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Non-canonical Peptides in
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Viruses play a key role in explaining the pathogenesis of various autoimmune disorders,
whose underlying principle is defined by the activation of autoreactive T-cells. In many
cases, T-cells escape self-tolerance due to the failure in encountering certain MHC-I
self-peptide complexes at substantial levels, whose peptides remain invisible from the
immune system. Over the years, contribution of unstable defective ribosomal products
(DRiPs) in immunosurveillance has gained prominence. A class of unstable products
emerge from non-canonical translation and processing of unannotated mammalian and
viral ORFs and their peptides are cryptic in nature. Indeed, high throughput sequencing
and proteomics have revealed that a substantial portion of our genomes comprise
of non-canonical ORFs, whose generation is significantly modulated during disease.
Many of these ORFs comprise short ORFs (sORFs) and upstream ORFs (uORFs) that
resemble DRiPs and may hence be preferentially presented. Here, we discuss how
such products, normally “hidden” from the immune system, become abundant in viral
infections activating autoimmune T-cells, by discussing their emerging role in infection
and disease. Finally, we provide a perspective on how these mechanisms can explain
several autoimmune disorders in the wake of the COVID-19 pandemic.

Keywords: viruses, cryptic peptides, autoimmunity, defective ribosomal products, non-canonical translation,
COVID-19

INTRODUCTION

One of the salient features of autoimmunity lies in the recognition of MHC class I associated
self-peptides by T-cells that have escaped self-tolerance during their development and selection in
the thymus. Self-peptides, not generated and presented at substantial levels for T-cells to undergo
anergy and deletion, can cause T-cells to escape selection. Such cryptic peptides might be generated
and presented under certain stimuli to activate self-specific T-cells, forming the fundamental
basis of autoimmunity (Sercarz et al., 1993; Lanzavecchia, 1995). Over the years, many extrinsic
factors including viral infections have served to explain autoimmunity through the generation of
self-peptide mimics, bystander activation of T-cells and epitope spreading (Smatti et al., 2019).
However, the exact nature and generation of such peptides remains loosely defined, hampering
the development of broad range therapeutics and our understanding of these disorders.

Oligopeptides arising from the degradation of self and non-self-proteins enter the
antigen presentation pathway, activating humoral and cell-mediated immune responses
against infected and cancerous cells. While peptides derived from exogenous proteins,
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acquired externally through the endo-lysosomal pathway
are loaded on MHC-II molecules, peptides derived from
endogenously synthesized proteins are presented on MHC-I
(Vyas et al., 2008). Such peptides form the basis of CD8+

T-cell immune responses that play an important role in various
infections, tumors, and autoimmune disorders. However,
efficient presentation of endogenous foreign peptides requires
them to compete with both high and low-affinity self-peptides
originating from the cellular proteome. This competition
would be puzzling in viral infections, where slow synthesis and
degradation of viral proteins cannot explain the rapid onset of
the adaptive immune response (Yewdell et al., 1996).

In this context, the DRiPs (defective ribosomal products)
hypothesis proposed by Yewdell and colleagues in 1996 describes
a class of newly synthesized, highly unstable rapidly degraded
polypeptides which forms the bulk of the antigenic repertoire
in viral infections through their preferential presentation on
MHC-I molecules (Yewdell et al., 1996; Table 1). Strong
evidence in favor of DRiPs has explained immunosurveillance
in infection and disease. A class of these products include
peptides arising from non-canonical open reading frames (ORFs)
(Yewdell et al., 2019)—translation initiation from alternative
open reading frames (ARFs) (Bullock et al., 1997; Ronsin et al.,
1999) at near-cognate start codons (e.g., CUG) (Schwab et al.,
2004; Yang et al., 2016) or genomic regions previously deemed
as untranslated (5′ or 3′ UTRs) (Laumont et al., 2016)—
outside the annotated genome. High-throughput sequencing
approaches combined with mass spectrometry have revealed that
a substantial portion of our genome comprises of these non-
canonical ORFs (Laumont et al., 2016; Erhard et al., 2018) and
that their products are efficiently presented on MHC-I (Laumont
et al., 2016; Erhard et al., 2018). Furthermore, the induction
of cellular non-canonical translation is observed in cancers and
viral infections (Laumont et al., 2016; Zanker et al., 2019; Chong
et al., 2020). Given the immunological role of non-canonical
gene products under infection and disease, we speculate that
these peptides may play a role in autoimmunity, where they
would be absent or weakly presented during T-cell selection,
mediating their escape. Substantial synthesis, presentation, and
processing of these peptides under infection, would then activate
the circulating T-cells, triggering autoimmunity (Figure 1). To
support our theory, we discuss the contribution of non-canonical
translation products as MHC-I-associated peptides (MAPs), their
significance in immunosurveillance and present evidence for
their emerging role in autoimmunity in the context of viral
infections, including COVID-19.

GENERATION OF MHC-I ANTIGENIC
PEPTIDES AND NON-CANONICAL
TRANSLATION

Most canonical viral and cellular proteins are stable and exhibit
normal turnover kinetics prior to their degradation via both
proteasomal dependent and independent mechanisms (Yewdell
et al., 2019). The resulting peptides are transported into the
endoplasmic reticulum (ER) via TAP (transporter associated with

antigen processing) where their N-termini are cleaved via ER
aminopeptidases (ERAPs), generating oligopeptides to be loaded
on MHC-I (Starck and Shastri, 2011). Peptide-deficient MHC-
I molecules are rendered unstable and fail to reach the cell
surface, but undergo recycling to and from the cell surface upon
successfully loading MHC-I peptides (Ljunggren et al., 1990).
During infection and cancer, foreign peptides must compete
with these self-peptides to mark infected or cancerous cells for
CD8+ T-cell cytotoxicity. Besides, highly abundant herpesvirus
proteins like EBNA (Dantuma et al., 2000) and LANA (Kwun
et al., 2011) are extremely stable and less susceptible to immediate
proteasomal degradation (van de Weijer et al., 2015). This
makes it not only competitive, but also implausible for antigenic
peptides to be presented in a timely manner (van de Weijer
et al., 2015). A key feature of the antigen presentation pathway
lies in selectively and preferentially presenting peptides on
MHC molecules (Yewdell et al., 2019). This is achieved through
rapidly degraded polypeptides derived from DRiPs and SLiPs
(short-lived proteins) (Yewdell et al., 1996, 2019). The half-life
of these proteins is in the order of minutes, ensuring rapid
presentation of their peptides which is directly proportional to
the translational rates of their source proteins. Many translational
and post-translational mechanisms have explained the selectivity
in presenting DRiPs (Yewdell et al., 2019). Accumulating
evidence suggests that non-canonical translation is a prevalent
phenomenon in mammalian cells, especially in infection and
disease. These events include translation of loci outside the
annotated genome, within 5′ and 3′ UTRs, at near-cognate
start codons and include several alternative open reading frames
(ARFs) and non-canonical ORFs resulting from premature stop-
codon (PTC) read-through. Since these regions lie in previously
unannotated or unknown regions, their peptide products are
termed as cryptic peptides.

The concept of non-canonical translation emerged from the
“pepton” hypothesis proposed by Boon and Van Pel (1989),
where transfected genes devoid of distinct expression systems
could produce polypeptides. Over the years, such translation
events were observed for mammalian and viral genomes too.
These non-canonical proteins gave rise to functional polypeptides
as well as regulatory elements like upstream ORFs (uORFs)
involved in translationally regulating their downstream ORFs
(Vattem and Wek, 2004; Young and Wek, 2016). In fact, viruses
could modulate non-canonical translation as seen in Vaccinia
and Semliki Forest virus (SFV) (Townsend et al., 1988; Berglund
et al., 2007), where insertion of genes into the respective viral
vectors, led to the synthesis of novel polypeptides providing a rich
source of DRiPs. Influenza DRiPs studies performed by Yewdell
and colleagues laid the foundation to describe the role of non-
canonical translation in antigen presentation. By cloning a Kb
restricted model epitope, SIINFEKL, into IAV Neuraminidase
(NA), they were able to distinguish non-canonical NA derived
DRiPs products from the full-length NA protein. The translation
of NA DRiP occurred independently of full-length NA mRNA
initiating at CUG (Dolan et al., 2010) by specifically preventing
nuclear export of NA mRNA, drastically reducing NA protein
synthesis, without hampering levels of the NA DRiP product.
Indeed, non-canonical translation is governed by several factors,
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TABLE 1 | Glossary of terminologies representing the nature of peptides in this study.

Canonical ORFs ORFs encoding functional gene products/proteins exhibiting high stability and normal turnover kinetics in line with the
conventional antigen processing and presentation pathway (Yewdell et al., 2019).

Non-canonical ORFs ORFs ncoding highly unstable gene products, exhibiting distinct biological properties (Yewdell et al., 2019) including
ORFs initiating at non-AUG start codons (Starck and Shastri, 2011) and may include unannotated ORFs comprising
sORFs, uORFs, and ARFs (Erhard et al., 2018).

ARF (Alternative open reading frame) ARFs comprise ORFs initiating within a gene body where such an ORF does not constitute the dominant canonical ORF
representing the locus. Such initiation can be attributed to alternative transcription and translation start sites (Whisnant
et al., 2020).

Annotated ORFs ORFs currently annotated for a given organism.

Unannotated ORFs ORFs identified from high-throughput sequencing experiments but currently not annotated.

uORF (upstream ORF) Upstream ORFs are located upstream of a canonical ORF, which may function in regulating their downstream ORFs
(Vattem and Wek, 2004) or provide a source of antigenic peptides (Starck and Shastri, 2016).

sORF (short ORF) Short ORFs <100 aa in length, whose products would include unstable polypeptides which may perform biological
functions or provide a source of antigenic peptides (Erhard et al., 2018).

Cryptic peptides The term cryptic peptides include “hidden” or “invisible” peptides originating from genomic loci not previously
annotated/studied (Erhard et al., 2020). Such peptides can be translated by both non-canonical and previously
unannotated ORFs. In the context of autoimmunity, these peptides are “hidden” or “invisible” as described by
Lanzavecchia (1995), due to their absence or low levels of expression which can hamper their antigen presentation,
thereby explaining T-cells escaping self-tolerance against these peptides.

DRiPs (Defective ribosomal products) The term DRiPs (Defective ribosomal products) coined by Yewdell et al. (1996), was used to describe a source of
nascent polypeptides, highly unstable in nature exhibiting half-lives in the order of minutes and capable of producing
MHC-I antigenic peptides. Such peptides are preferentially degraded due to their instability and biogenesis—including
alterations in translation, ribosomal modifications and post-translational mechanisms including their rapid degradation
and channeling (Yewdell et al., 2019).

including differential usage of ribosomal proteins, which strictly
control the global translation and MHC-I presentation of non-
AUG and ARF derived polypeptides (Wei et al., 2019). These
studies highlight key features of non-canonical proteins by
shedding light on the differences in their processing pathways to
provide a wealth of antigenic peptides.

IMMUNOLOGICAL SIGNIFICANCE OF
NON-CANONICAL TRANSLATION AND
DEFECTIVE RIBOSOMAL PRODUCTS

The contribution of cryptic peptides in antigen presentation
emerged from pioneering studies by Shastri and colleagues. They
demonstrated an antigenic peptide whose source protein initiated
at a non-canonical codon, CUG, translating a leucine instead
of a methionine, and could activate specific alloreactive T cell
clones (Schwab et al., 2004). Decoding CUG was a result of
translational control mediated by eIF2A phosphorylation under
cellular stress and was not affected by compounds affecting
initiation at AUG (Schwab et al., 2004). Phosphorylation of eIF2A
is a hallmark of cellular stress, often seen in viral infections
and plays a role in the translational regulation of upstream
ORFs (uORFs) (Vattem and Wek, 2004; Young and Wek,
2016). These uORFs also form a source of cryptic peptides as
observed in the 5′ UTR cryptic product of the VEGF gene
in renal cell carcinoma (Weinzierl et al., 2008). It was later
shown that translation initiation at CUG could be enhanced
via inflammatory stimuli and viral infections by modulating the
ribosomal machinery (Prasad et al., 2016). More recently, the
contribution of interferon in rapidly synthesizing and presenting
DRiPs was observed in the context of MHC associated peptides
(Komov et al., 2021).

Viruses have adopted several means of translational control.
Non-canonical translation has been reported for Plautia stali
intestinal virus through internal ribosome entry site (IRES)
dependent translation of the capsid protein, initiating at a
non-canonical CAA codon (Sasaki and Nakashima, 2000).
Non-canonical translation also forms a source of antigenic
epitopes as observed in the case of Influenza (IAV) DRiPs
synthesis (Dolan et al., 2010; Yang et al., 2016), portraying
their immunological role in viral infections. Generation of these
anti-viral cryptic epitopes through non-canonical translation
has been well documented and reviewed in retroviruses (Starck
and Shastri, 2011) where ribosomal frameshifting and ARFs
have contributed to non-conventional epitopes derived from
gag, pol and env genes in murine AIDS, HIV and Simian
Immunodeficiency Virus (SIV) (Mayrand et al., 1998; Cardinaud
et al., 2004; Ho and Green, 2006). Protective CD8+ T-cell
responses were elicited in these cases, especially in SIV
infection of rhesus macaques, where a substantial portion of
T-cell responses were attributed to cryptic peptides arising
from ARFs (Maness et al., 2010). The fact that ARF derived
epitopes appeared to be more immunologically dominant
than classical epitopes upon assaying PBMCs against both
ARF and non-ARF epitopes (Maness et al., 2010) warrant
the use of such peptides in therapy to trigger cytotoxic
CD8+ T cells. In case of HIV, acquired mutations in ARF
derived epitopes prevented their presentation, stressing on the
importance of these epitopes in immunosurveillance and how
viruses could evolve to antagonize immune responses (Maness
et al., 2007; Berger et al., 2010). Significant improvements
in understanding the plethora of gene products encoded by
genomes came from studies employing ribosome profiling, a
technique applied to study translation events by sequencing
ribosome protected RNA (Ingolia et al., 2012). Ribosome
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FIGURE 1 | Role of non-canonical translation in virus-induced autoimmunity. (A) Proteins synthesized from canonical open reading frames (ORFs) are degraded via
the proteasomal degradation pathway. The peptides produced thereof localize to the endoplasmic reticulum (ER) via TAP and are loaded on MHC-I molecules. The
presented complexes however, fail to activate autoreactive T-cells as T cells against a majority of self-peptides are eliminated during the selection process in the
thymus. (B) During viral infection, stress responses alter the translational machinery to synthesize novel proteins/polypeptides from both viral and cellular
non-canonical ORFs, initiating at non-canonical AUG (nAUG) or other codons (e.g., CUG). These novel proteins are highly unstable and are preferentially degraded
via several mechanisms including both proteasomal independent and dependent mechanisms, cytoplasmic endopeptidases and peptides formed through
endo-lysosomal digestion of infected cells. The novel cryptic peptides, previously invisible to the immune system can now activate specific T-cell clones triggering an
autoimmune-like response (Created using biorender.com).

profiling revealed hundreds of novel open reading frames
in several viruses and cancers, severely undermining our
knowledge of the coding capacity of mammalian and viral
genomes (Stern-Ginossar et al., 2012; Arias et al., 2014;
Chong et al., 2020; Whisnant et al., 2020; Ruiz Cuevas et al.,
2021). These novel ORFs comprised of many short open
reading frames (sORFs), which formed the major component
of the non-canonical “ORFeome.” Such sORFs resemble DRiPs
products in that the encoded microproteins commonly initiate
at near-cognate start codons, appear to be highly unstable
and disordered in structure (Ruiz Cuevas et al., 2021). The
instability of sORFs makes it challenging to detect them
through conventional proteomic methods including shot gun

mass spectrometry (MS) (Erhard et al., 2018). However, sORF-
derived peptides (SEPs), like DRiPs, would efficiently enter the
antigen presentation pathway. Indeed, such peptides were better
recovered by MHC-I peptidomics due to the ability of MHC-
I molecules to form stable complexes with antigenic peptides
and like DRiPs, the extent of their presentation correlated
with their translational rates (Erhard et al., 2018). MHC-I-
peptidomics revealed that approximately 10% of the MHC-I-
immunopeptidome comprised of cryptic peptides originating
from non-canonical ORFs (Erhard et al., 2018; Ruiz Cuevas
et al., 2021). Immunopeptidomic studies (Erhard et al., 2020)
and proteogenomic approaches utilizing MS coupled with high-
throughput sequencing improved the identification of novel
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neo-antigens in tumors supporting the role of non-canonical
peptides in immunity which were efficiently presented on MHC-I
molecules (Laumont et al., 2016; Chong et al., 2020; Ouspenskaia
et al., 2021).

NON-CANONICAL TRANSLATION AND
DEFECTIVE RIBOSOMAL PRODUCTS IN
AUTOIMMUNITY

T-cell lymphocytes expressing either CD4+ or CD8+ TCRs
are capable of recognizing antigen associated MHC class II
and I molecules respectively (Kumar et al., 2018). During
their development in the thymus, T-cells undergo positive and
negative selection, where T-cells recognizing self-antigen MHC
complexes with low to moderate affinity undergo proliferation,
whereas strong interactions with high affinity self-antigen MHC
complexes leads to cell death, preventing autoimmunity, while
some of the cells differentiate into regulatory T-cells (Takaba and
Takayanagi, 2017). The self-tolerant T-cells selected recognize
abnormal or foreign peptides during infection and disease.
However, some T-cells escape tolerance and are activated when
exposed to self-peptides which may not have been expressed
during their development at optimal levels. These “invisible”
peptides are therefore cryptic in nature and may not be
sufficiently expressed during T-cell selection (Sercarz et al.,
1993; Lanzavecchia, 1995). In certain cases, cryptic epitopes
would have lower affinity for MHC molecules and may not be
presented due to competition with the high affinity epitopes.
However, inflammatory stimuli and co-stimulatory signals might
alter their expression and processing, thereby activating self-
reactive T-cells.

Evidence for T-cells reactive toward self-cryptic epitopes
has been extensively reviewed for a variety of autoimmune
disorders (Warnock and Goodacre, 1997). Studies conducted
for rhesus polypeptides involved in autoimmune hemolytic
anemia (AIHA) analyzed T-cell responses toward the full-
length autoantigen and synthetic peptides derived from the
same (Barker and Elson, 1994). The study described in vitro
experiments with intact protein which failed to elicit self-specific
T-cell responses as opposed to peptide constructs, indicating
that the latter comprised of a pool of cryptic peptides for
which T-cells had escaped self-tolerance in vivo, and that
these peptides were not synthesized in vivo, explaining their
cryptic nature. The fact that full-length proteins could not
trigger such responses implied that their processing pathways
did not efficiently present cryptic epitopes to activate the
T-cells. A similar finding was reported for proteolytic protein
(PLP) involved in multiple sclerosis (MS) (Markovic-Plese
et al., 1995) and thyroid peroxidase (TPO) involved in Grave’s
disease (Quaratino et al., 1996) where the antigenic peptides
significantly differed for both endogenously and exogenously
processed TPO proteins. These features of cryptic autoantigens
bear close resemblance to DRiPs and non-canonical translation
products. Cartilage autoantigens in Rheumatoid arthritis (RA)
(Buttle et al., 1995) rapidly degrading to give rise to antigenic
peptides draws similarities to the unstable nature of DRiPs,

explaining their preferential presentation during disease. Epitope
processing is also regulated by changes in the activity of cytosolic
endopeptidases that play an important role in exposing cryptic
epitopes within the myelin basic protein (MBD) (Anderton
et al., 2002). Whether these peptides originate from non-
canonical translation events remains an open question since
most of the studies exploited synthetic peptide constructs,
making it difficult to comment on the nature and generation
of their source proteins, compounded by the lack of studies
in this direction.

Recent studies provide a clearer picture to explain the
involvement of non-canonical translation in autoimmune
disorders. CD8+ T-cell isolated from Reiter’s syndrome patients
led to the identification of an autoreactive T cells specific toward
an epitope encoded by human Interleukin-10 (IL-10) (Saulquin
et al., 2002). T-cells were activated upon transfecting the
nucleotide sequence encoding the epitope but failed to generate
immune responses when utilizing synthetic peptides. It was
later found by mutational analysis, that this epitope was formed
because of non-canonical frameshifting, resulting in a peptide
encoded by both ORF1 and ORF2. Given the immunosuppressive
role of IL-10, the deletion of IL-10 producing cells could have
a profound impact on the pathology of Reiter’s syndrome. The
potential for non-canonical self-peptides to be immunologically
relevant has also been observed in therapeutics. Defective
proteins synthesized due to a premature stop codon (PTC) form
the basis of diseases like cystic fibrosis and Duchenne muscular
dystrophy (Goodenough et al., 2014). The use of aminoglycosides
has the potential to cause read-through leading to the synthesis of
full-length proteins to overcome this. However, stop codon read-
through opens possibilities of non-canonical translation events
downstream, which has been observed in gentamicin treated cells
leading to the development of immunologically relevant self-
peptides.

A breakthrough in understanding the contribution of non-
canonical translation products or DRiPs to autoimmunity comes
from recent studies in Type I diabetes (T1D) (Kracht et al., 2017).
In their elegant study, Kracht and colleagues report a novel DRiP
encoded by Insulin mRNA (INS-DRiP) in the non-canonical +2
open reading frame initiating at an AUG start codon. The cryptic
epitope encoded by INS-DRiPs efficiently entered the antigen
presentation pathway and was surprisingly loaded on both HLA
I and II molecules. Such a response would generate both CD8+

T-cell cytotoxic responses and autoantibodies through CD4+

helper T-cells.

CAN VIRUSES INDUCE AUTOIMMUNITY
THROUGH NON-CANONICAL PEPTIDES
AND DEFECTIVE RIBOSOMAL
PRODUCTS?—A THEORY

Viruses have shown to contribute to the pathophysiology
of several autoimmune disorders through a broad range of
mechanisms (Smatti et al., 2019). They can encode for cross-
reactive structural or molecular “mimics” of several autoantigens
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FIGURE 2 | Assessing the role of non-canonical viral ORFs in virus-induced autoimmunity. To support our presented hypothesis, a proteogenomic approach should
be adopted to identify novel ORFs combining RNA-seq and ribosome profiling methods for the displayed conditions (1). The novel database would then be utilized to
identify novel antigenic epitopes presented by MHC-I complexes through solubilization of peptides stably bound to MHC-I, which would significantly improve the
determination of highly unstable non-canonical ORFs of lengths <100 aa, which would otherwise be challenging to detect using conventional proteomics. The
identified peptides should then be utilized for uptake by antigen presenting cells in vitro to assess self-reactivity of T-cells isolated from patients with and without
autoimmune diseases and with a history of chronic viral infection for the virus under study (2). This methodology would help determine both the proportion and
immunological repertoire of non-canonical peptides playing a role in virus-induced autoimmunity. By deciphering their expression under various conditions and cell
lines (1), one could determine both the non-canonical nature and expression of ORFs and if indeed their absence or weak expression could explain an escape in
immunological self-tolerance for the specific peptide and its source protein. sORF, short ORF; uORF, upstream ORF; APCs, antigen presenting cells (Created using
biorender.com).

that can activate self-specific T-cells and autoantibodies—a
concept defined as molecular mimicry. On the other hand, certain
viruses induce autoimmunity through bystander activation
of T-cells and antigen presenting cells (APCs) as well as
epitope spreading. These mechanisms rely on the exposure
of self-peptides to autoreactive T-cells through destruction
of host cells stimulated by APCs and a pro-inflammatory
microenvironment. Several viruses including IAV, Coxsackie
viruses and herpesviruses including HCMV, EBV, HSV-1,
and HHV-6A mediate self-reactivity through these processes
(Smatti et al., 2019). While the mechanisms modulate the
clinical symptoms of autoimmune disorders, they do not
provide adequate information about how self-reactive cells were
generated at the first place nor provide information about
the synthesis and processing of autoantigenic peptides. Thymic
T-cells must have escaped tolerance due to poor availability of
certain peptides which remain “hidden” or are cryptic and viral
infections may contribute in generating such peptides through
non-canonical synthesis or processing of their source proteins
(Sercarz et al., 1993; Lanzavecchia, 1995).

Indeed, evidence to define the role of cryptic peptides in
virus-induced autoimmunity emerged from studies in HIV
infections where the viral membrane protein, gp120 was able
to modulate the processing of endogenous CD4+ to generate

self-peptides (Salemi et al., 1995). Expression of gp120 led to
an increase in CD4+ endocytic processing, generating novel
epitopes which in turn generated anti-CD4 autoantibodies.
Synthesis and presentation of less immunodominant and
normally absent epitopes was also observed in the case of
Theiler’s virus mediated MS (Miller et al., 1997). Differences in
the processing and magnitude of antigen presentation between
non-canonical and canonical peptides must play a crucial role.
In the case of HSV-1-induced HSK, peptides originating from
the viral protein, UL6 appeared to be cross-reactive when
exposed to corneal T-cell clones in murine models (Zhao et al.,
1998; Smatti et al., 2019). However, HSK studies in patients
did not result in the isolation of T cells cross-reactive with
UL6 indicating other mechanisms at play, which may involve
self-antigens expressed at sufficiently high levels to trigger
autoimmune T-cells (Verjans et al., 2000). Similarly, for EBV,
anti-Ro antibodies found in SLE patients were cross-reactive
with the EBV EBNA-1 protein (Poole et al., 2006). Synthetic
peptides derived from Ro generated a broad range of antibodies
against several epitopes including autoantibodies in mice, while
immunization with intact Ro protein only produced antibodies
against the immunizing peptide indicating differences in peptide
processing during viral infections. While epitope spreading
and mimicry explain the development of autoimmunity in
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viral infections, mechanistic differences in the generation of
autoantigens must be addressed.

The most profound example for virus induced autoimmunity
in the context of non-canonical translation comes from studies
in IAV infection, where generation of viral DRiPs resulting
from non-canonical translation through an ARF also results
in the generation of a cellular ARF DRiP product (Zanker
et al., 2019). The study described for the first time that
viruses can induce cellular DRiPs, which has implications
in understanding virus-induced autoimmunity. The authors
conclude by stating that viruses might trigger autoimmunity by
simply generating DRiPs. This might explain the preferential
presentation of autoantigens under infection which generally
remain hidden from developing T-cells. Perhaps a large
amount of DRiPs derived peptides originate from non-
canonical ORFs and remain invisible to the immune system
under normal conditions that do not permit expression of
such ORFs. Ribosome profiling conducted in human Beta
cells in both normal and type 1 diabetes (T1D) conditions
(Thomaidou et al., 2021) have revealed a novel set of
non-canonical polypeptides which might unveil neo-antigens
in T1D. Future studies to understand the role of novel
ORFs in autoimmunity might explain several non-canonical
autoantigens. Indeed, viruses encode many non-canonical ORFs
that may play a role in better understanding virus-induced
autoimmunity (Stern-Ginossar et al., 2012; Arias et al., 2014;
Whisnant et al., 2020).

A PERSPECTIVE ON SARS-CoV2
INDUCED AUTOIMMUNITY—CAN
CRYPTIC PEPTIDES PLAY A ROLE?

Recent evidence has indicated that severe acute respiratory
syndrome coronavirus 2 (SARS-CoV2) affects the outcome of
autoimmune disorders. The virus responsible for the COVID-
19 pandemic has been associated with the development of
pediatric inflammatory multisystemic syndrome (PIMS) or
Kawasaki-like disease in children as well as Guillain-Barre
syndrome (GBS) and Miller Fisher syndrome (MFS) (Dotan
et al., 2021). Clinical studies establishing an association between
SLE and SARS-CoV2 disease firmly establish a link between the
two (Gracia-Ramos and Saavedra-Salinas, 2021; Sjöwall et al.,
2021; Zamani et al., 2021). As observed in other viruses, the
mechanisms triggering autoimmunity must be similar for SARS-
CoV2. In silico studies have predicted 23 peptides shared by
the virus and the human proteome present in the canonical
ORFs of SARS-CoV2 (Karami Fath et al., 2021), of which three
were experimentally confirmed to bind to HLA. However, the
significance of these peptides to function as cross-reactive mimics
is yet to be confirmed.

SARS-CoV2 utilizes ACE-2 receptors for virus entry (Jackson
et al., 2021). ACE-2 is highly expressed in patients with
COVID-19. A theory proposing the role of soluble ACE-2 in
autoimmunity posits that ACE-2 molecules circulating in plasma
would be endocytosed by APCs to produce novel antigens
that can trigger autoantibodies (McMillan et al., 2021). The

synthesis of such novel peptides can occur due to alternative
processing of soluble ACE-2 in the endo-lysosomal compartment
or the engulfment of non-canonical ACE-2 polypeptides. At the
translational level, peptides might be generated from cellular
proteins by non-canonical translation. Certainly, autoantibodies
against cellular proteins including anti-Ro have been observed
in patients affected by COVID-19 (Fujii et al., 2020). Differences
in the variety of non-canonical epitopes arising from Ro protein
and transfected Ro nucleotide sequence is a clear example
of non-canonical translational regulation (Poole et al., 2006).
The induction of several cytokines like IL-6 and a strong
pro-inflammatory response is a classical feature of COVID-
19 which may promote cryptic translation due to stress-
mediated alteration of the translational machinery (Chen et al.,
2020). While the contribution of non-canonical translation
in SARS-CoV2 induced autoimmunity remains speculative,
ribosome profiling has revealed cryptic products encoded by
SARS-CoV2 (Finkel et al., 2021), expanding our view of the
viruses’ coding capacity. Since epitopes are predicted using
a proteomic database to screen for antigenic peptides, non-
canonical proteins, particularly unstable and difficult to detect
via proteomics, are neglected without knowledge of their ORF
sequence. ORF prediction through ribosome profiling coupled
with MHC-I peptidomics will hence improve epitope detection
and validation for various diseases (Erhard et al., 2018) to
better understand the role of non-canonical gene products in
autoimmunity (Figure 2). Indeed, some of the cryptic products
encoded by SARS-CoV2 were confirmed through proteomics
(Schmidt et al., 2021).

DISCUSSION

We provide a perspective on how non-canonical translation and
generation of cryptic epitopes can improve our understanding
of autoimmune disorders in the context of viral infections.
The theory discussed would help explain how T cells escape
self-tolerance and how cryptic antigens might trigger them.
Non-canonical expression of cryptic peptides due to infection
and cellular stress will explain why they remain hidden from
T cells under normal conditions. Although direct evidence for
the contribution of non-canonical translation remains elusive,
ribosome profiling data coupled with mass spectrometry has
highlighted the breadth of cryptic gene products in mammalian
and viral genomes, laying the foundation for their functional
characterization in the context of immunosurveillance.
Autoantigen-ome studies in A549 lung cells (Wang et al.,
2021) have revealed abnormal levels of around 291 altered
autoantigens in SARS-CoV2 infection, out of which only
191 autoantigens are known to promote self-reactivity. These
autoantigens could explain post infection sequelae persistent
after acute COVD-19 disease in several patients, termed as
“Long COVID”- whose symptoms and abnormalities share
close resemblance to myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CFS) which is often associated
with viral infections (Mackay, 2021). The fact that
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more than a third of the autoantigens remain unidentified in the
context of autoimmunity, raise the possibility of cryptic peptides
playing a role in “Long COVID” disease. Perhaps modulation of
the cellular proteome by SARS-CoV2 infection would govern the
atlas of putative self-peptides involved in autoimmunity.
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