immunized rabbits) or MAP-4 BB (group 2; 5 SM and 6 GR immunized
rabbits). Control groups included rabbits immunized with either MAP-8 or MAP-4 BB (6 and
4 rabbits respectively) without peptide. Fourteen unimmunized rabbits and three rabbits
injected with PBS alone served as additional control groups.
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Gene expression analyses distinguish rabbits immunized with Peptide-MAP-4, Peptide-
MAP-8, MAP Backbone only, and unimmunized rabbits

Figure 3 shows peptide effects on gene expression in animals that received SM or GR on
MAP-4 (A) or MAP-8 backbones (B). MAP-4 and MAP-8 backbones (BB4 or BB8) alone did
not evoke striking alterations of gene expression. This is consistent with their not stimulating
strong autoantibody responses to dsDNA and the other tested autoantigens (SM, RNP, SS-A
and SS-B) post immunization (Table I). However, it was surprising to find that not only peptides
but the nature of the MAP backbones (MAP-4 vs MAP-8) influenced the expression profiles
of peptide-immunized rabbits. Immunizations with SM-and GR-peptides on MAP-4 backbone
each upregulated sets of genes that differed from those genes overexpressed in rabbits
immunized with the peptides on MAP-8 backbone.

Gene expression patterns associate MAP-4 immunization with anti-ENA and MAP-8 with anti-
dsDNA Ab responses

It was observed earlier (30) that immunization with MAP-4 peptide resulted in fewer anti-
dsDNA positive (3 of 11) and more anti ENA (anti-Sm/RNP/SS-A/SS-B) positive responders
(5 of 11) compared to MAP-8 peptide immunization where we observed higher and more
consistent anti-dsDNA along with other autoantibody responses (7 of 13 each). When analyzed
on the microarray, the gene expression data also reflected such a response pattern (Fig. 4).
Gene expression assayed using the Affymetrix Human Genome U95A array identified 1418
differentially expressed genes. Samples were grouped by hierarchical clustering into four
distinct clusters. Cluster 1 contains a set of 410 genes that were up-regulated in MAP-8
immunization groups and were involved in general immune responses including NK
cytotoxicity, antigen presentation listed in Fig. 4B. This cluster was further analyzed using IPA
to compare the differences in the gene expression among anti-dsDNA positive and negative
rabbits. Cluster 2 indicates a set of 354 genes that were strongly upregulated in expression in
the MAP4 group. This cluster contains 25 upregulated genes (p < 0.001) belonging to the RNA
spliceosome ribonucleoprotein family. The genes that were upregulated were found to belong
to pathways including MAP kinase, kinase, kinase (MAPKKK) cascade, RNA spliceosomal
ribonucleoprotein, and intracellular signaling cascade (Fig. 4B). Cluster 3 highlights the gene
expression pattern in anti-dsDNA positive MAP-8 rabbits, especially in the GR group although
some BB-MAP-4 rabbits also have hit this cluster. The top functional categories of genes with
up-regulated expression in cluster 3 were in the monooxygenase pathway, glutamate receptor
activity, PDGF signaling pathway and others, particularly from the GR-MAP-8 group positive
for anti-dsDNA. Upregulated genes in cluster 4 were mainly found among the SM/GR MAP-8
group and belonged to BCR pathway, IgG V-type, GTPase activity and others (Fig. 4B). The
top pathway identified in both SM and GR-peptide responses (Cluster 4, Fig. 4) includes B-
cell receptor (BCR) related genes.

Distinctive gene expression patterns in dsDNA positive and anti- ENA positive rabbits
Those rabbits having anti-dsDNA Abs (SM-34, SM-35, GR-7, GR-8, GR-9, GR-10, GR-28,
GR-36) and those having other autoantibodies including anti-Sm/RNP/SS-A/SS-B but
negative for anti-dsDNA antibodies (SM-3, SM-6, SM-32, SM-33, GR-37, GR-38, GR-39,
GR-40) (Table I) were compared using Ingenuity Pathways Analysis (IPA) in an attempt to
understand the genetic basis for variation in the autoantibody profile. In order to remove the
BB variable, only peptide-MAP-8 immunized rabbits of groups 1, 3 and 4 from cluster 1, Fig.
4 and not MAP-4 rabbits were included. Upon analysis, several pathways including NF-kB
signaling, Death receptor signaling, Integrin signaling, Antigen presentation pathway,
Leukocyte extravasation signaling, Endoplasmic reticulum stress pathway, IL-2 signalling,
JAK/STAT signaling, IL-4 signaling, PDGF, Glucocorticoid receptor, p53 signaling, FGF
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signaling in particular, were seen to be up-regulated in the anti-dsDNA positive group as
compared to the anti-dsDNA negative group.

Genes from the above pathways were selected for further analysis using IPA to identify direct
interactions among these genes. Some or all genes from each of the selected pathways showed
interaction with each other (Fig. 5 top). The only exception was Endoplasmic reticulum stress
pathway genes (CASP9, ERN1, MBTPS1) that did not show direct relationship with the other
genes and they do not appear in the interactive pathway. Fig. 5 bottom tabulates functional
annotation by IPA of the disease conditions associated with these genes. IPA identifies twenty-
five of these genes as involved in inflammatory processes, and subsets of these are listed in
the tabulation of immunological disorders including Rheumatic Disease, Autoimmune
Disease, Rheumatoid Arthritis, Glomerulonephritis, and Lupus Nephritis of Mice.

Validation by real time PCR
Two genes B2M (β-2-microglobulin) and PAK1 [p21-protein (Cdc42/Rac)-activated kinase 1]
were selected on the basis of availability of primer sequences for validation of microarray data
using quantitative real time PCR analyses of PWBC RNA. Rabbits SM 34 and 35, that both
produced anti-dsDNA as well as anti-ENA, ANA and other autoantibodies (Group 4 Table 1),
were chosen for validation on the basis of RNA sample availability. Fig. 6A shows increase
in mRNA expression of B2M and PAK1 after the 5th boost in rabbits SM-34 and 35. Fig. 6B
shows additional data from PWBC RNA prepared in an identical manner from descendants of
high-responders of the earlier groups (Group 5) GR-immunized rabbits in which high incidence
of autoantibody responses were found after the microarray project was completed (31).
Elevated levels of expressed B2M were found in five and PAK1expression was elevated in
three of the nine tested rabbits after the fifth boost.

Discussion
The gene expression study reported here was conducted to expand understanding of SLE and
in particular NPSLE using a rabbit model (30-32). We reported earlier that immunization of
rabbits with the SM- or GR-MAP peptides led to development of anti-nuclear autoantibodies,
including anti-dsDNA, as well as neurological symptoms in the form of seizures and nystagmus
in some rabbits (30). After establishing that it was possible to use the Affymetrix U95 human
microarray for the rabbit gene expression studies, through comparative hybridization of
identically prepared cRNA from human and rabbit PWBC, the human microarray was used
due to lack of rabbit-specific microarrays.

The observation that the autoantibody responses differ depending on the backbone (BB) of the
MAP conjugate used (MAP-4 or MAP-8) was unexpected. After our laboratory had good
success in eliciting anti-peptide antibodies on MAP-4 backbones (45) we chose MAP-4 for
immunization of Group 2 rabbits but switched back to using MAP-8 for the subsequent
immunizations (Groups 3, 4 and in references (31,32) Groups 5 and 6 because of our initial
observations of the different effect of MAP-4 and MAP-8 BB on the autoantibody responses.
The MAP component was expected to simply augment the Ab response and not evoke an Ab
response itself (46). However, 7 of 13 rabbits of Groups 1 and 3 receiving MAP-8 peptide
produced elevated anti-dsDNA levels compared with only 3 of 11of the Group 2 recipients of
MAP-4 peptides and preliminary DNA microarray analyses of groups 1-3 provided additional
evidence suggesting that MAP carrier influences the elicited response (30). In the original
groups 1-4 (30), anti-peptide responses generally peaked by 49 days and anti-dsDNA by 70
days (after 3rd boost) with some animals responding only after the 5th to 7th boosts. The selected
rabbits in the pedigree used in group 5 (31), generally developed elevated ANA above pre-
immune (by 3rd boost) earlier than anti-dsDNA (5th to 7th boost).
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There are reports that Toll-like receptor signaling may serve as a factor that redirects from
DNA (anti-dsDNA Abs) to RNA associated (anti-Sm, -RNP, -SS-A, -SS-B etc) patterns of
autoantibody production by B cells. Pisitkun et al (2006) (47), have shown that a duplication
of the TLR7 gene and resultant doubling of the TLR7 gene dosage in B cells in conjunction
with the lupus allele of FcγRIIB, results in increased responsiveness of B cells to TLR7
resulting in a shift in pattern of autoantibody responses.

Although we did not detect antibodies to the MAP BB itself by our ELISA measurements, the
current gene expression data including all rabbits in groups 1-4, suggest that whereas the BB
alone did not induce unique changes in the gene expression pattern, immunizations with the
same peptide on two different BB did lead to some distinct patterns of clustering (Figs. 3A,
B). The BB-specific alterations may have been generated due to the differences in the physical
structure of MAP-4 and MAP-8. Structurally, the MAP core matrix consists of heptalysine
containing eight dendritic arms (MAP-8) or trilysine containing four arms (MAP-4) to which
peptides are bound (46).

It is possible that the branched MAP-8 core with more branches could more strongly stimulate
the immune system of the rabbits to generate anti-dsDNA Abs. Different amounts of peptide
attached per core molecule and their presentation may also be affecting the Ab response pattern.
In addition, it was observed that the gene expression profile of Group 2 rabbits, which received
peptide on MAP-4 BB, showed 25 genes belonging to RNA spliceosomal ribonucleoprotein
family (Fig. 4, cluster 2). This correlates with the serological responses of this group that tended
towards production of antibodies to other auto-antigens related to the RNA spliceosomal
ribonucleoprotein family (Sm, RNP, SS-A, SS-B). MAP-8 peptide immunizations are used by
several laboratories in studies of animal models of SLE (48, 49). It would be of interest to know
whether any differences in response patterns would be observed in other species if MAP-4 was
substituted for MAP-8.

The GR peptide as discussed earlier is derived from the NMDA glutamate receptor. The GR-
MAP-8 rabbits, which were anti-dsDNA positive, upregulated expression of 5 genes related
to glutamate receptor activity (Fig. 4, cluster 3). This observation is consonant with reports
that a pathogenic mouse anti-dsDNA Ab that bound kidney tissue recognized a peptide
sequence found within NMDA NR2b and that some murine and human anti-dsDNA Abs bound
the peptide or the receptor itself (49-50). Cross reactivity of some anti-dsDNA autoantibodies
with NMDA glutamate receptor NR2b led to suggestions that such cross reactive anti-dsDNA
play a role in neuropsychiatric manifestations of SLE (reviewed in 51), may cause brain
pathology, and cognitive dysfunction (52). Finally, in some SLE patients showing signs of
NPSLE, serum Abs that bind NR2a and NR2b receptors were found (53, 54). Our model that
elicits autoantibodies in rabbits after immunization with a peptide from the NMDA glutamate
receptor can provide a means for development of further insights into NPSLE and pursuit of
therapeutic targets.

General immune function genes related to NK cytotoxicity, antigen presentation and
processing, and BCR genes (Fig. 4, clusters 1 and 4, respectively) are dysregulated in SM and
GR rabbits. Whereas it is well established that B cells, being a source of characteristic
antinuclear autoantibodies, play a crucial role in the pathogenesis of SLE, impaired natural
killer cell cytotoxicity has recently been reported in SLE (55, 56). It has also been documented
that alterations in B-cell regulation are responsible for B-cell hyperactivity as seen in SLE
(57).

Comparisons of anti-dsDNA positive rabbits with those only positive for other autoantibodies
have indicated variation in the gene expression with differentially regulated pathways in both
the groups. Recent reports from human studies have also directly or indirectly indicated
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upregulation of many of these pathways including NF-kB (58); death receptor signaling (59);
integrin signaling (60); IL-4 signaling (61), PDGF signaling (62); and Glucocorticoid receptor
signaling (63).

There were distinct direct or indirect interactions among the genes belonging to these different
pathways (Fig. 5) suggesting that a select set of genes when dysregulated, can result in several
distressed physiological pathways. The observation that dysregulation of such pathways is
associated with high anti-dsDNA Ab responses in the rabbits underlines the fact that anti-
dsDNA Abs are the hallmarks of lupus pathogenesis. No evidence of kidney damage or
pathology was seen in the first four groups studied here by cross-species microarrays. This was
also true of the 5th group (31) included in qPCR analyses (Fig.6) as well as the 6th group
(32). In the 5th and 6th groups, hematological profiles suggested development of chronic
inflammatory responses. This may have been due to selectively bred animals developing
greater responses to exposure to Freund's complete and incomplete adjuvant. In addition,
generalized anti-dsDNA Abs may generate inflammation, damage of multiple organs due to
their ability to deposit in tissues or when present in immune complexes, to activate
inflammatory cells (64). The observed gene interactions offer insight into how multiple
processes may be affected as a result of anti-dsDNA Abs. Even though for the Endoplasmic
reticulum stress pathway genes (CASP9, ERN1, MBTPS1), IPA did not show direct
relationships with the other genes, and they do not appear in the interactive pathway (Fig. 5),
Caspase 9 is a CASP9 encoded apoptosis-related cysteine protease and required for
neurological development. Caspase 9 activation via APAF1 is one of the earliest in the caspase
activation cascade and may affect neuronal death in Alzheimer's patients (65).

The genes in the interactive diagram generated using the knowledge base of IPA analysis tool
(Fig. 5) were found to be associated with inflammation and several pathological conditions
including autoimmune disease, immunological disorder, and glomerulonephritis, which further
supports the role of anti-dsDNA Abs in various clinical manifestations in lupus. One of the
goals of our first paper (30) was to determine whether we could confirm and extend the early
report of SLE-like serology development after immunization of rabbits with peptide SM on
MAP-8 (48). The original study included rabbits immunized with negative control peptides or
Freund's adjuvant only (48). At the start of this work, we did not know whether peptide GR
would serve as a negative control or induce autoantibodies. For our expression analyses we
included unimmunized and PBS only treated animals for comparison with immunized rabbits.

Potential roles of exposure to environmental pathogens as well to Freund's adjuvant have
already been discussed in (31). By this stage in development of the 5th group of pedigreed
rabbits, we suggested that continued breeding to obtain offspring of selected responder parents
could produce “rabbit models with spontaneous occurrence of SLE-like serology and disease
phenotypes” (31). In the 6th group, controls immunized with Complete Freund's adjuvant
followed by incomplete were included (32). The trend toward more consistent autoantibody
production (31) continued and one of 7 adjuvant-only recipients produced increased anti-
dsDNA above pre-immune background after the 5th boost. This and two other adjuvant-only
recipients also expressed elevated B2M mRNA measured by qPCR (32).

The model developed in pedigreed and non-inbred rabbits remains a promising one for further
genetic investigations targeted to understanding NPSLE. The differential gene expression
results we report resemble those found in human SLE. The observations in the rabbits studied
that differential gene expression is at the core of their different autoantibody responses, suggest
that this should be further investigated in subsets of SLE patients with different autoantibody
profiles.

Rai et al. Page 10

J Immunol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Cornelius Alexander and Barbara Newman, for technical advice and assistance, Michael Mage, Rajesh
Kumar and Nicholas Beckloff for helpful comments about the manuscript, E. H. Margulies and S.J. Parker for
providing the sequence analyses and calculations shown in supplemental Table 1 and Fig. S1, Mariame Quinones for
advice about IPA analysis and presentation of results in Fig. 5, Les Klimczak for statistical advice, and Shirley Starnes
for expert Editorial Assistance.

Abbreviations used in this paper

ANA anti-nuclear antibody

BB backbone

B2M β2-microglobulin

ENA extractable nuclear antigens

IFN Interferon

IPA Ingenuity Pathways Analysis

MAP multiple antigen peptide
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FIGURE 1.
Comparison of distribution of gene expression as measured with rabbit and human cRNA
probes binding to human microarrays before and after dChip and within species normalization.
A. and B. Non-normalized MAS5 probe set intensity distribution for log transformed gene
expression of RNA isolated from 9 different PWBC samples from rabbit (blue) and 9 from
human (red) on the Affymetrix huU95A array. C. and D. Following dChip summarization and
within species normalization, rabbit samples average 0.7 fold dimmer. In panels B. and D., the
middle lines show the median, the boxes represent 25th and 75th percentile of the data
distribution, and whiskers representing 10% and 90% of the data distribution.
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FIGURE 2.
Average expression levels of housekeeping genes of the 8 rabbit groups studied showing
consistency of the mean log2 expression levels of four housekeeping genes [PPIA
(Peptidylprolyl isomerase A), GAPDH, RPL3a (ribosomal protein L13a), and ACTB]. Error
bars show SEM.
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FIGURE 3.
MAP-4 vs MAP-8 backbones (BB) affect gene expression patterns. At p < 0.05, and at 2≤
Filter cut-off (Fc) ≤2,768 genes passed the filter. Shades of red represent upregulation, shades
of green downregulation and genes are clustered by similarity. The top functional categories
for each of the clusters are indicated along the side of the figures. (A) Microarray analysis of
the peptide effect of MAP-4 group reveals genes in cluster 1 showing over-representation in
the SM group and genes in cluster 3 over-expressed in the GR group. Cluster 2 comprises
genes, with a common elevated expression pattern in both SM and GR groups and cluster 4
genes have a common decreased expression pattern in both SM and GR groups. (B) Heat map
depicting peptide effect in MAP-8 group includes 224 genes commonly overexpressed in SM
and GR group. Count shows the number of different genes upregulated in expression associated
with each Functional term within the cluster.
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FIGURE 4.
Clustering of differentially expressed genes in rabbits immunized with GR and SM peptides
synthesized on MAP-4 (Group 2 rabbits) or MAP-8 (Groups 1, 3, and 4) backbones (BB) or
with BB alone. Differences in relative levels of gene expression (Z-score) are indicated in
color, where red indicates up-regulation and green indicates down-regulation relative to that
of corresponding gene expression in controls. The legend on the right refers to the set of bars
across the top. The lower bar indicates whether the MAP immunogen carried SM peptide (blue),
GR peptide (red), only MAP-4 BB (bright yellow) or MAP-8 BB (pale green). The center bar
indicates which rabbits made some detectable autoantibody (orange) and which did not (purple)
and the upper bar which animals produced anti-dsDNA (chartreuse yellow) and which did not
(dark green).

Rai et al. Page 19

J Immunol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
Interactive pathway network of upregulated genes in anti-dsDNA positive rabbits. The shapes
legend classifies the proteins found as transmembrane receptors, cytokines/growth factors,
kinases, peptidases, other enzymes and transcriptional regulators. The pathway legend
identifies of genes that were common to the listed pathways that were upregulated in the anti-
dsDNA positive rabbits. The connecting lines indicate direct interactions among the products
of these genes.
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FIGURE 6.
Validation of gene expression changes using real time PCR. The unit number showing relative
mRNA levels in each sample was determined as a value of mRNA normalized against
Peptidylprolyl isomerase A (PPIA). RT-PCR data were analyzed by using the 2−ΔΔC

T method
as described in (36). Results of quantitative real time PCR analyses shown in each panel were
normalized relative to the lowest value set at 1. The open bars indicate expression pre-
immunization (Pre) and the filled bars expression after the fifth boost (5B). Rabbit's numbers
are show on the x axis. The y axis shows mean relative expression of the tested genes
normalized relative to the lowest value set at 1. Increased mean relative mRNA expression of
i) B2M and ii) PAK1 after the 5th boost in rabbits SM34 and SM35. B. Additional data showing

Rai et al. Page 21

J Immunol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increases in mean relative mRNA expression of i) B2M and ii) PAK1 in rabbits studied
subsequently (31).
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Table II

Primers and probes for quantitation of mRNA by Q-PCR for rabbit PPIA control, β2-microglobulin (B2M) and
PAK1a

PPIA control

PPIA forward 5� CAACACAAATGGCTCCCAGTT 3�

PPIA reverse 5� CATGGCTTCCACAATGCTCAT 3�

PPIA probe 5� ATCTGCACTGCCAAGAC 3�

Beta-2-microglobulin (B2M)

B2M forward 5� TTGTTCCCCTGCCTGGAGT 3�

B2M reverse 5�TGGATGACGAGAGTACACTTGAACAT 3�

B2M probe 5� CCAGCGTGCTCCG 3�

PAK1

PAK1 forward 5� GAAGGCCAGATTGCAGCTGT 3�

PAK1 reverse 5� CGAATGCAGAAACTCCAGAGC 3�

PAK1 probe 5� AGGTCTGGGCGGATG 3�

a
The total volume of PCR reaction was 25 μl and the PCR conditions were as follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of

95°C, 15 s for denaturation and 60°C, 1 min for annealing and extension.
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