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Protein targets in autoimmune disease vary in location,

originating within cells as in system lupus erythematosus (SLE),

or found on cell surfaces or in extracellular spaces. The term

‘autoantigenesis’ is first defined here as the changes that arise

in self-proteins as they break self-tolerance and trigger

autoimmune B and/or T cell responses. As illustrated in many

studies, between 50 and 90% of the proteins in the human body

acquire post-translational modification. In some cases, it may

be that these modifications are necessary for the biological

functions of proteins of the cells in which they reside or as

extracellular mediators. Summarized herein, it is clear that

some post-translational modifications can create new self-

antigens by altering immunologic processing and presentation.

While many protein modifications exist, we will focus on those

created, amplified, or altered in the context of inflammation or

other immune system responses. Finally, we will address how

post-translational modifications in self-antigens may affect the

analyses of B and T cell specificity, current diagnostic

techniques, and/or the development of immunotherapies for

autoimmune diseases.
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Post-translational modification of amino acids
and proteins
Classical biochemistry tells us 20 amino acids make up

most proteins in nature. Closer examination, however,

reveals a number that far exceeds those 20 original

structures. Indeed, when post-translational modifications

(PTMs) are considered, more than 140 unique amino

acids compose protein [1]. For simplicity, this review will
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refer to PTMs as any protein in which certain amino acids

within that protein have been covalently modified. PTMs

can arise either by enzymatic modification, as is the case

of N-linked glycosylation or phosphorylation, or can occur

spontaneously, as is the case in the deamidation of

asparagine to aspartic acid or isoaspartic acid.

PTMs alter many aspects of protein chemistry, including

primary and tertiary structure, biological (and/or enzy-

matic) functions, and proteolytic degradation that may be

critical in generating immunogenic or tolerogenic self-

peptides. Eventually, the accumulation of these modifi-

cations can induce disease in the host (Figure 1). There

are a host of factors that influence the ability and rate of

PTMs that occur in a given protein. For example, flanking

residues around a targeted amino acid greatly influence its

ability to be modified. In the case of phosphorylation of

serine or threonine residues, a specific motif is required [-

Arg-X-Y-(Z)-Ser-(Thr)] while sequence-regulated con-

formations can also affect the accessibility of the modify-

ing enzymes. The location of a modifying enzyme is also a

consideration, since enzymes that mediate modifications

are compartmentalized in such areas as intracellular orga-

nelles, the endoplasmic reticulum, or in extracellular

spaces. Finally, changes within the protein itself, such

as proteolytic cleavages and previous modifications, will

affect if and how a particular residue is modified [2].

Post-translationally modified proteins are crucial for a

wide variety of cellular events, from cell signaling to

DNA replication. However, recent studies have

suggested that there are times when the presence or

absence of post-translational alterations in self-proteins

can profoundly affect antigen recognition in immune

functions.

Post-translational modifications in the
generation of autoimmunity
Models of T and B cell selection and maturation indicate

that lymphocytes reacting too strongly to self-peptides

presented in the thymus and bone marrow are deleted

within the respective organ. Studies demonstrating that a

wide variety of peripheral antigens are expressed by

medullary thymic epithelial cells is evidence that central

tolerance develops to antigens expressed in organs [3].

However, the same modifications to proteins that arise in
modifications in autoimmune disease, Curr Opin Immunol (2011), doi:10.1016/j.coi.2011.12.003
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The multiple effects of post-translational modifications. The effects of

post-translational modifications can be seen on multiple levels. Post-

translationally modified peptides become sources of altered self, and

when in the context of proteins, can affect the tertiary structure of a

protein and how it is processing by antigen processing cells. When

significant amounts of certain post-translational modifications

accumulate in cells, they also have the potential to alter how the cell

functions (i.e. proliferation rates, cell signaling). Finally, the culmination of

all of these individual effects is the onset of autoimmune pathology in

whole organisms and ultimately decreased survival.
the periphery may not occur in an identical manner in the

thymus and thus these proteins never tolerize developing

thymocytes (Figure 2). Consequently, when PTMs arise

during various cellular responses, such as inflammation,

these modified self-antigens can be taken up and pro-

cessed by APC, that then present the modified antigens to

autoreactive T and B cells. These cells in turn can

infiltrate into host tissue where the modified antigen then

serves to amplify the autoimmune responses, eventually

leading to autoimmune pathology (Figure 2).

The number of autoimmune diseases associated with

post-translationally modified autoantigens continually
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increases (Table 1). Psoriasis, Goodpasture’s disease,

antiphospholipid syndrome (APS), and juvenile idio-

pathic arthritis all have autoantigens described as being

post-translationally modified [4–6]. In juvenile idiopathic

arthritis, antibodies against the nuclear phosphoprotein

DEK are present in immune complexes isolated from the

synovial fluid of patients. Analysis of DEK from these

complexes revealed a high number of acetylated lysine

residues. Patient synovial fluid reacts to highly acetylated

synthetic DEK. However, the inhibition of DEK acety-

lation reduces the reactivity of patient synovial fluid to

that seen with healthy controls [6].

One autoimmune disease that has conspicuously little

evidence of how modified autoantigens contribute to

pathogenesis is type 1 diabetes (T1D). Recently, how-

ever, there has been newfound interest in examining the

role of PTMs in T1D. Stadinski et al. have shown that

chromogranin A is a new autoantigen in T1D, and that the

peptide WE14 from chromogranin A stimulates diabeto-

genic CD4T cell clones [7��]. Further studies of WE14

have shown that its antigenicity is greatly altered when

treated with transglutaminase, an enzyme that is known

to mediate several PTMs [8]. The natural form of the

antigen in beta cell extracts is far more potent than an

unmodified synthetic WE14 peptide [7��], further

suggesting that this peptide may be post-translationally

modified. In addition, our laboratory has evidence indi-

cating that prolyl-4-hydroxylase beta (P4Hb) is post-

translationally modified with a carbonyl group in murine

pancreatic islets. Both T1D patient serum and diabetic

NOD mouse serum have antibodies to P4Hb (Connolly

and Mamula, unpublished data).

The types of modifications that can occur within a

particular autoimmune disease also continue to increase,

as one autoimmune disease can have multiple modifi-

cations associated with distinct autoantigens (Table 1).

For example, citrullinated filaggrin has been known to be

an autoantigen in rheumatoid arthritis for some time now,

such that it is a component of diagnostic assays for the

disease [9��]. Recently, though, another modification of

filaggrin, carbamylation (the nonenzymatic conversion of

lysine to homocitrulline), has been described [10�]. Car-

bamylated lysine residues in filaggrin trigger a primary

immune response, complete with CD4+ T cell prolifer-

ation, and can induce arthritis in murine models of

arthritis. Rheumatoid arthritis patients with erosive arthri-

tis have increased levels of homocitrulline in their blood

and synovial fluid. This modified autoantigen is critical to

the development of anticitrulline autoantibodies in RA

[10�].

Just as the presence of a post-translationally modified self-

antigen affects immune recognition, the lack of a nor-

mally occurring PTM within a self-antigen can induce

autoimmunity. For example, SLE patient sera contains
modifications in autoimmune disease, Curr Opin Immunol (2011), doi:10.1016/j.coi.2011.12.003
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Post-translationally modified proteins initiate autoimmune responses. Post-translational modifications can occur in self-proteins during cellular stress,

such as inflammation, aging, or apoptosis. These PTM self-proteins are then released from necrotic or apoptotic cells, where they are phagocytosed

by antigen presenting cells (APC), such as macrophages. Once inside the APC, the presence of these modifications can alter how proteases cleave the

self-antigen, thereby generating new epitopes. These modified peptides are then presented in the context of MHC class II molecules to T and B cells

that have escaped the thymus or bone marrow during negative selection because the modified peptide is not present in those organs. Finally,

autoreactive T cells and B cells infiltrate host tissue and induce autoimmune pathology.

Table 1

Autoimmune diseases in which post-translationally modified autoantigens have been identified.

Disease Autoantigen Modifications

Multiple sclerosis/EAE aB-crystallin

MBP

MOG

Phosphorylation

Citrullination, acetylation

Malondialdehyde

Collagen-induced arthritis Type II collagen Glycosylation, hydroxylation

Rheumatoid arthritis Filaggrin

Fibrin

Vimentin

Collagen

a-Enolase

Citrullination, carbamylation

Citrullination

Citrullination

Citrullination

Citrullination

Juvenile idiopathic arthritis DEK Acetylation

Systemic lupus erythematosus Multiple

snRNP D, H2B

U1-70K

La/SSB

SmD1, SmD2

Self-proteins

Phosphorylation

Deamidation

Caspase cleavage

Phosphorylation

Phosphorylation, methylation

Lipid peroxidation

Type 1 diabetes Insulin chain A Oxidation

Psoriasis Pso27 Endoprotease cleavage

Goodpasteur’s disease Collage IV Sulfilimine bond

Celiac disease Transglutaminase Deamidation

Atherosclerosis LDL Peroxidation

Antiphospholipid syndrome b2 glycoprotein 1 Oxidation
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autoantibodies to both phosphorylated and nonpho-

sphorylated SR proteins (pre-mRNA splicing factors)

[11]. Similarly, mice lacking the gene for a-mannosidase

II, which regulates hybrid to complex branching patterns

of extracellular asparagine (N)-linked oligosaccharides

chains (N-glycans), develop a lupus-like nephritis charac-

terized by autoantibodies to histones, Sm snRNP (small

nuclear ribonuclear protein) antigen, and DNA [12]. It is

thought that the lack of complex N-glycan branching may

affect self-antigen recognition, although the exact mech-

anism behind how the absence of complex N-glycan

branching leads to autoimmunity remains to be eluci-

dated.

An examination of the T and B cell responses to these

modified self-antigens reveals several interesting points.

First, the B cell responses to various post-translationally

modified self-antigens tends to be promiscuous in that

antibodies bind both the modified and unmodified forms

of the self-protein. The ability of antibodies to bind both

modified and unmodified forms of the same protein is due

to the identity of flanking amino acid sequences of both

forms. Second, the T cell responses to these modifications

tend to be specific and directed only toward the modified

self-antigen (not crossreactive). As one example, the

acetylation of the N-terminal peptide of myelin basic

protein (MBP Ac1-11) is required for the development of

experimental autoimmune encephalomyelitis (EAE), the

murine model of human multiple sclerosis. Encephalito-

genic T cell clones specific for MBP Ac1-11 induce EAE,

while the nonacetylated peptide fails to stimulate T cells

or induce EAE [13]. Autoantibodies can be elicited with

an isoaspartyl-modified form (isoAsp) of self-antigen in

murine models of system lupus erythematosus (SLE).

SLE is characterized by both T and B cell responses to a

variety of intracellular molecules, most notably nucleo-

somes and snRNPs. Mice immunized with an isoAsp

containing-peptide of the Sm D protein develop T cell

responses to the isoAsp D peptide, but not to the normal

form of the peptide. In contrast, mice immunized with

the isoAsp D peptide develop autoantibodies not only to

the isoAsp form, but also bind the normal D peptide as

well as other autoantigens [14]. Both of these examples

demonstrate that autoimmunity can be elicited to some

alterations that occur in self-peptides while immune

tolerance is maintained to the unmodified self-protein.

How are post-translational modifications
generated?
PTMs can occur spontaneously, as with isoAsp generation

[15], or carbamylation [10�], or as the result of an ordered

enzymatic process as described earlier. Certain cellular

processes, such as aging, disease, inflammation, and

trauma, are known to increase the frequency of PTMs.

Aged cellular proteins, especially those with relatively

long half-lives in vivo, are prone to PTMs. aB-crystallin, a

major lens protein, has increased amounts of isoAsp [16]
Please cite this article in press as: Doyle HA, Mamula MJ. Autoantigenesis: the evolution of protein 
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and phosphorylated residues with aging [17]. It is

believed that some of these modifications, such as isoAsp

formation, may mark aged proteins for degradation [18].

Numerous cellular stresses also induce the PTM of

cellular proteins. Mitogen or antigen stimulation

increases the amount of isoAsp in T and B cells [14],

while reactive oxygen species generated during infection

are known to modify proteins [19]. All of these modifi-

cations may be relevant since apoptosis induces a number

of PTMs, such as phosphorylation [20], transglutamina-

tion, ubiquitination [21], and citrullination [22]. Apopto-

tic cells have been considered a source of autoantigens in

the induction of SLE (reviewed in Refs. [23,24]). Even

though apoptotic cells remain intact, certain antigens that

are common targets of autoantibody responses in SLE

patients localize to surface blebs of apoptotic cells [25]

and mice immunized with apoptotic Jurkat cells develop

antibodies to multiple autoantigens and autoantigen com-

plexes associated with SLE [26]. The observation that

SLE patients develop antibodies specific to phosphory-

lated self-proteins supports the premise that apoptotic

cells may be an important source of these autoantigens

[27]. Likewise, the dephosphorylation of normally phos-

phorylated proteins during apoptosis may also influence

autoantibody responses. Fas-L-induced apoptosis in Jur-

kat cells also leads to the dephosphorylation of ribosomal

P proteins and this lack of phosphorylation may expose

self-epitopes to the immune system, thus triggering auto-

antibody production [28].

Overall, neo self-antigens resulting from these processes

could make their way into the extracellular milieu where

they can be taken up by antigen presenting cells (APC)

and presented to T cells. In this way, an immune response

could be generated to a protein that is otherwise ignored

by the immune system.

Tolerance and post-translational
modifications
It is clear from the literature that there is often a lack of

immune tolerance to various post-translationally modified

self-antigens. One explanation for the lack of tolerance is

that these PTM self-antigens are not present in the

thymus during T cell development and the modifications

may arise in the periphery due to different biochemical

conditions (pH, for example). T cells not exposed to

peptide PTMs may be allowed to escape into the per-

iphery. Once in the periphery, the modified form is now

viewed as ‘foreign’. Moreover, upon initial stimulus by

modified peptides, the response may then be amplified to

other sites on the protein or particle (so-called ‘intramo-

lecular epitope spreading’).

A lack of tolerance to modified self-antigens may be due

to antigen processing differences between modified and

unmodified self-antigens. The PTM of an amino acid
modifications in autoimmune disease, Curr Opin Immunol (2011), doi:10.1016/j.coi.2011.12.003
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Antigen processing altered by the post-translational modification of self-antigen. (a) Native forms of self-antigens are cleaved by proteases (as

represented by the X) into distinct peptides. These peptides are not recognized by the immune system since functional T cells specific for the peptides

generated do not exist in the normal immune repertoire due to mechanisms such as clonal deletion and anergy. (b) However, proteases involved in

antigen processing may not be able to cleave after a modified amino acid, thereby creating a peptide in which no immune tolerance has developed. T

cells in the periphery recognize this peptide, and provide T cell help to autoreactive B cells which then produce autoantibodies and promote disease.
residue critical for recognition and cleavage by certain

proteases has the potential to influence the antigenic

peptides generated or the rate in which they are gener-

ated (Figure 3). For example, the lack of N-glycosylation

of the neuronal glutamate receptor subunit 3 in Rasmus-

sens’ encephalitis, a severe form of pediatric epilepsy,

exposes a granzyme B cleavage site, thus creating a new

autoantigen [29]. In the case of isoAsp containing pep-

tides, most proteases and peptidases do not recognize the

b-peptide linkage connecting isoAsp residues to its

neighbor on the carboxyl side [30]. Moss et al. demon-

strated that the spontaneous deamidation of asparagine

residues in a model protein (tetanus toxin C fragment)

inhibits the processing by asparagine endopeptidase

(AEP), resulting in decreased antigen presentation

[31]. Altered enzyme recognition also changes the reper-

toire of peptides generated during antigen processing. An

isoaspartylated form of cytochrome c peptide is pro-

cessed differently by cathepsin D compared to the

aspartyl form of the same peptide. These processing

differences are similar for the isoaspartylated form of

whole cytochrome c [32]. Additionally, the presence of

citrulline in peptides of MBP increases the rate of its

digestion with cathepsin D, an enzyme involved in MHC

class II antigen processing, compared to peptides without

the citrulline residue [33].
Please cite this article in press as: Doyle HA, Mamula MJ. Autoantigenesis: the evolution of protein 
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Modified self-proteins and peptides derived therein, may

change how a peptide interacts with MHC molecules.

Studies performed on phosphorylated aB-crystallin pep-

tides and isoAsp containing snSNP D peptides bind with

the same affinity to their respective MHC class II mol-

ecules as the unmodified peptide [14,17]. Moreover, in

the case with the aB-crystallin, the modified residue

extends out of the peptide-binding groove, explaining

why there is little crossreactivity between TCR recog-

nition of modified and unmodified peptides [17].

In contrast, the lack of PTMs can also lead to a lack of

tolerance to self-proteins, as evidenced in the mice lack-

ing the N-glycosylation enzyme, N-acetylglucosaminyl-

transferase V (Mgat5). Upon stimulation, Mgat5�/� T

cells have increased TCR recruitment as compared to

wild-type T cells and reduced requirement for CD28

costimulation [34]. It appears that Mgat5�/� T cells

bypass the CD28 costimulatory pathway.

PTMs in diagnostics and immunotherapy
Most investigations defining T and/or B cell epitopes in

autoimmune disease rely on the synthesis of peptides or

on recombinant proteins [35]. However, these approaches

and technologies do consider the presence of PTM

proteins/peptides. T and B cell responses to certain
modifications in autoimmune disease, Curr Opin Immunol (2011), doi:10.1016/j.coi.2011.12.003
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antigenic self-peptides may be completely missed if

appropriate PTMs are not incorporated. Similarly, the

correct diagnosis of autoimmune disease depends signifi-

cantly on PTM proteins or peptides. One particular

example is the second-generation cyclic citrullinated

peptide (CCP2) currently used to detect anticitrullinated

peptide/protein antibodies in the diagnosis of rheumatoid

arthritis [9��]. The presence of anti-CCP antibodies is a

predictor of the development of RA, since anti-CCP

antibodies develop before disease onset. Moreover, the

presence of anti-CCP antibodies in RA patients tends to

be predictive of a more erosive form of the disease.

Another important PTM in diagnostics is the major

autoantigen of APS, b2 glycoprotein 1 (b2GPI). APS is

an autoimmune condition noted by vascular thrombosis of

the arterial and/or venous systems. It is demonstrated that

APS patients have higher levels of total and oxidized

b2GP1 as compared to healthy and disease state controls

[36��]. It is thought that the risk of thrombosis can be

correlated with the levels of oxidized b2GP1, and thus be

an indication for prophylactic treatment during periods of

elevated thrombosis risk.

Conclusions
We have attempted to define several parameters in which

protein modifications alter many functions of proteins: in

their biological functions, their processing and presen-

tation by the immune system, and in the practical diag-

nostics of disease. As described here, PTM of self-

antigens is one important explanation of how immune

tolerance is lost to self-antigens. Clearly, we have yet to

fully define the scope of PTMs that alter the course of

health and disease. However, being wary of their exist-

ence will bring us closer to defining important parameters

of PTMs in the induction and perpetuation of disease.

Finally, the pathways that control PTMs may become

targets of immunotherapeutic strategies to alter the states

of immune tolerance versus autoimmunity.
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