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ABSTRACT: The field of epigenetics requires that traditional divisions between scientific disciplines give way to cross-fertilization of concepts and ideas

from different areas of investigation. Such is the case with research in autoimmunity. Recent discoveries of stimuli that induce autoimmunity reveal that

epigenetic marks of autoantigens are recognized by autoreactive B and T cell receptors. Thus, insights into the initiation of autoimmunity, its prevention and

therapy will arise from understanding the biochemistry, cell biology and microbiology of autoantigen epigenetics. Here, we highlight potential benefits from

the inhibition of a histone modifying enzyme and the administration of a phosphorylated, spliceosome-derived peptide, in the treatment of autoimmunity.
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Introduction

One of the essential tasks of the immune system is to distin-
guish self from non-self. An almost daily encounter with out-
side attacks, ranging from infectious agents to environmental
toxins and other stresses, can alter the self-components of our
tissues and cells and therefore affect the well-controlled state
of our immune system. In normal conditions, the immune
system deploys an impressive array of molecules and cellular
tools to quickly eliminate the intruders and correct environ-
mentally-induced self-modifications. Under adverse condi-
tions (“at-risk” genetic background, weakened immune system
due to a massive infection or immunosuppressive treatment,
or profound damage of tissues and cells, for example), the
immune system can wrongly identify self as non-self and ini-
tiate misdirected immune responses. An autoimmune disease
can thus emerge and affect individuals after an asymptomatic
period of a few months or even years.

Self-components (tissues, cell membranes) are not static
but instead continuously undergo physiological modifica-
tions. Thus, during the cell cycle, the protein/phospholipid
ratio fluctuates, the composition of constituents varies, and
the organization of plasma membrane rafts changes. Post-
translational modifications (PTM) of proteins play a cen-
tral role in this permanent motion, allowing or not allowing
ligands or co-receptors to bind their signaling partners along
highly regulated pathways. Numerous physiological P TMs
also occur during the cell cycle, notably in nuclear compo-
nents (proteins, DNA and RNA). These programmed cas-
cades of events that naturally modify basic cell constituents
are key elements of cell maintenance and system failure
(over- or under-regulation) can cause malfunctioning of cells
and ultimately lead to their death.

The immune system normally does not react against self-
components. This immune tolerance is naturally established,
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as immune cells are educated very early during development to
ignore them. However, specific modifications (due to incom-
pletely defined causes) can turn a normal self-constituent into
an autoantigen. Thus, an autoantigen is defined as an antigen
that—despite being a normal tissue constituent—becomes
the target of an immune response. Modifications of autoanti-
gens occur in nucleic acids or proteins that may be targeted by
immune B and T cells. In recent years, accumulated evidence
has demonstrated that in addition to genetic characteristics
that favor the establishment of autoimmunity in certain pre-
disposed individuals, epigenetics plays a critical role in the

pathogenesis and development of autoimmune diseases.!™3

Epigenetic Modifications of Autoantigens

The analysis of epigenetic modifications in autoantigens has
attracted much attention as it provides a new and richer under-
standing of the central dogma of molecular biology. Proteins
modify DNA, RNA and other proteins in a combinatorial man-
ner that exponentially expands the information content in the
cell. An excellent example is provided by the large number of
PTMs in histones.}*"'8 Even though the primary sequence of the
4 core histones (H2A, H2B, H3 and H4) is highly conserved
in all eukaryotes, the multitude of PTMs generates an almost
infinite number of subtle conformational changes leading to

functional variations (Fig. 1). The enzymology of histone PTMs
reflects the complexity of several families of enzymes that intro-
duce, recognize or erase these “molecular sign posts”.1*2! Simi-
lar diversity exists in ribonucleoproteins, where PTMs regulate
splicing, transport and localized translation of mRNA.16:22

Numerous cell components can be the target of autoanti-
bodies. Over 100 different self-molecules act as autoantigens
in different autoimmune disorders.?3"2* Many or even most
of these combine a number of different epigenetic marks.
Examples are poly(ADP-ribose) polymerase (PARP) that,
in addition to auto-poly(ADP-ribosyl)ation, can be phos-
phorylated, acetylated, ubiquitinylated and sumoylated,?
heat-shock proteins (HSPs) such as HSP90 that can be phos-
phorylated, acetylated or citrullinated?” and HSPA8/HSC70
that can be acetylated and tyrosine-phosphorylated,?$%
and lysosomal-associated membrane protein-2 (LAMP-2),
which contains O- and N-glycosylation sites (some of the
16 N-linked glycans are polylactosaminoglycans).’® Many of
these modifications are recognized by autoantibodies occur-
ring in systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA) and other autoimmune diseases.3'~37

Certain PTMs arise as part of the normal developmen-
tal program, whereas others may fluctuate during normal
physiological activity, such as the regulated progression of
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Figure 1. Diversity of histone amino-terminal PTMs. The amino acid sequences at the amino termini of the four core histones are given in the single letter
code and possible PTMs are indicated by symbols above and below the sequence. The PTMs are identified at the bottom of the diagram. Lysine residues
can be mono-, di- or tri-methylated, or mono- or di-acetylated. Arginine residues can be mono-, or di-methylated and the dimethyl arginine can exist in the

‘syn’ or ‘trans’ conformation.
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the cell cycle. An important set of autoantigen modifications
arise in dying cells. These may differentiate between differ-
ent forms of cell death, such as apoptosis, necrosis, anoikis, or
pyroptosis. Additional modifications arise in cell death that
results from infections or the associated inflammation. Each
of these diverse, cell death-associated PTMs may have unique
functions, such as to assist in the elimination of microbes,
to orchestrate the innate or adaptive immune response, or to
facilitate clearance of the dead cell remnants. Specific stimu-
lation of autoantibodies may follow if physiological clearance
pathways are insufficient and modified autoantigens accumu-
late. If the burden of dead cells increases, these autoantibod-
ies may serve the beneficial purpose to assist in clearance of
“debris”. Clearly, some of the autoantibodies may evolve func-
tions that are detrimental to the host organism.

'The general principle that PTMs can induce autoantibody
(B cell) responses is demonstrated by the deimination of argi-
nine residues to citrulline residues in histones.® For that, it is
necessary to provide some background. Although different cell
types deiminate arginine residues in proteins, this reaction is
most rapid and extensive in neutrophils,® which are the most
abundant white blood cells. These cells are exquisitely sensitive
to chemokines and bacterial chemoattractants and they arrive
quickly at a site of an infection.’ Neutrophils attach to the
blood vessel endothelium and leave the blood stream in order
to enter tissues. There, they actively migrate toward the infec-
tious agents. This remarkable cellular transformation requires
a coordinated switch in gene expression. In their fight against
microbes, neutrophils are effective phagocytes that inactivate
and degrade the intruders.®” In addition, recent studies have
identified an unexpected antimicrobial mechanism that is
available to neutrophils at the site of an infection.*

As first observed by Brinkmann and colleagues, neutro-
phils externalize chromatin that acts as an extracellular “trap”
to immobilize bacteria, fungi and viruses." The chromatin
in these so-called neutrophil extracellular traps (NETs) is
associated with bactericidal enzymes and peptides that can
damage the bacterial membranes. Importantly, the release of
NET chromatin (NETosis) depends on the activity of pepti-
dylargininedeiminase IV (PAD4).#>* It has been suggested
that conversion of arginine residues in histones to citrulline
residues weakens the interactions between histones and DNA.
'This loosening of the condensed structure of chromatin may
be a precondition for NET release.**

NETs are prime suspects in the events that stimulate the
adaptive immune system to produce autoantibodies directed
against histones (and other chromatin antigens), as is common in
lupus and related disorders.®® The arguments implicating NETs
in the induction of autoimmunity are summarized in Table 1.
In brief, NETs represent an innate mechanism that is induced
in the presence of pro-inflammatory cytokines and externalizes
chromatin. In an infection, NET chromatin associates with
bacterial, fungal, or viral components that may act as adjuvants
to stimulate an immune response. The complexes of chromatin

Table 1. Arguments for NETosis as a direct stimulus for
autoimmunity.

1. NETosis is induced in the presence of pro-inflammatory stimuli

2. NETosis is a physiological circumstance that leads to chromatin
externalization

3. NET chromatin tightly associates with microbial (foreign)
antigens

4. The “jumble” of NET chromatin and microbes is likely taken
up by phagocytes, processed and presented to the adaptive
immune system.

and microbes arise under circumstances that promote phagocy-
tosis and, likely, antigen presentation to helper T cells. Because
NETs contain histones with a distinguishing PTM, the hypoth-
esis that NETosis may induce an autoimmune reaction could be
tested by searching for autoantibodies to deiminated histones.

Indeed, sera from SLE, RA and, most often, from
patients with Felty’s syndrome contain autoantibodies that
preferentially react with deiminated histones. These antibod-
ies could be identified by ELISA and Western blots using in
vitro deiminated histones.* The structure of NETs induced
by neutrophil stimulation with calcium ionophore is shown
in Figure 2. The image suggests that the extranucleosomal,
linker histone H1 is associated with the extracellular chroma-
tin. Thus, our work extends the growing list of autoantigens
that contain citrulline residues. Arthritic disorders in general
are characterized by the presence of autoantibodies to citrulli-
nated protein antigens (ACPA).*¢ Over a decade ago, RA sera
were shown to react specifically with citrullinated peptides
derived from filaggrin.*’ Pratesi et al confirmed our results
by identifying autoantibodies to deiminated histone H4 in a
majority of RA patient sera.*

Additional studies support the idea that neutrophil
activation is a key factor in the stimulation of autoantibod-
ies. Separate studies indicated that neutrophils from juvenile
SLE patients show an enhanced response to anti-ribonucleo-
protein (RNP) immune complexes*’ and that RA neutrophils
are more susceptible than control neutrophils to spontaneous
NET release.’® Moreover, in lupus, NETs may resist deg-
radation because the patients’ autoantibodies protect them
from nuclease degradation.”® Persistent NETs may aggravate
inflammation by stimulating plasmacytoid dendritic cells and
causing type I interferon release.”

Interestingly, RA sera also contain anti-PAD4 autoanti-
bodies that activate the deiminase and lower its requirement for
calcium,* thus suggesting a possible extracellular role of PAD4.
Inlight of this observation, it is reasonable to assume that PAD4,
externalized during NETosis, deiminates extracellular matrix
proteins such as filaggrin, fibrinogen and collagen and thereby
contributes to generate highly specific RA autoantigens.™
Deimination of myelin basic protein, most likely by PAD2 or
PADA4, may participate in the pathogenesis of neuro-degener-
ative disorders.”® The recurrent involvement of deimination in
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Figure 2. Detection of histone H1 on neutrophil extracellular chromatin “traps”. Human neutrophils were purified and incubated with A23187 ionophore
for 2 hours before processing for confocal microscopy with anti-linker histone H1 antibody. The main image shows three color confocal laser scanning
micrograph that combines staining of DNA (blue) and anti-H1 antibody (detected by two different secondary antibodies, shown in green and red). Linker

histone H1 remains associated with neutrophil extracellular traps.

the activation of autoimmune responses implies a major role for
PAD4 in enhancing the immunogenicity of autoantigens.

How to Turn a Self, Non-antigenic Molecule

into an Immunogen?

Immunological tolerance is an active mechanism that detects,
suppresses, and eliminates B and T cells with autoreactive
antigen receptors. During lymphocyte development, B and T
cells that encounter self-antigens are inactivated by so-called
“central” tolerance.”® The autoimmune regulator (AIRE)
transcription factor allows thymic epithelial cells to express
low levels of antigens found in other tissues.”” As a result,
developing T cells with self-reactive receptors are eliminated
by enforced apoptosis. Central tolerance mechanisms remain
largely intact in overt autoimmune diseases.”® How could
PTMs assist in overcoming tolerance and converting self-
components into autoantigens?

Immune cells should not “see” self-components with
PTMs that exist under physiological conditions (cell cycle,
development, and cell death). It is plausible that PTMs that can
transform a self-component into an autoantigen may be different
from the ones that are normally expressed during physiological
conditions (qualitatively, by involving different sites, or quan-
titatively) or that they are expressed with a kinetics that differ
from the “norm”. Delocalization of naturally-modified anti-
gens might also play an important role.>*~¢!

Importantly, some antigens are recognized by autoan-
tibodies, only when they carry specific PTMs. These same
antigens may not be targeted by antibodies and B/T cells when

modifications are naturally absent or have been experimentally
erased. The first evidence of the involvement of phosphoryla-
tion in the recognition of autoantigen by naturally-occurring
antibodies was reported by Stetler and his colleagues in the
mid-80’s who showed that dephosphorylation of RNA poly-
merase | abolishes its interaction with antibodies from patients
and very young lupus-prone MRL mice.®*~%* Satoh et al® also
identified a subset of SLE autoantibodies that react specifically
with the transcriptionally active (phosphorylated) form of RNA
polymerase II. Phosphorylation of serine/arginine-rich (SR)
proteins, which constitute a family of essential pre-messenger
RNA splicing factors associated with the Ul snRNP complex,
also provide an important component of the autoreactivity in
SLE. Interestingly, upon dephosphorylation and depending on
each patient’s response, a decrease in SR proteins reactivity was
observed, suggesting the existence of PTM-reactive antibody
sub-populations in lupus patients.®® It is still unclear whether
these PTMs are directly involved in the breakdown of toler-
ance and initiation of the autoimmune response. However, this
possibility and its many potential implications in the etiology
of autoimmune diseases are important to explore.

Epigenetic Modifications as Targets for Therapeutics?
The involvement of PTM in the induction of autoimmunity can
be tested by focusing on a particular form of cell death. Assuming
that NETosis yields favorable circumstances for the induction
of systemic autoimmunity, it may be possible to inhibit auto-
immune reactions by blocking NETosis. Incidentally, NETosis
may be a suitable therapeutic target because it is non-essential
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for innate immune responses to infections. NETosis can be
prevented by using inhibitors of PAD4 deiminase.®” An inhibi-
tor of PAD4, Cl-amidine, has been tested in mouse models
of lupus, arthritis, colitis and multiple sclerosis. In each case,
disease manifestations greatly improved.®8~71

In mice with collagen-induced arthritis, Cl-amidine
administration greatly improved disease manifestations, thus
inviting further experimentation.”! PAD4 inhibition also
showed promise in the treatment of induced colitis, whose con-
sequences could be blunted by treatment with Cl-amidine.®® In
these mice, Cl-amidine stimulated apoptosis of inflammatory
cells in the colon. In a spontaneous mouse model of lupus, Cl-
amidine was administered over a period of 3 months at levels
that could inhibit PAD4.%° The drug showed no adverse effects,
and the treatment inhibited NET formation and anti-DNA
antibody production without affecting overall serum antibody
isotypes. In addition, there was reduced myeloperoxidase and
immune complex deposition in the kidneys, and endothelial cell
function and vasorelaxation were improved. In a fourth mouse
model, neurodegeneration resembling that of multiple sclero-
sis was prevented by the administration of a newly developed
deiminase inhibitor’® Strikingly, even thrombosis, a complica-
tion in many autoimmune disorders, was significantly blunted
in the absence of PAD4.7? Together, these findings suggest
that autoantigen deimination plays a fundamental role in auto-
inflammatory reactions and that prevention of deimination has
great potential in the therapy of autoimmune disorders.

A fascinating example of how autoantigen PTM could
be turned into starting points for autoimmune therapy is pro-
vided by the 21-mer peptide P140/Lupuzor™ that has been
tested in clinical trials involving lupus patients. This phospho-
peptide, encompassing residues 131-151 of the spliceosomal
U1-70K protein, has successfully completed phase I, phase I1a
and phase IIb clinical trials and will enter soon into a multi-
center, double-blind, placebo-controlled phase III clinical
trial, the final testing phase.

Lupuzor’s phase I study, which took place in 2006, did
not show any side effects. The Phase Ila study was run in 2007
in lupus patients and was a proof of concept, dose ranging,
safety, multi-centre European study.”> The proof of concept
was assessed by measuring the decrease of anti-dsDNA anti-
bodies as a surrogate marker for efficacy and IL-10, to ascer-
tain its mechanism of action. The drug was administered 3
times by subcutaneous injections 2 weeks apart at doses of
200 pg and 1000 pg and the patients were monitored 1 month
after treatment ceased. Lupus patients who received 200 pg
Lupuzor as a lupus treatment on only 3 occasions, 3 weeks
apart, demonstrated a significant clinical improvement in
their condition in addition to the decrease of their biomarkers.
Therefore, the Phase Ila trial of Lupuzor met its primary
end-points. A phase IIb clinical trial started dosing of patients
in February 2008 in Europe and Latin America, comparing
Lupuzor to placebo in patients with SLE. An interim
analysis demonstrated statistically significant superiority of

Lupuzor over placebo.” The interim analysis was performed
and reviewed by an independent Data Monitoring Commit-
tee according to the so-called International Conference on
Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use (better known as ICH
guidelines). This analysis was conducted after 125 randomized
patients with clinical SLEDAI-2K scores >6 and no Bilag
A score had completed the 12-week treatment period, half of
them having also completed the additional 12-week follow-
up (week 24). The primary efficacy measure was a ‘SLEDAI
response’, defined as a decrease of at least 4 points in the
SLEDAI score, a scale generally accepted by physicians as an
assessment of the clinical activity of lupus patients, a lower
score representing lower disease activity. The analysis of the
data demonstrated that the 200 ug dose of Lupuzor admin-
istered every 4 weeks was statistically significantly superior to
placebo (p = 0.015; 62% responders versus 37% responders in
the placebo group). Lupuzor was generally well tolerated with
no significant drug related adverse events.

P140 peptide does not behave as an immunosuppres-
sor. Its underlying mechanism of action involves autophagy,”
more specifically a selective form of autophagy called
chaperone-mediated autophagy (CMA; Cuervo AM and
Muller S, unpublished). This lysosomal mechanism is respon-
sible for the degradation of approximately 30% of cytosolic
proteins in tissues (liver, kidney) and is mainly activated in
conditions of stress such as nutrient deprivation or exposure
to different toxin compounds. In contrast to macroautophagy,
which ensures the synthesis, degradation and recycling of
damaged cell organelles or unused proteins, all substrate pro-
teins targeted for CMA pathway contain a motif biochemi-
cally related to the pentapeptide KFERQ_involved in their
selective recognition by a cytosolic chaperone, the heat shock
cognate protein HSPA8/HSC70. The interaction between
the chaperone and the substrate in the cytosol targets the
complex to the lysosomal membrane, where it binds to the
lysosome associated membrane protein type 2A that acts as a
receptor and a limiting factor for this pathway. Lys-HSPAS, a
lysosomal form of HSPAS that is present within the lumen, is
required for the complete translocation of the substrate protein
into the lysosomal matrix where it is completely degraded by
the lysosomal proteases. We discovered that P140 reduces
autophagic process that we found to be abnormally enhanced
in T lymphocytes from lupus mice and patients.”® We also dis-
covered that the P140 inhibitory effect on CMA results from
its ability to alter the integrity of the HSPA8/HSP90 hetero-
complex of lysosomal chaperones. Since autophagy has also
been identified as a route by which cytoplasmic and nuclear
antigens are delivered to MHC class IT molecules (MHCII)
for presentation to CD4* T cells,”” we postulated that
destabilization of the HSPA8/HSP90 heterocomplex by P140
peptide may alter the endogenous (auto)antigen processing,
which is enhanced in lupus, and inhibit peptide loading onto
MHCII molecules. As a consequence, P140 may lead to a
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lower activation of autoreactive T helper cells. Without sig-
nal from these T helper cells, autoreactive B cells cannot dif-
ferentiate into antibody-producing plasma cells and therefore
the levels of secreted antibodies is dramatically reduced as was
shown in mice and patients with lupus.’78

What is interesting in the P140 peptide behavior is that
although the non-phosphorylated sequence 131-151 is readily
recognized by T cells from 2 distinct strains of lupus-prone
mice [MRL/lpr and (NZB/NZW) F1 mice] and patients
with lupus and behaves as a promiscuous epitope with regard
to murine and human MHC molecules, it displays no protec-
tive activity against the disease (Fig. 3). This absence of effect
on the course of the lupus disease is in sharp contrast with the
strong protective effect displayed by the peptide containing a
phosphoserine residue at position 140 (hence P140 peptide).

In this protective process, therefore, the phosphoSer'*? residue
appears central.”’ In fact, this modification was found later to
exist naturally in early apoptotic Jurkat cells.® It was discovered
that in the early stages of apoptosis the basal phosphorylation
of the Ser'*residue increases very significantly and, in parallel,
a caspase-dependent, PP1-mediated dephosphorylation of
other serine residues occurs in a subset of U1-70K proteins,
which are heavily phosphorylated.® We found that the hypo-
phosphorylated U1-70K protein carrying a phosphoSer resi-
due at position 140 is then clustered in heterogeneous ectopic
RNP-derived structures, which are finally extruded as apop-
totic bodies. It is not yet known whether this material displays
particular antigenic and/or immunogenic properties and if the
same pathway is activated in vivo in lupus cells. The kinase that
phosphorylates serine residue 140 also remains to be identified.
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Figure 3. The P140 phosphorylated peptide but not the non-phosphorylated sequence 131-151 of the U1-70K protein is protective against lupus disease
in lupus mice. Ten 5-week-old MRL/Ipr mice were administered intravenously with either P140 peptide in saline or with the peptide 131-151 in saline or
with saline only. Mice were then subjected to three further administrations (weeks 7, 9, 12) in the same conditions. Their viability and the mean proteinuria
score are shown. Survival of control and peptide-treated female MRL/Ipr mice was analyzed by the Kaplan—Meier method, and the significance of
differences was determined by the log-rank test. Median survival: 23.5 weeks (NaCl), 26.5 weeks (peptide 131-151) and 40 weeks (P140); p =0.0002
(P140 treatment vs. NaCl) and p = 0.137 (peptide 131-151 vs. NaCl). Proteinuria (2-way ANOVA test): p =0.0004 (P140 treatment vs. NaCl) and

p = 0.8353 (peptide 131-151 vs. NaCl). Modified from.”®
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Conclusions

We anticipate that the two treatments described in this brief
review will be the prototypes of directed therapies for lupus
and other autoimmune disorders. Regions of antigens carry-
ing a PTM of interest or enzymes involved in specific antigen
modifications represent attractive targets for immunotherapy.
For therapeutics development, a valuable approach would be
therefore to carefully identify pathogenesis-related PTMs
and pathways that are deregulated or altered in autoimmune
disease. Currently, intense translational research is focused
on enzymes that modulate epigenetics. For example, histone
deacetylase inhibitors (HDAC]), such as hydroxyl-butyrate,
suberoylanilidehydroxamic acid (SAHA), or Trichostatin
A (TSA) decrease inflammatory cytokine production by sple-
nocytes and reduce kidney disease in both the MRL/lpr and
(NZB/NZW) F1 mice lupus mouse models, and are cur-
rently in various stages of development.®1-#3 It is worth noting
that several histone peptides with P'TMs that are specifically
linked to apoptosis, particularly acetylated and methylated
residues, have been identified.348¢ They likely represent valu-
able tools for therapeutics development in lupus, as has been
done in the P140/lupuzor program.
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