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Chapter 12
Transcriptome Profiling in Experimental
Inflammatory Arthritis

Olga Martinez Ibafiez, José Ricardo Jensen, and Marcelo De Franco

12.1 Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease that
affects 0.5 to 1% of the human population. RA is a complex pathology characterized
by systemic chronic inflammation with the accumulation into synovium and periar-
ticular spaces of activated T and B lymphocytes, innate immune cells such as neu-
trophils, mast cells, dendritic cells, natural killer cells, and macrophages, and
endothelial cells. Rheumatoid fibroblast-like synoviocytes, which exhibit invasive
characteristics and synovial macrophages with proinflammatory properties are cru-
cial for the progression of arthritis causing proliferation of synovial membranes and
the formation of the invasive pannus that erodes cartilage and bone. In human
patients the clinical signs of RA are largely heterogeneous, but the disease is con-
sidered to be autoimmune (You et al. 2014). RA heterogeneity is demonstrated by
the presence of distinct autoantibody specificities, such as antibodies against immu-
noglobulins, the rheumatoid factor (RF), and anti-cyclic citrullinated peptide anti-
bodies (ACPA) in the serum, the differential responsiveness to treatment, and by the
variability in clinical signs (Silman and Pearson 2002). The precise etiology of RA
remains poorly understood, but the main symptoms are chronic synovitis, joint ero-
sion, and several immune abnormalities in both the innate and adaptive
compartments.

Given the complexity of RA, systems biology approaches designed to give a
general view of different aspects of the disease are required to better understand the
basis of arthritis. Oligonucleotide-based microarray technology for global gene
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expression profiling has arisen as a powerful tool to investigate the molecular com-
plexity and pathogenesis of arthritis and other complex pathologies. This genomic
or transcriptomic method combined with postgenomic techniques provides an
opportunity to monitor the complex interactions between genes and environment,
the regulation of genes and of RNA transcripts, and the proteins that constitute the
basis for the etiology or progression of the diseases (Jarvis and Frank 2010).

Gene expression profiling studies of tissues from RA patients showed marked
variation in gene expression profiles that allowed to identify distinct molecular dis-
ease mechanisms involved in RA pathology (Baechler et al. 2006). The relative
contribution of the different mechanisms may vary among patients and in different
stages of the disease. Thus, the broad goals of expression profiling in RA are the
improvement of understanding of the pathogenic mechanisms underlying RA, the
identification of disease subsets and new drug targets, and the assessment of disease
activity, such as responsiveness to therapy, overall disease severity, and organ-
specific risk, and development of new diagnostic tests (Teixeira et al. 2009).

Genetic and environmental factors contribute to the development of this disease.
Numerous studies have indicated the participation of the major histocompatibility
complex (MHC) class II alleles and non-MHC genes, such as the solute carrier fam-
ily 11a member 1—SLCIIAI (formerly named NRAMPI- Natural resistance-
associated macrophage protein 1) related to macrophage activation (Runstadler
et al. 2005). Identification of the major roles of the participating cells and of candi-
date genes has been an important subject of study to the understanding of RA patho-
genesis (Kurko et al. 2013).

12.2 Experimental Models of Rheumatoid Arthritis

The initial or preclinical stages of RA are difficult to be studied in humans but
numerous arthritis experimental models have been developed which are valuable
tools for in-depth investigation of pathogenic pathways that are involved in the sev-
eral phases of the disease (Kobezda et al. 2014). Regarding ethical procedures, in
these models the animals can be submitted to immunizations with arthritogenic sub-
stances or antigens, to cell transfer or depletion, to phenotypic selective crosses, to
genetic manipulations for the production of transgenic or knockout individuals, etc.
Most importantly, these models have been useful for the candidacy of targets for
preventive or therapeutic strategies (Asquith et al. 2009).

Several studies have used different animal models for arthritis, generally induced
by the injection of adjuvants (AIA), proteoglycan (PGIA), type II collagen (CIA),
or pristane (PIA) (Kannan et al. 2005).

Collagen-induced arthritis (CIA). Type II collagen (CII) is expressed exclusively
in the articular joint. Although the relationship between anti-CII immunity and
human rheumatoid arthritis (RA) has been studied for a long time, definitive conclu-
sions have not been established. CII, as an autoantigen, has been studied extensively
in small animal models, such as mice and rats, and the collagen-induced arthritis
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(CIA) model has increased our understanding of the pathogenesis of human RA
(Cho et al. 2007). The disease is class II MHC restricted but mouse strains with
permissive haplotypes vary in their susceptibility to CIA. Arthritis development is
associated with B and T lymphocyte responses and the generation of anticollagen
antibodies and T-cells.

Collagen antibody-induced arthritis (CAIA) in mice has demonstrated the role of
humoral immunity in arthritis development. It has been useful for the identification
of collagen epitopes for the generation of arthritogenic antibody cocktails that rep-
resent humoral autoimmunity in RA. The disease is characterized by macrophage
and polymorphonuclear cell infiltration and no T- and B-cell involvement and is
non-MHC class II restricted (Hirose and Tanaka 2011).

Proteoglycan-induced arthritis (PGIA) is based on the immunization of mice
with human cartilage-derived proteoglycans, which induces the development of
severe polyarthritis and spondylitis (Glant et al. 2003).

Pristane-induced arthritis (PIA) has proven to be a valuable experimental model
for inflammatory RA. The natural saturated terpenoid alkane 2,4,6,10-tetramethyl
pentadecane induces an acute inflammation followed by a chronic relapsing phase.
The reaction is T-cell dependent with edema and articular infiltration of mononu-
clear and polymorphonuclear cells (Potter and Wax 1981).

There are also genetically manipulated models that develop RA spontaneously.
For example, transgenic mice overexpressing human TNF-a develop chronic
inflammatory erosive polyarthritis (Li and Schwarz 2003). This model highlights
the importance of TNF-« in cytokine network in RA. Another example is the IL1
receptor antagonist-deficient mouse that develops inflammatory arthritis mediated
by a polarized TH17 response (van den Berg 2009; Lubberts et al. 2005).

In experimental models, microarray analysis should optimally be carried out in
isolated populations of cells. New methods have emerged for transcriptomic analy-
sis that are based on single cell RNA sequencing and high-resolution spatial tran-
scriptomic technology. Although they still have limitations, the methods allow the
analysis of the subpopulations of cells that make up the tissue and their location
(Reviewed in Carr et al. 2020). However, in complex diseases such as RA there is
extensive tissue damage with the contribution of several cell types. Hence the analy-
sis of rodent whole ankle joints or of footpads, which comprise heterogeneous cell
types, has given a global view of differential gene expression during the several
phases of arthritis onset and development. Differential expression of genes encod-
ing tissue repair factors, signal transduction molecules, transcription factors, and
DNA repair enzymes, as well as cell cycle regulators have been observed in multi-
ple microarray experiments. An interesting observation in these experiments is the
transcriptome map of the differentially expressed genes; in different models of
arthritis there is a functional grouping of dysregulated genes forming clusters in the
chromosomes. Examples are the MHC class I and class II gene clusters, known to
affect susceptibility to a variety of autoimmune diseases and the chemoattractant
gene clusters such as CC or CXC chemokine ligands and receptors, which mediate
infiltration of leukocytes into synovial tissue, a hallmark of RA (Fujikado et al.
2006). Some studies attempt to link differentially expressed genes into interactive



280 O. M. Ibanez et al.

regulatory networks (Silva et al. 2009). This approach is quite powerful to identify
new targets for therapy by looking at the network structures, the places (genes) with
the highest connectivity in which disruption would have a larger impact.

12.3 Loci Regulating Inflammatory Arthritis

The identification of the loci influencing inflammatory arthritis in animal models is
important for parallel genetic studies in humans. The individual genetic constitution
of experimental animals involving major histocompatibility complex (MHC) or
non-MHC genes has been associated with variations in rheumatoid arthritis suscep-
tibility. In mice or rats, genome-wide linkage studies with DNA polymorphism
markers, such as microsatellites or single nucleotide polymorphisms (SNPs), have
been carried out using intercross progenies of resistant and susceptible strains.
These studies, in which environmental effects and genetic backgrounds are con-
trolled, have been useful for the study of the genetic basis of RA (Ibrahim and
Yu 2006).

Several QTLs (Quantitative Trait Loci) were identified in different models of
experimental arthritis. The first locus controlling pristane-induced arthritis (PIA)
detected in mice was Prtial on chromosome 3, in an intercross population from
mice selected for high and low antibody production (Jensen et al. 2006). QTL was
also mapped in other arthritis models such as those induced by Borrelia burgdorferi
(Roper et al. 2001), PGIA (Glant et al. 2004), and collagen (Adarichev et al. 2003).
Nonoverlapping sets of QTLs were identified, generating a heterogeneous picture of
risk alleles (Besenyei et al. 2012; Kurko et al. 2013). The results evidence the
genetic heterogeneity in the control of the different stages and phenotypes of the
disease. Table 12.1 presents some relevant coincident susceptibility QTLs in rheu-
matoid arthritis, according to GWAS studies carried out in mice and humans.

Numerous RA QTLs have been mapped but few of the associated polymor-
phisms were identified in protein-coding regions of genes causing changes in pro-
tein structure or function. This suggests that polymorphisms in noncoding regions
which might affect gene expression largely contribute to variations in RA suscepti-
bility. In this way, transcriptome technology can also be used to detect genetic poly-
morphisms that regulate gene expression levels.

12.4 Combining Transcriptome and Genome Screening
to Identify Genes That Control Arthritis

The two genomic approaches, that is, transcriptome and genome screening (GWAS),
have been combined in studies where the locations of differently expressed genes
during RA are compared with those mapping at QTLs for arthritis, for immune or
inflammatory responses, or for other autoimmune diseases (Yu et al. 2007). The
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Table 12.1 Common arthritis-associated QTLs (Non-MHC regions) mapped by GWAS in mice

and humans
Mouse Human
Locus Locus
Chr | name Candidate gene Chr position | name
1 Cial4 Aff3: expressed in lymphoid cells, encodes a 2ql1 AFF3
nuclear factor that contains transcriptional
activation domains
1 Cia9, Fcgr2b: a variant allele alters dendritic cell 1923 FCGR2A
Pgial behavior, suggesting a role for dendritic cells in
RA pathology
2 Cia2, Traf1/Hce: Genetic variants associated to risk of 9q33 TRAF1/C5
Cia4, anti-CCP antibody-positive RA
Pgia2
3 Cia2l, Cd2: encodes a costimulatory molecule found on | 1p23 CD2
Cia22, natural killer and T cells
Pgia26
Prtial
Ptpn22: the gene is a negative regulator of T 1pl3 PTPN22
cells. Allele variant affects binding to an
intracellular signaling molecule (Csk) resulting in
a failure to switch off T cells or to delete
auto-reactive T cells during thymic development
5 Pgial6, | Rbjp: The gene encodes a transcription factor 4pl5 RBJP
Cial3 involved in the notch signaling pathway and in
regulation of T-cell development
6 | Pgial9 Irf5: transcription factor involved in antiviral and | 7q32 IRF5
anti-inflammatory responses and in
differentiation of B-cells regulation
10 | Pgia6, Tnfaip3: knock-out mice develop severe 6q23 TNFAIP3
inflammation
Pgia6b Prdm1: The gene product is a transcription factor | 6q21 PRDM1
involved in B-cell regulation
10 | Cia8 Kif5a: gene encodes a kinesin-heavy chain 12q13 KIF5A
Pip4k2c: phosphatidyl inositol kinase PIP4K2C
13 | Pgial5, |IL6st/Ankrd55: IL-6 5ql1 ANKRDS5
Cial9 Signal transduction gene region IL6ST
15 | Pgia9, IL2rb 22q12 IL2RB
Cia3s,
Cia37
Bik: apoptosisinducing,BCL2-interacting killer | 8p3 BIK
18 | Pgiall Ptpn2: KO mice have increased susceptibility to | 18p11.3-p11.2 | PTPN2
inflammatory diseases

Gene names: Affr AF4/FMR?2 family, member 3; Fcgr2b Fc receptor 1gG, low affinity IIb; Traf!
TNF receptor-associated factor 1; Ptpn22 protein tyrosine phosphatase, nonreceptor type 22 (lym-
phoid); Rbjp recombination signal binding protein for immunoglobulin kappa J region; Irf5 inter-
feron regulatory factor 5; Tnfaip3 tumor necrosis factor, alpha-induced protein 3; Prdm PR domain
containing 1, with ZNF domain; Kif5a kinesin family member SA; Pip4k2c phosphatidylinositol-5-
phosphate 4-kinase, type II, gamma; Ankrd55 ankyrin repeat domain 55; Ptpn2 protein tyrosine
phosphatase, nonreceptor type 2
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approach has been useful to candidate genes inside the QTLs. The coincidence of
chromosomal locations of genes in QTLs in different model systems with the loca-
tions of the corresponding human orthologue is a good indicator of their implication
in RA control.

Furthermore, the modulation of common genes during RA, irrespective of etiol-
ogy and of species indicates the importance of these mediators in the pathogenesis
of arthritis. For example, the augmented expression of chemokines and receptors,
which recruit neutrophils or naive and memory T cells to inflammatory sites, is very
important to disease progression. Chemokines and ligands are found in the synovial
tissue of patients with RA; proinflammatory cytokines and their cognate receptors,
such as IL-1p, IL-1RI, TNF-a R, IL-6Ra, IL-2Ry, and IL-17R, are upregulated in
several RA models as well as in arthritis patients; IL-1f induces serum amyloid A3
(Saa3) and the matrix metalloproteinases Mmp-3 and Mmp-9 that are also upregu-
lated in several models. High upregulation in runt-related transcription factor 1
(RUNXT1) and a group of transporter genes such as solute carrier 11 family Al
(Slcllal, formerly Nrampl) is also a common feature in RA models. In synthesis,
aremarkable feature that originated from numerous transcriptome or genomic stud-
ies of arthritis has been the demonstration of gene expression signatures associated
with inflammation. The results evidence that besides being an antigen-driven event
there is an important interplay between innate and adaptive immunity systems in the
etiology of RA (Jarvis and Frank 2010).

12.5 A Model to Study Inflammatory Rheumatoid Arthritis:
AIRmax and AIRmin Phenotypically Selected
Mouse Lines

Heterogeneous mice selected for maximal (AIRmax) or minimal (AIRmin) acute
inflammatory reaction appeared to be useful models for studying the mechanisms
involved in rheumatoid arthritis susceptibility (Vigar et al. 2000).

AlRmax and AIRmin mice were produced by bidirectional selection, starting
from a highly polymorphic population (FO) derived from the intercrossing of eight
inbred mouse strains (Fig. 12.1). The selection phenotypes chosen were localized
leukocyte influx and exudated plasma proteins 24 h after the subcutaneous injection
of polyacrylamide beads (Biogel), a nonantigenic, insoluble, and chemically inert
substance (Ibanez et al. 1992). The progressive divergence of the AIRmax and
AlIRmin lines during successive generations of selective breeding reached 20- and
2.5-fold differences in leukocyte infiltration and exudated protein concentrations
respectively. These differences resulted from the accumulation of alleles in quanti-
tative trait loci endowed with opposite and additive effects on the inflammatory
response. Inbreeding was avoided for selective breeding, and as such AIRmax and
AIRmin mice are outbred mice that maintain a heterogeneous genetic background
but are homozygous in acute inflammation modifier loci. Analysis of the selective
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Fig. 12.1 Scheme used for the production of the foundation population (FO) by the intercrossing
of eight inbred strains of mice for the production of AIRmax and AIRmin mice by bidirectional
phenotypic selection

processes indicated that the AIR phenotype is regulated by at least 11 QTLs (Biozzi
et al. 1998).

Pristane-induced arthritis (PIA) has proven to be a valuable experimental model
for inflammatory RA for its delayed onset, chronicity, and independence from xeno-
antigen administration. Thus, arthritis ensues from a sensitization over time and
pristane has been described to improve autoimmunity by the activation of the
immune response against cross-reactive microbiota antigens (Patten et al. 2004).
AIRmax mice are extremely susceptible whereas AIRmin mice are resistant to PIA
(Fig. 12.2a). The incidence of PIA in AIRmax mice was similar to that of inbred
DBA/1 and BALB/c mice although with higher severity. The incidence and severity
were more intense than in the CBA/Igb model because 15 to 25% of these mice
develop inflammation of the ankle and wrist joints approximately 200 days after
pristane injection. PIA is accompanied by markedly elevated humoral agalactosyl
IgG levels mediated by IL6 production (Thompson et al. 1992) and CD4+ T cell
(Th)-dependent (Stasiuk et al. 1997) immune responses to mycobacterial 65-kDa
heat shock protein (hsp65). Moreover, the protection against PIA is mediated by
Th2-associated cytokines produced after hsp65 preimmunization (Thompson et al.
1998; Thompson et al. 1990). In contrast to the immune response profile observed
in inbred mice, high IgG1 anti-hsp65 levels were observed in susceptible AIRmax
mice, whereas IgG2a was the predominant isotype in the resistant AIRmin mice.
Additionally, it was shown that IL-4, IL-6, and TNF secreting splenic cells were



284 O. M. Ibanez et al.

100
-= AlRmax
9 -®- AIRmin
@
Q
| =
L]
=]
©
£
<
o
0 50 100 150 200
a Days
-# AIRmax RR
-0 AIRmax SS
100 - -#- AIRmin RR
-0 AIRmin SS
80+
‘E’ _.'D""‘D
g 60 -
T o
E 40
g
o
0 50 100 150 200
b Days

Fig. 12.2 PIA incidence in AIRmax and AIRmin mice and their sublines homozygous for the
Slcllal gene R and S alleles. Mice received two IP injections of pristane with 60 days interval

significantly more abundant in AIRmax than in AIRmin animals. IFNg-producing
cells, on the other hand, increased only in AIRmin mice. Specific pathogen-free
susceptible mice do not develop this disease, but when transferred to a conventional
environment, they reacquire arthritis susceptibility, indicating the involvement of
environmental factors in PIA (Thompson and Elson 1993).

The results in the AIRmax and AIRmin PIA model, when compared to those
obtained in inbred mice, evidence the interference of genetic background in the
mechanisms underlying arthritis susceptibility and severity. Interaction of arthritis
controlling genes with heterogeneous genetic backgrounds and variability in gut
microbiota might contribute to the variable signs of arthritis occurring in humans.

The transporter gene Solute carrier 11 family al (Slcl1al) has been described in
mice as a major modulator of susceptibility to infectious diseases and is expressed
in macrophages and neutrophils. Sic/lal is pleiotropic, interfering with macro-
phage activation, oxidative and nitrosamine bursts, TNF, IFNg, and IL-1 produc-
tion, and the expression of MHC class II molecules. In mice, the mutation
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corresponding to the Slc//al S allele associated with susceptibility determines a
gly169asp substitution resulting in a nonfunctional protein that promotes an accu-
mulation of ions inside the phagosome of macrophages that favors pathogen repli-
cation (Vidal et al. 1992). In the experiment for the production of AIRmax and
AIRmin mouse lines, the frequency of the Sic//al S allele was 25% in the founder
population (F0), but shifted to 60% in AIRmin and to 9% in AIRmax after 30 gen-
erations of selective breeding. The results suggest that these changes in allele fre-
quencies were the result of the selection process for acute inflammatory response
(Araujo et al. 1998).

The effect of the Sic//al R and S alleles during PIA development was studied in
AIRmax and AIRmin mice that were rendered homozygous for the Slic/lal alleles
by genotype-assisted breeding (Fig. 12.2b). AIRmax mice homozygous for the S
allele (AIRmax>%) were significantly more susceptible (80% incidence) to RA than
AIRmax®® mice (30% incidence) evidencing the influence of this polymorphism in
RA (Peters et al. 2007). The involvement of this gene in this study as well as in other
murine arthritis models constituted the basis for the study of Slc//al involvement
in human RA. In fact, several authors reported linkage of SLC//A1 alleles to human
RA probably associated with a polymorphic repeat in the RUNX1-containing pro-
moter region of the gene (Ates et al. 2009).

12.6 Mapping of QTL Controlling PIA in AIRmax
and AIRmin Mice

A genome-wide linkage study was carried out in a large F2 population of inter-
crossed AIRmax and AIRmin F2(AIRmax x AIRmin) mice through linkage analy-
sis of PIA severity phenotype with a panel of SNPs. Two new PIA QTLs (Prtia 2
and Prtia3) were mapped on chromosomes 5 and 8, respectively, and three sugges-
tive QTLs were detected on chromosomes 7, 17, and 19 (De Franco et al. 2014). In
this same F2(AIRmax x AIRmin) population, loci that regulate the intensity of the
acute inflammatory response were mapped on chromosomes 5, 7, 8, and 17, which
overlap the QTLs that controls PIA severity, suggesting common regulations
(Vorraro et al. 2010; Galvan et al. 2011). Co-located chromosome 5 QTLs control-
ling arthritis severity and humoral responses during B. burgdorferi infection were
identified in the F2 intercross of C3H/HeNCr and C57BL/6NCr mice (Weis et al.
1999), suggesting the involvement of the chemokine Cxcl9 gene, which maps to the
QTL peak in this model (Ma et al. 2009).

In order to candidate genes within the QTL detected in the AIRmax and AIRmin
model, transcriptome studies were performed using tissues or cells from normal or
arthritic individuals. In this model, the total number of up- and downregulated genes in
each line was distinct, as can be seen in Fig. 12.3. More genes were modulated in
AlRmax than in AIRmin mice, although a gene ontology analysis revealed an overrep-
resentation of genes related to inflammatory reaction and chemotaxis biological themes
in both lines (Fig. 12.4). Global gene expression analysis indicated 419 differentially
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Fig. 12.3 Up- and downmodulated inflammatory and chemokine genes in AIRmax and AIRmin
mice. Total RNA was extracted from arthritic paws at 160 days after pristane injection

expressed genes between AIRmax and AIRmin mice. Figs. 12.5 and 12.6 show genes
differentially expressed on chromosomes 5 and 8 respectively. Several genes related to
inflammation, cell adhesion, and chemotaxis could be observed on chromosome 5,
while tissue antigens, cell differentiation, hemeoxigenase, and scavenger receptor genes
were observed on chromosome 8 (De Franco et al. 2014).

Ibrahim and collaborators investigated the gene expression profiles of inflamed
paws in DBA/I inbred mice using a similar approach for collagen-induced arthritis
(Ibrahim et al. 2002). In their work, inflammation resulted in increased gene expres-
sion of matrix metalloproteinases, and immune-related extracellular matrix and
cell-adhesion molecules, as well as molecules involved in cell division and tran-
scription, in a manner very similar to the AIRmax/AIRmin model. However, the
total number of differentially expressed genes involved in the inbred mice model
(223) was lower than in our model (419), suggesting that the heterogeneous back-
ground of AIRmax and AIRmin mice permitted a larger genome involvement in this
phenotype. Among the differentially expressed genes, inflammatory and chemokine
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genes on chromosome 5 and macrophage scavenger receptor 1 (Msrl) and heme-
oxigenase 1 (HmoxI) genes on chromosome 8§ appear to be the major candidates.

Chemokines are involved in leukocyte recruitment to inflammatory sites, such as
synovial tissue in rheumatoid arthritis (RA). However, they may also be homeostatic
as these functions often overlap (Ibrahim et al. 2001). Chemokines have essential
roles in the recruitment and activation of leucocyte subsets within tissue microenvi-
ronments, and stromal cells actively contribute to these networks. Macrophages play
a central role in the pathogenesis of rheumatoid arthritis (RA), which is marked by an
imbalance of inflammatory and anti-inflammatory macrophages in RA synovium.
Although the polarization and heterogeneity of macrophages in RA have not been
fully elucidated, the identities of macrophages in RA can potentially be defined by
their products, including costimulatory molecules, scavenger receptors, cytokines/
chemokines and their receptors, and transcription factors (Li et al. 2012). It has been
demonstrated that inappropriate constitutive chemokine expression contributes to the
persistence of inflammation by actively blocking its resolution (Filer et al. 2008). This
was also observed in urethane-induced lung carcinogenesis, where transcriptome
analysis revealed that the genes involved in transendothelial migration and chemo-
kine-cell adhesion were differently expressed in normal lungs of susceptible AIRmin
and resistant AIRmax mice (De Franco et al. 2010), suggesting important roles for
these phenotypes in chronic diseases.

12.7 MicroRNA and Arthritis

Several studies have demonstrated the involvement of small RNAs, known as miR-
NAs in the development of RA. MiRNAs are a class of small, noncoding, RNA
molecules with approximately 21 nucleotides in length that can regulate gene
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expression by reducing the ability of specific mRNAs to direct the synthesis of their
encoded proteins (Krol et al. 2010). They likely participate in most developmental
and physiologic processes, with involvement in, but not limited to, cell proliferation
and differentiation, regulation of lipid metabolism, and modulation of insulin secre-
tion. The importance of miRNA-mediated regulation of gene expression for the
prevention of autoimmunity and maintenance of normal immune system functions
has been described (Wittmann and Jiack 2011). Studies in humans have detected
altered miRNA expression in RA patients when compared to controls or osteoarthri-
tis patients (Pauley et al. 2008; Kobayashi et al. 2008; Stanczyk et al. 2008).
MiRNAs can be detected in body fluids without invasive procedures, and thus may
be used as prognostic or diagnostic biomarkers for specific conditions, such as rheu-
matic diseases (Ceribelli et al. 2012).

In the PIA model, pristane injection modulated several genes in the peritoneal
cells of AIRmax and AIRmin lines in both time points analyzed. This modulation
was more widespread in AIRmax mice, with about twice the number of modulated
genes than the AIRmin line (2025 vs 1043). This difference reflects mainly the
number of downregulated genes, which was five-fold higher in AIRmax animals
(704 vs 131). In previous microarray analyses using the paws of these animals, the
AIRmax line also showed five-fold more downregulated genes than AIRmin and
two-fold more upregulated genes (De Franco et al. 2014). The same gene expres-
sion profile was also observed in the subcutaneous tissue of these lines after Biogel
injection (Fernandes et al. 2016). Although different tissues and stimuli have been
analyzed, these results indicate that the selective pressure during phenotypic selec-
tion acted in general inflammatory regulation mechanisms.

MiRNA expressions after pristane injection were also distinct in AIRmax and
AIRmin mice. At 120 days, 184 miRNAs were upregulated and 12 downregulated
exclusively in AIRmax animals. That regulation was similar (189 up- and 12 down-
regulated) at 170 days. In contrast, the AIRmin line upregulated 15 and 10 miRNAs
at 120 and 170 days respectively; no downregulated miRNA was detected. The
higher number of downregulated genes observed in AIRmax mice may be a conse-
quence of the upregulation of miRNAs in their peritoneal cells.

Most of the up- or downregulated miRNAs have not been ascribed roles in exper-
imental or human arthritis development. Instead, many of those miRNAs are
described in terms of their roles in suppressing or inducing several types of malig-
nant tumors, although many have been shown to be involved in the regulation of
important biological processes in the development of autoimmune diseases such as
inflammation. We therefore sought to identify important pathways in which those
miRNAs participated and which could explain their modulation in our model —
eventually leading to the identification of new arthritis-related miRNAs in experi-
mentally induced arthritis.

MiR-132-3p was the most upregulated miRNA in the susceptible mouse line in
microarrays and qRT-PCR (106- and seven-fold higher at 120 days, and 67- and
4.5-fold higher at 170 days respectively). Expression of that miRNA has been found
to increase in the peripheral blood mononuclear cells (PBMCs) of rheumatoid
arthritis patients (Kobayashi et al. 2008). In that study, one of the patients with the
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active disease showed unaltered levels of that and other miRNAs related to the dis-
ease after two months of treatment with methotrexate. Those results indicate that the
high expressions of miRNAs in that patient were related to unresponsiveness to the
treatment. MiR-132-3p may therefore play a key role in systemic conditions related
to joint inflammation, which would explain its high expression in the peritoneum of
susceptible AIRmax animals. MiR-132 is specifically induced in Th17 cells and
acts as a proinflammatory mediator increasing osteoclastogenesis through the
downregulation of COX2. In in vivo, articular knockdown of MiR-132 in murine
arthritis models reduces the number of osteoclasts in the joints (Donate et al. 2021).

MiR-132-3p and miR-212-3p are members of the same family (located on chro-
mosome 11 in mice) that forms the miR-212/132 cluster, and they have similar seed
sequences. That cluster, induced by the activation of AhR in inflammatory bowel
disease, was able to promote an inflammatory response by inducing the Th17
response and suppressing IL-10 production (Chinen et al. 2015). The 1110 gene was
downregulated in peritoneal cells in AIRmax mice, indicating that there may be an
indirect regulation of the expression of that cytokine by those miRNAs (Fernandes
et al. 2018). IL-10 is an important anti-inflammatory cytokine that inhibits proin-
flammatory mediator production and lymphocyte proliferation, thus playing a pro-
tective role in autoimmune diseases. IL-10 has been shown to contribute to the
prevention of arthritic inflammation in macrophages during collagen-induced
arthritis development (Chen et al. 2017). That gene can be regulated by different
miRNAs, including miR-27b-3p, which is highly upregulated in that line (Fig. 12.7).

Cd69 and Siprl (specifically targeted by 106a-5p, 25-3p, and 20b-5p miRNAs)
were downregulated in AIRmax mice (Fig. 12.7). CD69 is a leukocyte receptor
induced in lymphocytes and macrophages after activation. Sancho et al. 2003 dem-
onstrated that CD69—/— and CD69 +/— mice had an exacerbated form of collagen-
induced arthritis (CIA) when compared to controls and that CD69 was capable of
inducing TGF-B2 synthesis. TGF-p2 is an anti-inflammatory cytokine, and null
mutations in that gene can lead to severe inflammatory disorders; that gene regu-
lates the production of inflammatory cytokines and has protective effects in the CIA
model (Sancho et al. 2003; Brandes et al. 1991). Tgfb2 was the most downregulated
gene in the AIRmax line (40-fold), while CD69 was approximately six-fold down-
regulated. The Siprl gene, on the other hand, affects the differentiation of osteo-
blasts (Sato et al. 2012). The inhibition of osteoblast differentiation contributes to
bone loss in RA as well as to a decreased healing ability of those lesions (Baum and
Gravallese 2016).

The expressions of miR-181b-5p and 1l6 were shown to be inversely correlated
following stimulation with LPS, and /6 is a direct target of miR-181b-5p (Zhang
et al. 2015), demonstrating the critical role of the posttranscriptional control of IL-6
by miR-181b-5p in endotoxin tolerance. The expressions of miR-181b-5p and /6
were also inversely correlated in susceptible AIRmax mice. Although 7I6 did not
appear as a target for miR-181b-5p in our interaction network (which considered at
least 3 different algorithms), the data from the TargetScan database (which is widely
used in the literature to predict miRNA-RNA interactions) indicated that gene as a
possible target of miR-181b-5p. An important role of IL-6 has been reported in the
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Fig. 12.7 mRNA-miRNA interaction network. (a) miRNAs upregulated in AIRmax mice and
their interaction with predicted target genes; (b) miRNAs upregulated AIRmin mice and their
interaction with predicted target genes. Red = upregulated genes; green = downregulated genes.
The interaction network was built with Cytoscape 3.4.0.

in vitro inhibition of osteoclast progenitors mediated by the disruption of RANK
signaling (Yoshitake et al. 2008). Osteoclasts are required for articular bone resorp-
tion and are responsible for bone erosion in RA (Baum and Gravallese 2016; Lin
etal. 2015). The unbalanced expression of the genes that promote osteoclatogenesis
and inhibit osteoblast differentiation may represent a mechanism for the stimulation
of bone erosion and increased disease severity in AIRmax animals. Histological
analyses of the AIRmax paws did, in fact, show bone loss in addition to the destruc-
tion of cartilage (Correa et al. 2017).

Soto et al. 2008 compared the gene expression profiles of the rat collagen-
induced arthritis model (CIA) with human RA (using paw and knee synovial tissue
respectively). Comparing the DEGs in our model with the model used by Soto, we
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Fig. 12.7 (continued)

observed that two genes upregulated in AIRmax mice (Mmp13 and Gpsm3) were
also upregulated in CIA rats.

The MMP13 and GPSM3 genes play significant roles in rheumatoid arthritis in
humans, and GPSM3 has been associated with the risk of developing autoimmune
diseases. Polymorphisms associated with decreased transcription have been
inversely correlated with the risk of developing arthritis. The reduced expression of
GPSM3 was observed to prevent neutrophil migration mediated by LTB4 (leukotri-
ene B4) and CXCLS to arthritic joints (Gall et al. 2016). Additionally, mice defi-
cient for Gpsm3 were protected from arthritis induced by anticollagen antibodies,
with reduced CCL2- and CX3CL1-mediated migration of myeloid cells (Giguere
etal. 2013). Gpsm3 is located on chromosome 17 in mice, where a suggestive QTL
for experimental arthritis was detected in our model (De Franco et al. 2014). The
miRanda database identified Gpsm3 as a predicted target of miRNA-151-5p, which
is downregulated in AIRmax mice. Since the interaction was only predicted by the
database, it was not considered in our results, although the high expression of
Gpsm3 as a consequence of the downregulation of miRNA-151-3p should not be
completely ruled out.
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MMP-13 (or collagenase-3) hydrolyzes type 2 collagen and may favor the
destruction of cartilage in arthritic joints. In rheumatoid arthritis, IL-1p and TNF-o
produced by macrophages in the connective tissue stimulate the production of that
MMP by articular chondrocytes (Vincenti and Brinckerhoff 2002). Additionally, a
key role has been attributed to some genetic loci encoding metalloproteinases in
bone destruction. The expression of MMP-13 increased ten-fold in AIRmax mice
but remained unaltered in pristane-treated AIRmin animals. Vonk and coworkers
(Vonk et al. 2014) looked for different miRNAs expressed in healthy and osteoar-
thritis (OA) patients and found that miRNA-148a levels in healthy subjects were
approximately ten-fold higher than those seen in patients with the disease.
Transfection of miR-148a-3p into cells of OA patients resulted in decreased
MMP-13 expression (which had increased in those patients), suggesting that this
miRNA may play a protective role in OA, with a consequent reduction in cartilage
destruction.

In a second analysis, Soto et al. 2008 identified 30 differentially expressed genes
when comparing RA patients and healthy controls. Of those 30 genes, Pde3b,
Tgfb2, and Fami20c were downregulated in both RA patients and AIRmax mice;
Tgfb2 showed a significant protective effect in arthritis models as discussed above.

Many miRNAs are over- or underexpressed in autoimmune diseases such as SLE
(Liang and Shen 2012; Amarilyo and La Cava 2012) and rheumatoid arthritis (RA)
(Ceribelli et al. 2011), and investigators have reported that miR-146a is altered in
those diseases (Ceribelli et al. 2012). Interestingly, expression of miR-146a was
higher in AIRmax than in AIRmin control mice 120 days after pristane injection.
Increased expression of miRNA-146a has been well documented in the PBMCs of
arthritic patients. That microRNA has two known targets: Traf6 (TNF receptor-
associated factor 6) and Irak! (interleukin-1 receptor-associated kinase 1), both of
which stimulate TNF-a production (Shrivastava and Pandey 2013). The expression
of those molecules were unaltered in those patients, suggesting that increased
miRNA-146a levels were unable to regulate TRAF6/IRAK. Therefore, it is not
exactly known how the high expression of that miRNA is related to the increased
levels of TNF-a in RA (Ceribelli et al. 2011).

12.8 Concluding Remarks

Recent advances in the field of genetics have dramatically changed our understand-
ing of autoimmune disease. Candidate gene and, more recently, genome-wide asso-
ciation (GWA) and linkage studies have led to an explosion in the number of loci
and pathways known to contribute to autoimmune phenotypes, confirming a major
role for the MHC region and, more recently, identifying risk loci involving both the
innate and adaptive immune responses. However, most regions found through GWA
scans have yet to isolate the association to the causal allele(s) responsible for con-
ferring disease risk. A role for rare variants (allele frequencies of <1%) has begun to
emerge. The study of the abundant long intergenic noncoding RNAs and of small
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interfering RNA (microRNAS) has also become a powerful tool to understand the
mechanisms that modulate the gene expression profiles in RA and other autoim-
mune diseases (Jarvis and Frank 2010; Donate et al. 2013). Future research will also
use next generation sequencing (NGS) technology to comprehensively evaluate the
human genome for risk variants. Whole transcriptome sequencing (e.g., RNA-Seq),
which combines gene expression, sequence, and splice variant analysis, will pro-
vide much more detailed gene expression data. Despite its high incidence and severe
phenotype, RA still has no cure in spite of many efforts to produce effective therapy
treatments. Further studies should therefore be carried out to better understand the
functions and mechanisms of miRNAs in the immune system and in arthritis devel-
opment. The AIRmax and AIRmin lines constitute interesting tools for mapping
inflammatory disease modifying genes and miRNAs, in addition to being a valid
animal model for the human disease in respect to similar gene pathways and miR-
NAs. Our studies have been demonstrated that those lines have distinct gene and
miRNA expression profiles, which may be partly responsible for their different phe-
notypes. Regardless of the current or future technology, the versatility of murine
models will continue to be required to advance our understanding of human diseases.
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