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Infectious diseases are commonly implicated as potential initiators of autoimmune diseases (ADs) and represent
the most commonly known factor in the development of autoimmunity in susceptible individuals. Epidemio-
logical data and animal studies on multiple ADs suggest that molecular mimicry is one of the likely mechanisms
for the loss of peripheral tolerance and the development of clinical disease. Besides molecular mimicry, other
mechanisms such as defects in central tolerance, nonspecific bystander activation, epitope-determinant

Vaccines
COVID-19 spreading, and/or constant antigenic stimuli, may also contribute for breach of tolerance and to the develop-
SARS-CoV-2 ment of ADs. Linear peptide homology is not the only mechanism by which molecular mimicry is established.

Peptide modeling (i.e., 3D structure), molecular docking analyses, and affinity estimation for HLAs are emerging
as critical strategies when studying the links of molecular mimicry in the development of autoimmunity. In the
current pandemic, several reports have confirmed an influence of SARS-CoV-2 on subsequent autoimmunity.
Bioinformatic and experimental evidence support the potential role of molecular mimicry. Peptide dimensional
analysis requires more research and will be increasingly important for designing and distributing vaccines and
better understanding the role of environmental factors related to autoimmunity.

mimicry but also by bystander activation, epitope-determinant
spreading, and/or hapten carrier [10-12].

Despite substantial research on the homology of several microbial
peptides/proteins and human tissue peptides/proteins, the intricacies of

1. Introduction

Autoimmune diseases (ADs) are a chronic and clinically heteroge-
neous group of diseases that affect approximately one in ten individuals
[1], with a steadily increasing incidence throughout westernized soci-
eties [2]. Although clinically diverse, autoimmune disorders share
common immunopathogenic mechanisms and risk factors, a phenome-
non coined as autoimmune tautology (i.e., ADs are similar to each other)
[3]. Molecular mimicry, defined as similarities between foreign and
self-peptides that favor activation of autoreactive T or B cells in sus-
ceptible individuals [4], is often considered a primary mechanism for
autoimmunity development following environmental exposure.

The first description in the late 60s of molecular mimicry was by
Zabriskie and Freimer [5], and it has been widely discussed as a
mechanism for the loss of peripheral tolerance [4,6-9]. Natural infection
is commonly considered the leading pathway for this phenomenon.
Other environmental factors, such as chemicals, drugs, and vaccines,
also have the potential to lead to autoimmunity not only via molecular

Abbreviations: APC, Antigen presenting cell.

how microbial proteins are involved in the etiology of ADs remain un-
known. Host factors (e.g., defects in central or peripheral tolerance,
human leukocyte antigens [HLA], and non-HLA polymorphisms)
[13-20], T-cell receptors (TCRs) with diverse heterodimers or homo-
dimers of a and P chains configuration [21], microbiome [22], and
immunosenescence [23], also play a critical role in ADs susceptibility
when molecular mimicry is present in genetically susceptible
individuals.

Four types of molecular mimicry have been previously proposed
[24-29]; 1) Type 1: “complete identity at the protein level between a
microorganism and its host” (e.g., A human protein hijacked by the virus,
and later presented as antigen by antigen presenting cells); 2) Type 2:
“homology at the protein level between a microorganism and its host, of a
protein encoded by the microorganism”; 3) Type 3: “common or similar
native or glycosylated amino acid sequences or epitopes shared between the
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List of abbreviations

ABCs Age-associated B cells

ACE2 Angiotensin-converting enzyme 2
ADs Autoimmune diseases

ANAs Antinuclear antibodies

BAFF B cell-activating factor

BCR B cell receptor

C Constant

CMV Cytomegalovirus

COMPASS-31 Composite Autonomic Symptom Score 31
COVID-19 Coronavirus disease 2019

DN2 Double negative

Dsg Desmoglein

EAE Experimental autoimmune encephalomyelitis
EAU Experimental autoimmune uveitis

EBV Epstein-Barr virus

EFB Extrafollicular B cells

ES Epitope spreading

FS Fogo Selvagem

GBS Guillain-Barré syndrome

GM-CSF Granulocyte-macrophage colony-stimulating factor
HBV Hepatitis B virus
HCRTR2 Hypocretin Receptor 2

HDM House dust mites

HLA Human leukocyte antigen
HPV Human papillomavirus
HSV-1  Herpes simplex virus-1

IFN Interferon

IL Interleukin

ITP Immune thrombocytopenia
J Joining

KD Kawasaki disease

MBP Myelin basic protein

ME/CFS Myalgic encephalomyelitis/chronic fatigue syndrome
MERS-CoV Middle East respiratory syndrome coronavirus
MHC Major histocompatibility complex

MIP-1la  Macrophage inflammatory protein-la

MIS-C  Multisystem inflammatory syndrome in children

MS Multiple sclerosis

NETs Neutrophil extracellular traps
NF-xB  Nuclear factor-xB

NS Non-structural protein

PCS Post-COVID syndrome

PF Pemphigus foliaceus

PolyA  Polyautoimmunity

PR3 Proteinase 3

PRR Pattern recognition receptor
RA Rheumatoid arthritis

RBD Receptor binding protein

RF Rheumatoid factor

S Protein spike

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SLE Systemic lupus erythematosus
SS Sjogren’s syndrome

SSc Systemic sclerosis

ssSRNA  Single-stranded RNA

T1D Type 1 diabetes

TCR T cell receptor

Tg Thyroglobulin

TMEV  Theiler’s murine encephalomyelitis virus
TPO Thyroid peroxidase

\ Variable

p2GP1  p2-Glycoprotein 1

microorganisms or environmental agents and its host”; and 4) Type 4:
“structural similarities between the microbe or environmental agents and its
host”. In theory, any type could induce diverse inmune responses;
however, type 3 is the most commonly linked to autoimmunity (similar
but not exactly the same protein sequence). Recent analyses suggest that
structural homology (Type 4), besides linear peptide homology, is a
differential factor for the emergence of autoreactivity, especially in sit-
uations of hidden or cryptic epitopes defined in secondary, tertiary, or
quaternary protein structure [30].

There are four well-defined criteria for considering molecular mim-
icry as a mechanism for autoimmunity [25,31]: 1) “evidence of similarity
between a host epitope and an epitope of a microorganism or environmental
agent”; 2) “detection of antibodies or T-cells that cross-react with both epi-
topes in patients with ADs”; 3) “epidemiological link between exposure to the
environmental agent or microbe and development of ADs”; and 4) “the
reproducibility of autoimmunity in an animal model following sensitization
with the appropriate epitopes either following infection with the microbe or
exposure to the environmental agent.” However, most pathogens associ-
ated with autoimmunity do not fulfill these criteria and could be
considered an epiphenomenon (as previously described) [4]. Thus, it
raises the question of whether the current approaches to studying
autoimmunity associated with molecular mimicry are enough to un-
cover the intricate pathways related to this complex phenomenon, as
several diseases with different peptide homologies have been reported
(Table 1) [29,32-84]. In addition, these hypotheses are difficult to prove
in an outbred population like humans, particularly for rare
events/diseases.

The coronavirus disease 2019 (COVID-19) pandemic has emphasized
the potential role of viral infections in developing autoimmunity. New-
onset autoantibodies are commonly found in acute COVID-19 [85],

latent polyautoimmunity (PolyA) influences the outcomes in hospital-
ized patients [86], and anti-interferon (IFN) antibodies have been
implicated in mortality in male patients [87]. Interestingly, this phe-
nomenon of latent autoimmunity persists in patients with post-COVID
syndrome (PCS), and in about 12% of patients the incidence of latent
autoimmunity increases over time [88]. Intriguingly, many reports have
shown the appearance of overt ADs during PCS, including organ-specific
and systemic conditions [88,89], indicating that autoimmunity after
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
common [90].

In rare cases, several autoimmune and inflammatory diseases have
been reported following vaccination against SARS-CoV-2 [90]. There
have also been reports of flare-ups of ADs after vaccination [90]. These
data indicate that susceptible individuals with or without prior evidence
of autoimmunity can develop overt ADs associated with natural in-
fections or vaccination. Herein, we present an updated review of the new
evidence on molecular mimicry and autoimmunity, the new approaches
to studying this mechanism, and its likely role in ADs following
vaccination.

2. Antigenic mimicry, mimotopes, and autoreactivity

Peptide binding by major histocompatibility complex (MHC) mole-
cules presented to T cells is based on the sequence of 8-10 amino acids
presented by MHC class I, and 14-18 amino acids presented by MHC
class IT to CD8" and CD4 ™ T cells, respectively. TCRs have specificity for
the specific MHC-bound peptide, a phenomenon known as MHC re-
striction [91-93]. The process of TCR production requires recombina-
tion of the variable (V), joining (J), and the constant (C) regions that
produce the diversity of T-cell responses [94]. VJC genes coding the
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Table 1 Table 1 (continued)
Infections, autoimmune diseases, and molecular mimicry. Infectious agent Autoimmune Structural homology References
Infectious agent Autoimmune Structural homology References disease
disease Enteroviruses T1DM Homology between the [49]
Viruses viral protein 1
Adenovirus AIH Mimicry between viral [32] (PALTAVETGA/HT) of
proteins and the CYP2D6. enterovirus and the p-cell
CMV AIH Molecular similarities [33] antigen tyrosine
between the CYP2D6 and phosphatase IA-2.
viral proteins. HBV AU Molecular mimicry [50]

AITD Homology between viral [34] between HBV structures
and TPO structure. and self-antigens (retina 5-

GBS MOESIN, a cytoskeletal [29] Ag).
protein, and the GBS Cross-reaction between [29]
gangliosides GM2, GalNAc- HBV polymerase and MBP.

GDla, and GD2 exhibit MS Cross-reaction between [50]
molecular similarity with HBV-DNA polymerase and
CMV structures. MBP.

PBC Mimicry between the [35] SS Sequence similarities to [51]
human PDC-E2 and the SSB/La decapeptides with
microbial PDC-E2 and HBV.
induction of PDC-E2- HCV AIH Mimicry between the [52]
specific AMAs. CYP2D6 and viral proteins.

SLE Molecular mimicry [36] AITD Homologous epitopes of [34,53]
between the virus’s pp65 the HCV with anti-LKM-1
and TAF9 and between the Ab, TPO, Tg, NIS, TSHR
virus’s non-structural and pendrin.
intranuclear protein UL44 cv Molecular mimicry [54]
and the SLE nuclear between HCV antigens and
antigens dsDNA, ku70, and liver-derived human
nucleolin. autoantigens (PAFAH1B3).

SSc Mimicry between the CMV [37,38] HBRV PBC Homologous epitopes of [35]
UL94 protein and human the microbial PDC-E2 and
immunodominant peptide the human PDC-E2 and
(i.e., GGIGGAGIWLVV). therefore, induction of
Topoisomerase I amino PDC-E2-specific AMAs.
acids 121-126 share HEV GBS Cross-react between HEV [29]
homology with the CMV structures and GM1 and
late protein UL70. GM2.

T1DM Mimicry of the human [39] HIV SLE The polyclonal [36]
CMV major DNA-binding proliferation of B cells is
protein with the glutamic associated with hyper-
acid decarboxylase 65. gamma globulinemia and

EBV AITD To produce TRAbs and [40,41] the development of
send co-stimulatory signals neutralizing antibodies
to autoreactive T cells, against Env epitopes
EBV-produced LMP-1 (CH98) that cross-react
enables EBV-infected with ds-DNA.
autoreactive B cells. HHV-6 MS Homology between U24 [55]

MS The similarity between the [42,43, peptide of the virus and
MBP and the EBNA1. 84] MBP.

Homology between the HPV SLE Cross-reaction between [56]
DRB1*15:01-restricted complement proteins, viral

MBP and the DRB5*01:01- proteins, NK receptors, La
restricted EBV peptide. autoantigen, methyl-

PBC Specifically, PDC-E2 [35] CpGbinding protein 2,
mimicry between humans proteins PO and P1, Sm
and microbes and the protein B/B0, and Sm
induction of PDC-E2- protein D.
specific AMAs. HSV-1 GBS Sequence similarities [29]

SS Homology between viral [44] between HSV-1 structures
EBER1 and EBER2 proteins and GQ1b ganglioside,
and La antigen, as well as altered ganglioside-related
between viral EBVNA2 gene expression.
protein and Ro60 antigen. AIH Mimicry between the [57]

SLE Cross-reaction between [45-48] CYP2D6 and viral proteins.
PPPGRRP of EBVNA-1 that MG The HuAChR o-subunit [58]
cross-reacted with 160-167 peptide in MG
PPPGMRPP of Sm, amino patients shared a
acids 35-58 of EBVNA-1 homologous domain with
that cross-reacted with herpes simplex virus
amino acids 95-119 of Sm, glycoprotein D residues
and amino acids 58-72 of 286-293.

EBVNA-1 that cross- HSV-2 GBS Enhancing ganglioside- [29]

reacted with amino acids
169-180 of Ro.

related gene expression
(p3-galactosyltransferase-
1V, a2,8-sialyltransferase-

D.

(continued on next page)



M. Rojas et al.

Table 1 (continued)

Table 1 (continued)

Journal of Autoimmunity 139 (2023) 103070

Infectious agent Autoimmune Structural homology References Infectious agent Autoimmune Structural homology References
disease disease
HTLV-1 SLE Homology between HRES- [36] between the bacterial
1/p28 protein and HTLV-1 lipooligosaccharide and
gag p24 protein. human GM1 ganglioside.
Molecular mimicry E. coli PBC Mimicry between the [65,66]
between antiviral HRES-1/ human PDC-E2 and the
p28 antibodies and 70 K E. coli PDC-E2.
U1snRNP SLE autoantigen. RA Heat shock protein (i.e., [67]
PVB19 AIH The similarity between [59] Dnal) contains a QKRAA
VP2 of the virus and motif present in the HLA-
ssDNA. DRB1 shared epitope.
APS Cross-reactivity between [59] P. gingivalis RA The P. gingivalis enolase [68]
VP2 of the virus and and the human a-enolase at
cardiolipin. the 17-amino acid
ITP Cross-reactivity between [59] immunodominant regions
NS1 of the virus and are similar.
platelet membrane GPIIb/ P. gingivalis may activate
JIIEN the citrullination of
MS Structural similarities [59] proteins through the
between the virus and bacterial peptidylarginine
MBP. deiminase.
Myositis Molecular mimicry [59] P. mirabilis RA Cross-reactivity between [69]
between viral VP2 and the hemolysin, urease C,
ssDNA. urease F enzymes, and the
RA Molecular mimicry [59] human proteome.
between viral VP2 and Y. enterocolitica AITD Mimicry between the TSH- [34,70,
collagen II and ssDNA. R (residues 22-272, 71]
SLE Homology between viral [59,60] 186-330, 319-363, and
VP2 and ssDNA, keratin 684-749) and the envelope
and cardiolipin. proteins of Y. enterocolitica
VP-1 might play a role in (YopM, Ysp,
viral entry into the cell and exopolygalacturonase, and
expanding phospholipids SpyA).
epitopes that will Y. pseudotuberculosis ~ AITD Cross-reactivity between [72]
ultimately lead to aPL OmpF porin from
antibodies. Y. pseudotuberculosis and
Rotavirus AU Shares amino acid [61] TSH-R.
homologies between viral Parasites
VP4 protein and retinal S- Leishmania sp. SLE Molecular mimicry [73]
antigen peptide. between Glucose-6-
Coeliac Molecular mimicry [61] phosphate isomerase,
disease between viral VP7 and Histone deacetylase 3,
human Transglutaminase. Triosephosphate
Pemphigus Sequence homology [61] isomerase, Small nuclear
vulgaris between viral VP6 and ribonucleoprotein G and
human Desmoglein-3. Small ribonucleoprotein
T1DM Potentially cross-reactivity [61] associated proteins B and
between viral VP7 and autoantigen present in SLE.
pancreatic islet Trypanosoma sp. SLE The similarity between [74]
autoantigens (IA-2 and more than thirty-six
GADG65). parasite antigens and
TTV SLE Molecular mimicry [36] autoantigens involved in
between TTV peptide SLE. The majority of
ORF2a and HRES-1/p28, proteins belonged to the
which acts as a nuclear ribonucleoprotein family.
autoantigen and with EBV Vaccines
antigens (EBV-LF3 and Influenza Homology between the [75,76]
EBVNA-3Q). vaccine surface-exposed influenza
ZIKV GBS Sequence homology [62] nucleoprotein A and the
between ZIKV structures extracellular domain of
GA1, GM2, GD1a, and hypocretin 2 receptor in
GB1b gangliosides. narcolepsy.
Bacteria Suspected homology
B. burgdorferi AITD The similarity between [34] between influenza proteins
residues 112-205, and peripheral nerve
127-150, 141-260, structures in GBS
299-383, and 620-697 of (unknown exactly
TSHR, and the flagellar homology).
motor rotation protein A, HPV vaccine Peptide homology between  [77,78]
outer surface protein A, HPV with lupus Ku
and DNA recombinase/ autoantigen proteins (i.e.,
ATP dependent helicase of p86, p70), lupus brain
B. burgdorferi. antigen 1 homolog, natural
C. jejuni GBS Carbohydrate mimicry [63,64] killer cell IgG-like

(Galp1-3GalNAcp1-4
(NeuAca2-3)Galpl-)

receptors, complement and
complement receptor

(continued on next page)



M. Rojas et al.

Table 1 (continued)

Autoimmune References

disease

Infectious agent Structural homology

CD19 in SLE.

Thirty-four pentamers
from the viral capsid
protein are shared with
human proteins that are
associated with
cardiovascular diseases (i.
e., the PSEA sequence of
the HPV16 shares
homology with the human
Q99959 protein). Likely
associated with POTS.

The HBV polymerase could
act as an autoantigen and
induce autoimmune
demyelination in multiple
sclerosis.

HBV vaccine [79-81]

HBV vaccination can
induce anti-p2GPI
antibodies as a result of
B2GPI binding to
recombinant hepatitis B
surface antigen (rHBsAg).
Furthermore, rHBsAg
targets the fifth domain on
the phospholipid binding
site of p2GPIL.
Others
Sand fly Brazilian
pemphigus
foliaceus

Cross-reactivity between [82]
LMJ11 (a sand fly saliva

protein) and desmoglein 1

and anti-desmoglein 1

monoclonal antibodies.
Cross-reactivity between [83]
proteinase 3 (PR3)

expressed on the

neutrophil surface that will
ultimately lead to tissue

damage in small vessels

House dust mites Vasculitis

AIH: autoimmune hepatitis: AITD: autoimmune thyroid disease; AMA: anti-
mitochondrial antibodies; APS: antiphospholipid syndrome; aPL: anti-
phospholipid; AU: autoimmune uveitis; B. burgdorgeri: Borrelia burgdorferi; CMV:
cytomegalovirus; CV: cryoglobulinemia vasculitis; C. jejuni: Campylobacter jejuni;
EBER: EBV-encoded small RNA; EBV: Epstein- Barr virus; EBVNA: EBV nuclear
antigen; EBNA1: EBV nuclear antigen 1; E. coli: Escherichia coli; GAD65: glutamic
acid decarboxylase 65; GBS: Guillain-Barré syndrome; Gp: glycoprotein; HAM/
TSP: HTLV-1 associated myelopathy/tropical spastic paraparesis; HBRV: human
Betaretrovirus; HBV: hepatitis B virus; HCV: hepatitis C virus; HERV: human
endogenous retroviruses; HEV: hepatitis E virus: HHV-6A: human herpesvirus
6A; HPV: human papilloma virus; HRES-1: HTLV-1-related endogenous
sequence; HSP: heat shock proteins; HSV: herpes simplex virus; HTLV: human T-
cell lymphotropic virus; HIV: human immunodeficiency virus; IL, interleukin;
ITP, immune thrombocytopenia; LKM-1 Ab: liver/kidney Microsomal Antibody
type 1; LMP: latent membrane protein; MBP: myelin basic protein; MG: myas-
thenia gravis; MOESIN: membrane-organising extension spike protein; NAG:
neuroblastoma-amplified gene; NIS: Sodium Iodide Symporter; NS: non-struc-
tural protein; ORF: open reading frame; PBC: primary biliary cholangitis; PDC:
pyruvate dehydrogenase; pp65: phosphoprotein 65; P. gingivalis: Porphyromonas
gingivalis; P. mirabilis: Proteus mirabilis; POTS: Postural orthostatic tachycardia
syndrome; RA: rheumatoid arthritis; SLE: systemic lupus erythematosus; SS:
sjogren’s syndrome; SSc: systemic sclerosis; TIDM: type 1 diabetes mellitus; Tg:
thyroglobulin; TAF9: TATA-box binding protein associated factor 9; TPO: thy-
roid peroxidase; TSHR: thyroid stimulating hormone receptor; TTV: torque teno
virus; VZV: varicella zoster virus; Y. enterocolitica: Yersinia enterocolitica;
Y. pseudotuberculosis: Yersinia pseudotuberculosis; ZIKV: zika virus. COVID-19
vaccines may also induce autoimmunity (see text).

TCRs can produce up to 10! TCR clonotypes [95]. In addition, the TCR
may only recognize a specific region of a presented peptide (not all the
amino acids are scanned - discontinuous epitopes), altering T cell
recognition and activation [96,97]. Thus, the TCR can recognize

Journal of Autoimmunity 139 (2023) 103070

multiple epitopes (self and non-self), a phenomenon known as “poly-
specificity” [98,99]. This also applies to antibodies, in which despite
affinity maturation, it has been illustrated that mature antibodies tend to
exhibit promiscuity (i.e., polyspecificity), despite the acquisition of a
relatively rigid binding pocket [100-102].

Presumably, any given T cell receptor must react to many different
epitopes to react with all or most antigens from environmental patho-
gens [98]. Mimotopes, which are macromolecules with a similar struc-
ture to antigen epitopes, can lead to antigenic mimicry, where similar
antigens activate immune receptors causing the immune system to
target both the primary antigen and the similar antigen [99]. However,
why are only some individuals susceptible to ADs? According to Cusick
et al. [103], three pathways of autoreactivity by molecular mimicry can
occur: 1) “TCR, given the polyspecificity of this receptor, could recognize the
microbe and self-antigens,” 2) “some T cells exhibit the presence of double
TCRs on their surface. One TCR distinguishes the viral/bacteria peptides, and
the other is reactive to self-peptides”, and 3) “the TCR is a chimera having
two f chains and one a chain, or two a chains and one f chain, which, in
different mixtures, may result in recognition of self-antigens or foreign pep-
tides inducing the development of autoimmunity” (Fig. 1) [4,104].

In humans, about 30% of T-cells have two functional TCR « chains,
while in mice up to 15% of T-cells express more than one TCR o chain
[105,106]. Additionally, 1% of T-cells in humans and mice express more
than one TCR p chain [107,108]. Although the processes behind the
existence of dual TCRs is not fully understood, defects in allelic exclu-
sion in some T cells can confer them a survival advantage by enabling
them to recognize a wider range of antigens, but it can also lead to
autoimmunity [109,110]. In this context, the first evidence of the po-
tential of double receptors in the development of autoimmunity
following infection was provided by Libbey et al. [111], who demon-
strated that a dual TCR was present on the surface of T-cells following
infection by Theiler’s murine encephalomyelitis virus (TMEV) in SJL/J
mice which developed experimental autoimmune encephalomyelitis
(EAE).

Homologous peptide structures (3D peptide conformation) rather
than similar amino acid sequences are also implicated in T cell activa-
tion [112]. It was confirmed in experimental autoimmune uveitis (EAU)
and EAE models that peptides with less than 50% similarity could induce
T cell activation [113,114]. However, truncated peptides did not induce
T-cell proliferation and could block the MHC II binding groove [115].
This data suggested that the peptide 3D structure and its fit into the
binding groove of MHC and TCR are also critical for analyzing
mimotopes.

The role of 3D structure in TCR recognition may be similar to anti-
bodies, which recognize conformational and discontinuous epitopes
rather than linear peptides (Fig. 1) [116]. Peng et al. [82] reported that
anti-desmoglein (Dsg) antibodies in pemphigus foliaceus (PF) did not
recognize linearized peptides in Dsgl [117]. Interestingly, antigenic
mimicry for Dsgl was related to an antigen within the LMJ11 protein (a
sand fly salivary gland antigen) [82]. The link between LMJ11 and
endemic PF, also known as Fogo Selvagem (FS), has been identified in
affected areas. The precise mechanisms by which this sand fly protein
may enter the immune system and elicit antigenic responses remain
unclear. Nevertheless, this model has yielded compelling evidence for its
involvement in autoimmune processes [82].

In this model (i.e., FS), molecular mimicry resulted in intermolecular
epitope spreading (ES), resulting in an initial autoimmune response
against a cross-reactive epitope on Dsgl. Following ES in Dsgl, PF pa-
tients develop pathogenic anti-Dsgl antibodies directed against the EC1
or EC2 domains, whereas autoantibodies arising from ES directed
against the epitopes on the EC3, EC4, and EC5 domains of Dsg1 were not
pathogenic [82]. This confirms that the initial humoral response might
not be pathogenic despite the evidence of molecular mimicry, but it also
implies that ES propagates humoral response in this condition (Fig. 1).

Antibody promiscuity refers to the ability of an antibody to bind to
multiple different antigens or epitopes, rather than being specific to just
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Fig. 1. Proposed mechanism for evasion of central and peripheral tolerance, and development of autoimmunity secondary to molecular mimicry (Taken and adapted
from Refs. [4,104]). T-cells derived from the bone marrow may have a single or double TCR with various chain arrangements. This situation might help avoid central
tolerance, which ultimately might help T-cells triggered by foreign or self-antigens presented by APCs to become activated. T-cell activation in this process may boost
the formation of autoantibodies, or vice versa, since B-cells may present antigens to autoreactive T-cells, which may increase cytokine production and directly injure
tissues through cytotoxicity. Activated B and T cells are implicated in the reactivity to self and foreign epitopes. Inter- and intramolecular epitope spreading di-
versifies the immune response and expands the production of autoantibodies against the initial antigen and other related proteins. SARS-CoV-2 harbors several
mimotopes in the S protein. Such mimotopes could induce cross-reactivity and activation of B and T cells after APC antigen presentation. However, docking and
affinity to TCR and HMC receptors may define further downstream activation of immune cells. Regarding immune receptors and antibodies, linear and non-linear
epitopes defined by 3D structure could be implicated in affinity and avidity of interactions. APC: antigen-presenting cell; BCR: B-cell receptor; DN: Doble negative;
MHC: major histocompatibility complex; S: Spike; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; TCR: T-cell receptor.

one [100-102]. This means that a single antibody can recognize and
bind to a variety of different molecules or structures. Antibody pro-
miscuity is thought to be an important factor in the ability of the im-
mune system to defend against a wide range of pathogens. By being able
to recognize many different antigens, antibodies can help the immune
system to mount a more effective response to a diverse array of threats

[100-102]. However, promiscuous antibodies can also have drawbacks.
For example, if an antibody is too promiscuous, it may not be able to
distinguish between harmful and harmless antigens, which could lead to
autoimmune reactions or other unintended consequences [100-102].
Additional research is necessary to determine whether this phenomenon
occurs in acute COVID-19 and PCS.
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3. SARS-CoV-2 and autoimmunity

New-onset autoantibodies have been found in acute COVID-19 [85].
These autoantibodies are related to multiple ADs such as systemic
sclerosis (SSc), myositis, systemic lupus erythematosus (SLE), Sjogren’s
syndrome (SS), gastrointestinal, rheumatic, thyroid, and phospholipid
autoimmunity [85,86]. In addition, analysis for other reactivities in
acute COVID-19 demonstrated that patients exhibit IgG autoantibodies
involved in the immune response, comprising effector function,
lymphocyte activation, IFN response, and leukocyte trafficking [118].
Antibodies against Hypocretin Receptor 2 (HCRTR2) are the most
relevant autoantibodies associated with the severity of disease during
acute COVID-19 [118]. This receptor is located in the hypothalamus,
and high levels of this autoantibody were correlated with lower Glasgow
coma scale scores, suggesting a pathogenic role in the arousal state in
infected patients.

In addition, latent autoimmunity (i.e., the presence of autoantibodies
without the fulfillment of validated classification criteria for ADs [119]),
including antinuclear antibodies (ANAs), thyroid peroxidase (TPO),
rheumatoid factor (RF), and p2-Glycoprotein 1 (32GP1) antibodies, in-
fluence the outcomes in hospitalized patients [86]. Autoimmunity to
type I IFNs has also been implicated in mortality, possibly contributing
to death in about 20% of COVID-19 deaths [87,120,121].
Auto-antibodies neutralizing type I IFNs predate SARS-CoV-2 infection
[87]. Positivity for such autoantibodies has been associated with
increased risk for herpes virus disease in critical COVID-19 [122]. Other
anti-cytokine antibodies for IL-1, IL-6, IL-10, IL-12p70, IL-15, IL-17A,
IL-22, 1IL-33, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and macrophage inflammatory protein-la (MIP-1a) have
also been described [118]. This is similar to other infectious disease such
ad mucocutaneous candidiasis and staphylococcal diseases which are
associated with the prescence of autoantibodies against IL-17A/F and
IL-6, respectively [123].

In addition to type I IFNs antibodies, Fonseca et al. [124] demon-
strated that patients with acute COVID-19 exhibit an age-associated
increase in autoantibody levels against 16 antigens (i.e., Amyloid p
Peptide, B Catenin, Cardiolipin, Claudin 5, Enteric Nerve, Epithelial Cell
Antigen, Fibulin, Glutamic Acid Decarboxylase, Human Epidermal
Keratin, Insulin Receptor, Islet Cell Antigen, Liver Microsomal Antigen,
Platelet Glycoprotein, Transglutaminase 3, Transglutaminase 6, and
Zonulin), and the autoantibodies targeting cardiolipin, claudin, and
platelet glycoprotein were associated with the stratification of severe
COVID-19 in elderly patients [124]. These results correlate with the
initial reports of coagulopathy associated with antiphospholipid anti-
bodies in critically ill patients with COVID-19 [86,125,126]. Other au-
toantibodies related to disease severity include those against
angiotensin-converting enzyme 2 (ACE2) [127].

As a result of SARS-CoV-2 infection in children, a multisystem in-
flammatory syndrome in children (MIS-C) has been reported. The clin-
ical manifestations of MIS-C include mucocutaneous manifestations
resembling Kawasaki disease (KD), rash, edema, lymphadenopathy, and
conjunctivitis [128,129]. Despite the clinical similarities between MIS-C
and KD, Consiglio et al. [128] noted that MIS-C exhibits unique cytokine
and lymphocyte phenotypes that differentiate both conditions. In
addition, autoantibodies against MAP2K2, CSNK1A1, CSNK2A1, and
CSNK1E1 may help to differentiate MIS-C from KD, thus suggesting that
SARS-CoV-2 induced a differential immune response with the produc-
tion of autoantibodies with diverse specificities.

3.1. Molecular mimicry and SARS-CoV-2: antigenic sin?

Immune imprinting, also known as original antigenic sin, is the im-
mune system’s inclination to rely upon existing memory cells rather
than initiate a de novo response when it encounters a novel but closely
comparable antigen [130,131]. Preexisting-immunity, i.e., that has
already developed, could boost crossreactive antibody responses to
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epitopes shared by the current and previously encountered antigens
[130,132,133]. In a recent analysis, patients with severe COVID-19
exhibited a shift in antibody response to the respiratory syncytial
virus, cytomegalovirus (CMV), and herpes simplex virus-1 (HSV-1), thus
suggesting a crossreactivity with the SARS-CoV-2 proteome [134].
Clinical trials for polio, influenza, measles-mumps-rubella, and Bacillus
Calmette-Guérin vaccinations are testing the cross-protective effects of
non-COVID-19 vaccines against SARS-CoV-2 with promising
pre-publication findings [135].

As many autoantibodies in COVID-19 and PCS have a high pre-
existing population prevalence, a question remains on defining the
epitopes/mechanism within the SARS-CoV-2 proteome that leads to
such emergence. A recent study by Jaago et al. [136] using a high
throughput random peptide phage display method found 15 highly
antigenic epitopes; ten on the S region 1 (S1) and five on S2 (Fig. 1).
Epitopes between regions S1.4 to S1.7 correspond to receptor binding
protein (RBD) which are commolnly targeted by neutralizing antibodies
during acute infection or those induced by vaccination [136].

In addition, IgG reactivity to the 15 S protein epitopes was found in
pre-pandemic and acute COVID-19 sera. This is in line with the study by
Quiros-Fernandez et al. [137], which found that multiple SARS-CoV-2
epitopes in S1 and S2 regions could induce activation of CD8" T cells
of healthy pre-pandemic donors, including naive, memory, and effector
subsets. The finding that individuals have pre-existing immunity to some
of the identified epitopes and that these epitopes can activate CD8" T
cells of healthy unexposed donors suggests that prior exposure to related
viruses or vaccination (i.e., immune printing) may contribute to the
development of autoimmunity.

Further analysis confirmed that several S1 and S2 epitopes shared
reactivity for common cold coronaviruses (e.g., SARS-CoV, 0OC43, and
HKU) and other viral antigens from CMV, HSV-1, and Epstein-Barr virus
(EBV) [136]. In addition, 63 human proteins with highly similar anti-
genic determinants to those within the 15 epitopes were identified in
naive (i.e., pre-pandemic) and COVID-19 patients. Those proteins were
related to neuronal and cardiovascular development, Parkinson’s dis-
ease, inflammatory bowel disease, synaptogenesis, chronic pulmonary
disease, cancer, and periodontitis [136]. It demonstrates the molecular
mimicry between SARS-CoV-2 and the human proteome, and evidenced
IgG crossreactivity to previously recognized pathogenic targets in
chronic conditions. Furthermore, the authors have shown that the ex-
istence of prior seroresponse to three specific epitopes of protein S
(namely, S1.6, S1.8, and S2.1) could serve as an indicator for predicting
the likelihood of exacerbated immunopathology associated with acute
or chronic COVID-19 conditions [136].

3.2. Predicted homologous peptides between human proteome and SARS-
CoV-2 and predicted binding to adaptive immune receptors

In addition to the peptide homology between the human proteome
and the SARS-CoV-2, it is important to define their binding affinity to
adaptive immune receptors (i.e., TCR, B cell receptor [BCR], or MHC). In
the study by Karami Fath et al. [30], using a bioinformatic approach, the
SARS-CoV-2 proteome was used to generate all 8- to 12-mer possible
peptides, yielding a total of 48,530 peptides. The choice of peptide
length was influenced by the need to balance sensitivity and specificity
in their analysis. Longer peptides may be more specific to a particular
antigen, but they may also miss other potential targets, while shorter
peptides may be more sensitive but less specific. The choice of 8- to
12-mers allows for a balance between sensitivity and specificity, while
also enabling the identification of potential targets for both MHC class I
and class II molecules.

From the studied peptides, 23 SARS-CoV-2 peptides exhibit exact
matches in the human proteome (18 in the ORFlab polyprotein region,
one in the non-structural protein 7a [NS7a], two in the surface glyco-
protein, and two in the envelope protein), and all the matching peptides
were from the octamer library [30]. Most of these peptides are
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ubiquitous and expressed in most tissues. However, some exhibit high
specificity for the brain, heart, skeletal muscle, liver, pancreas, placenta,
kidney, lungs, colon, peripheral blood, testis, endometrium, and hair
follicles [30].

Next, from these SARS-CoV-2 peptides, only the ESGLKTIL (binds to
HLA-B*08:01), EVLLAPLL (binds to HLA-B*51:07), NVAITRAK (binds to
HLA-A*34:02), RYPANSIV (binds to HLA-A*24:02, HLA-A*24:03, HLA-
A*24:07, HLA-C*14:02, and HLA-C*14:03), RRSFYVYA (binds to HLA-
B*27:02, HLA-B*27:03, HLA-B*27:04, and HLA-B*27:05), and
RFNVAITR (binds to HLA-A*33:03 and HLA-A*74:01) were predicted to
bind to HLA proteins. Based on previous studies, they might induce
immunogenic activity [30]. These results are similar to those from
Adiguzel et al. [138], who found, by bioinformatic analysis, that mim-
icry between SARS-CoV-2 NSP6 with the CRB1 isoform I precursor could
be associated with autoimmunity via the interaction with HLA*A02:01
and HLA*A24:02.

Both studies may have only identified binding peptides for MHC class
I molecules because of the length of the peptides they used. It is possible
that longer peptides, more representative of MHC class II binders, may
reveal additional potential targets for T cell responses. However, it is
also possible that the SARS-CoV-2 virus has a greater potential to induce
autoimmune responses through MHC class I pathways, or that the MHC
class I binders identified by the studies are the most relevant targets for T
cell responses against the virus. Additional studies would be needed to
investigate this further and to determine the extent to which the iden-
tified peptides could induce autoimmune responses (e.g., animal
models, tetramer assays, or antibody cross reactivity studies).

Interestingly, when examining the Omicron variants (i.e., 21 K and
21 L), the molecular mimicry-associated risk appeared to be associated
with HLA-A*24:02 and HLA-B*27:05 upon infection with Omicron 21 L.
In addition, other Omicron peptides were possible binders to the HLA-
B*27:05 and HLA-A*01:01 haplotypes, whereas the binding to HLA-
B*07:02 could have been lost or diminished [138]. It is important to note
that the authors of such study used bioinformatic methods to analyze the
SARS-CoV-2 proteome and predict the potential binding of viral pep-
tides to MCH molecules. This suggests that the emergence of new
SARS-CoV-2 variants could shift the risk for autoreactivity to different
HLA alleles associated with different ADs. Nevertheless, further exper-
imental, and epidemiological evidence is required to confirm these
results.

3.3. Peptide modeling, molecular docking, and affinity of homologous
peptides

In addition to predicted HLA binding, peptide modeling and mo-
lecular docking (i.e., affinity and orientation) are critical for deter-
mining truly immunogenic peptides associated with molecular mimicry.
Using HLA 3D structures and matching the corresponding binding
peptides, Karami Fath et al. [30] found four SARS-CoV-2 candidate
homologous peptide sequences for peptide modeling (i.e., ESGLKTIL,
RYPANSIV, NVAITRAK, and RRARSVAS). These peptides are binders for
HLA-B*08:01, HLA-A*024:02, HLAA*11:01, and HLA-B*27:05,
respectively.

Bioinformatic docking analysis demonstrated that all the peptides
strongly interacted with the experimentally confirmed HLA molecules.
This confirmed that besides their sequence homology to human prote-
ome, the peptides would also be able to strongly interact with their
matching HLAs. These HLAs have been previously associated with
rheumatoid arthritis (RA), rheumatic carditis, Crohn’s disease, anky-
losing spondylitis, type 1 diabetes (T1D), and multiple sclerosis (MS)
[30].

The frequency of expression of particular HLA alleles varies consid-
erably across different ethnic groups [139]. Estimating the frequency of
optimal peptide binding to different sets of HLA alleles (i.e., population
coverage analysis) helps to define the probability of immunogenic
response in different geographic regions [140,141]. In the analysis of
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population coverage for selected SARS-CoV-2 peptides, RYPANSIV
(world coverage 25.74%), NVAITRAK (world coverage 15.53%),
ESGLKTIL (world coverage 10.55%), RRSFYVYA (world coverage
7.33%), and RFNVAITR (world coverage 6.91%) were the top covered
peptides [30]. In addition, over 57% of the world’s population was
calculated to be covered by all peptides with anticipated HLA binding.
The regions with the most prominent population coverage were Oceania
(80.72%), East Asia (83.78%), and Southeast Asia (84.12%) [30].

3.4. Animal models, SARS-CoV-2, and autoimmunity

The research conducted by Shen et al. [142] involved the inoculation
of SARS-CoV-2 into K18-hACE2 mice, resulting in a significant decrease
in saliva flow rate, augmented levels of ANAs against SS-B/La, and
notable lymphocyte infiltration in both the lacrimal and salivary glands
resembling a SS-like phenotype. In the context of COVID-19 patients, the
analysis of serum samples indicated a notable elevation in ANAs,
anti-SSA/Ro52, and anti-SSB/La. Examination of minor salivary gland
biopsies obtained from convalescent COVID-19 patients revealed the
presence of focal lymphocytic infiltrates focus scores >2 [142]. This is
the first experimental evidence of an autoimmune-like phenotype
induced by SARS-CoV-2 in vivo and correlates with pathology in humans.

This study adds to the growing consensus that molecular mimicry
drives SARS-CoV-2-induced autoimmunity: 1) there is evidence of ho-
mology between the human proteome and the SARS-CoV-2.2) studies
confirm that patients with COVID-19 exhibit autoantibodies against
both epitopes in humans and the infectious agent, and crossreactivity
was noted in samples from pre-pandemic acute infected patients. 3) An
epidemiological association exists between SARS-CoV-2 and the devel-
opment of autoimmunity, including its role in mortality. 4) Inoculation
with SARS-CoV-2 into K18-hACE2 mice is associated with SS-like
phenotype. However, further studies providing evidence on additional
animal models, as well as longitudinal cohorts in humans, could provide
definitive evidence of molecular mimicry in the development of auto-
immunity by SARS-CoV-2.

3.5. Immunological mechanisms of autoimmunity in acute COVID-19

Similar to SLE, extrafollicular B cell (EFB) activation is evident in
patients with COVID-19, and this causes an expansion of the B cell
repertoire’s antibody-producing cells [143]. In critically ill COVID-19
patients, the IgD CD27  (double negative [DN2]) population of
effector B cells expands and is one of the main causes of an inappropriate
humoral response (i.e., high production of anti-SARS-CoV-2 antibodies
but worse clinical outcomes and a stronger pro-inflammatory state)
[143]. In inflammatory disorders like COVID-19 and SLE, the DN2 B
cells, which mostly evolve in the EF pathway, tend to move to inflam-
matory tissues and produce autoantibodies [143,144].

The immune response to SARS-CoV-2 is associated with TLR3 and
TLR7 RNA sensor pathways [145], and this pattern recognition receptor
(PRR) has a similar role in the pathogenesis of SLE and COVI-
D-19-associated autoimmunity through the induction of DN2 autor-
eactive or age-associated B cells (ABCs) [143,146]. TLR7 is critical for
recognizing single-stranded RNA (ssRNA) from both viral and non-viral
sources in the endosomes and induces the production of IFNs. In SLE, it
was found that theTLR7"?*! variant confers an increased risk for the
development of autoimmunity through a gain of function mutation
[147]. Given that SARS-CoV-2 has the potential to activate DN2 autor-
eactive cells, potentially via a TLR7 mechanism (analogous to SLE) [143,
146], it is probable that this may result in the generation of autoanti-
bodies with varying specificities. This could be counterintuitive to the
fact that 10% of patients with critical COVID-19 exhibit anti-IFN anti-
bodies (wich are associated with a impaired response to the virus).
However, such autoantibodies are only present in a small number of
patients; thus, the activation of DN2 cells by this stimulus is possible in
most infected patients.
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In addition, another potential source of autoantibodies includes
neutrophil extracellular traps (NETs). The inflammatory response to
gram-positive and gram-negative bacteria is mediated by NETs, an
interconnected network of granule proteins and chromatin produced by
neutrophils [148]. Notably, while NETs are known to be generated in
response to non-viral stimuli, it is worth mentioning that viral infections
can also trigger the formation of NETs albeit to a lesser degree [149].
These NETs constitute a significant source of cryptic antigens that pro-
mote the formation of antibodies, especially against nuclear antigens
(Fig. 1).

In COVID-19, NETs are recognized to play a critical role in inflam-
mation and thrombosis, and they induce the production of anti-
phospholipid antibodies [150,151], and circulating NETs correlate with
disease severity [152-155]. In this line, anti-NET antibodies likely
impair NET clearance and may potentiate SARS-CoV-2-mediated
thromboinflammation [151]. Additional hypotheses suggest that anti-
phospholipid antibodies could potentiate NETs formation, by promoting
the interaction between platelets and neutrophils with the consequent
neutrophilic activation and B cell activating factor (BAFF) production, a
release that could perpetuate and potentiate autoantibody production
by autoreactive B cells [126].

Epitope spreading is the diversification of the immune response from
the initial dominant epitope-specific immune response to subdominant
epitopes on the same protein (intramolecular ES) or other autoantigens
(intermolecular ES) (Fig. 1) [156,157]. This phenomenon has been
extensively studied in MS, T1D, and myasthenia gravis [158]. In MS,
immunization with a proteolipid protein (PLP);39 151 peptide in SJL
mice induces the development of EAE within three days. However, new
antigenic epitopes emerge during the subsequent relapses, such as
PLPj78 191, and for other proteins, such as myelin basic protein
(MBP)g4.104 [159]. This exemplified the role of mimotopes in autoim-
munity and the diversification of the immune response with pathogenic
potential. A recent bioinformatic analysis found that predicted epitopes
from SARS-CoV-2 and crossreactive with PARP14 could be a source of
intermolecular ES. This protein had the second-largest number of pro-
jected cross-reactive MHC-II ligands, the most expected cross-reactive
MHC-I, and the highest number of predicted cross-reactive conforma-
tional B-cell epitopes [160].

Overall, evidence suggests that autoimmunity induced by COVID-19
could be associated with molecular mimicry to epitopes in the S1 and S2
SARS-CoV-2 regions, the production of autoantibodies secondary to
increased NETosis, expansion, and activation of effector B cells, or
epitope spreading leading to the production of autoantibodies with
diverse specificity. In addition, the cytokine storm induced in the early
stages of the infection also promotes the activation of inflammatory
pathways that could be associated with a non-specific immune response
giving it a higher potential to induce autoimmunity over other viruses.
This evidence may explain the plethora of autoantibodies found during
acute COVID-19 and PCS, in which patients present positivity for au-
toantibodies but lack, most of the time, the fulfillment of classification
criteria for new-onset ADs. However, the evidence of thrombosis,
rheumatological manifestations, and organ compromise associated with
autoantibodies during acute COVID-19 suggest their pathogenic role in
the acute disease and highlight the possibility of the development of
overt autoimmunity during PCS and beyond.

Compared to Middle East respiratory syndrome coronavirus (MERS-
CoV) and SARS-CoV-1, SARS-CoV-2 appears to have a higher incidence
of autoimmune phenomena, but the exact reasons for this difference are
not yet fully understood. The structural similarities between some of the
SARS-CoV-2 proteins and human proteins may contribute to the devel-
opment of autoimmunity to a greater extent compared to MERS-CoV and
SARS-CoV-1. Additionally, SARS-CoV-2 may be able to evade the im-
mune system more effectively than the other two viruses, leading to a
more sustained and robust inflammatory response that could contribute
to the development of autoimmune phenomena. However, further
studies are needed to fully understand the mechanisms underlying the
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increased incidence of autoimmunity in COVID-19 compared to other
coronaviruses.

4. Post-COVID syndrome, autoinflammation, and autoimmunity

Kastner et al. coined the term “autoinflammatory” in 1999 to
describe two entities with episodes of recurring inflammation defined by
fever but no indication of infectious diseases [161]. The conditions were
familial Mediterranean fever and TNF receptor-associated periodic
syndrome [162,163]. Since then, more than 30 autoinflammatory en-
tities with various pathophysiological mechanisms have been described.
Overactivation of inflammation (mainly related to type I IFNs) and lack
of inhibition in several signaling pathways, notably nuclear factor-xB
(NF-xB), are the fundamental causes of these disorders [163,164].

The difference between ADs and those considered “auto-
inflammatory” lies in the type of immune response. T and B cells are
autoreactive against specific antigens in autoimmune conditions. In
contrast, in autoinflammatory diseases, there is no specific adaptive
autoreactivity, rather over-activation of innate immune pathways. The
predominance of the immune response is determined by the activation
of signaling pathways mainly related to the production of IL-1p and IFN-
o [161,165].

PCS’s most notable clinical manifestations include musculoskeletal,
respiratory, digestive, and neurological manifestations (e.g., depression,
myalgic encephalomyelitis/chronic fatigue syndrome — ME/CFS) [166].
One out of three patients may present with these four clinical compo-
nents. Noteworthy, PCS is not associated with the severity of acute
illness [166]. The mechanisms underlying PCS are enigmatic. Evidence
for endotheliopathy [167], viral persistence [168], endocrine dysregu-
lation [169], autoimmune response [170], and chronic inflammatory
state [171] has been provided. Nevertheless, there is evidence that PCS
occurs between two main spectrums: autoimmune and auto-
inflammatory. Patients with PCS exhibited abundant DN2 B cells, CD8*
T cells, Thl, and Th17 cytokines after 3-6 months of recovery, indi-
cating a hyperinflammatory milieu. Furthermore, patients had
decreased B cell response due to IL-6/IL-10 imbalance [172] and
elevated TNF and IL-1 [173].

Longer follow-ups (up to 11 months) suggest that this inflammatory
phenotype persisted over time. We and others observed an increase of
pro-inflammatory cytokines in PCS (i.e., IFN-a, TNF- a, G-CSF, IL17A, IL-
6, IL1-B, and IL-13) [88,174,175]. Furthermore, in terms of the cellular
immune response, significant components of cellular immunity in PCS
patients did not return to normal baseline 7-9 months after SARS-CoV-2
infection [88]. There were an increase in CD4" effector memory T cells,
CD8" effector T cells, Th9 cells, and naive B cells [88]. Similar findings
were reported by Phetsouphanh et al. [175] who assert that SARS-CoV-2
infection has long-lasting impacts on the innate and adaptive immune
systems (8 months after infection). It led to an inflammatory state
characterized by elevated levels of type I IFN (IFN- p) and type III IFN
(IFN- A1) and elevated levels of activated and exhausted immune cells.

Additionally, PCS has been linked to long-lasting changes in innate
(NK cells, LD neutrophils, and CXCR3+ monocytes) and adaptive
(helper T cells, follicular T cells, and regulatory T cells) immune re-
sponses [176]. In a longer follow-up (24 months), Schulthei$} et al. [177]
found that 60% of patients with mild COVID-19 reported PCS, and they
exhibited increased levels of IL-1f, IL-6, and TNFa, which may be
released by overactive monocytes and/or macrophages. In conclusion,
individuals with PCS have defective innate and adaptive immune re-
sponses, which suggests that the clinical symptoms of this condition are
at the crossroad of autoinflammation and autoimmunity [90].

It is important to note that SARS-CoV-2 is not unique in its ability to
produce post-viral symptomatology after acute infection. Musculoskel-
etal symptoms are a frequent manifestation following the resolution of
acute viral infections and have been reported with other viral infections
as well. Notably, hepatitis C and endemic alphaviruses, such as Ross
River, Barmah Sindbis, Chikungunya, Forest, Mayaro, and O’nyong-
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nyong viruses have been implicated in the development of chronic
arthritis. In contrast, coronaviruses (i.e., MERS-CoV and SARS-CoV-1)
typically result in arthralgia and myalgias, rather than chronic
arthritis [178].

In addition, it has been observed that post-viral syndromes typically
last for a duration of approximately six months [179]. However, in some
cases, patients continue to experience persistent symptoms beyond this
timeframe. This is particularly true in the case of PCS, which has been
documented to persist for longer than one year in some patients [166].
The persistence of sequelae following COVID-19 infection appears to
differentiate it from other viral infections, where symptoms tend to be
transitory. In some cases, the prolonged presence of symptoms associ-
ated with COVID-19 can even give rise to overt autoimmune disorders.
These observations underscore the unique nature of COVID-19 in its
ability to trigger a protracted and potentially chronic disease course and
emphasize the importance of continued research into the pathophysio-
logical mechanisms underlying this condition.

The management of PCS focus on the treatment of coexisting con-
ditions, as well as the optimization of organ-specific compromise [180,
181]. However, similar to ADs, the administration of short-term gluco-
corticoids may ameliorate and reverse PCS [182]. In the former study,
Utrero-Rico et al. [182] found that patients with PCS treated with a
4-day course of corticosteroids (prednisone, 30 mg/day) exhibited a
reversal of Thl-predominance, augmentation in naive and regulatory T
cells, and decrease of the PD-1 exhaustion marker, and it was main-
tained after 4-month follow-up. On the other hand, given the evidence of
persistent elevated levels of cytokines during PCS (e.g., TNF-a, IL-6, and
IL-1p) [88], the study of anti-cytokine therapy warrant further attention.
Such teraphies may have a significant effect on the persistent inflam-
matory state of PCS that is associated with clinical phenotypes.

4.1. Persistent latent autoimmunity following acute COVID-19

Autoantibodies persist after acute COVID-19, and latent PolyA
increased over time in PCS (i.e., new-onset autoantibodies after infec-
tion) [88]. We demonstrated that latent autoimmunity (at least one
positive autoantibody) and PolyA (more than one positive autoanti-
body) are found in 83% and 62% of PCS patients, respectively [183].
The most prevalent IgG autoantibodies (>10% for each antigen) were
those against IL-2, CD8B, and thyroglobulin (Tg), with anti-IFNs being
identified in 5-10% of individuals [183]. Moody et al. [184] confirmed
our results in patients with PCS using a similar technique in a distinct
cohort. They found that after eight months of recovery, the most prev-
alent IgG autoantibodies were against Calprotectin, CD4, p2GP1,
IFN-a2, RNP/Sm, CENP-B, U1-snRNP-68, IFN- a, PM/Scl75, Vitronectin,
Histone, IFN-1, and SmD (>10% for each antigen). Interestingly, the
positivity for Calprotectin was associated with better clinical outcomes
in PCS.

In the same line, Lingel et al. [185] demonstrated that PCS patients
exhibit persistence of latent autoantibodies for cyclic citrullinated pep-
tides and anti-tissue transglutaminase up to 4-8 months of recovery.
Antiphospholipid antibodies have also been described in patients with
PCS [186,187]. Liu et al. [188] demonstrated a correlation between
autoantibodies and the IgG immune response to SARS-CoV-2. This is
consistent with our results in which autoantibodies highly correlated
with anti-SARS-CoV-2 S1, S2, and RBD antibodies [183]. As explained
above, Jaago et al. [136] found immune imprinting to S1 and S2 epi-
topes. In this line, the findings that levels of autoantibodies correlate
with SARS-CoV-2 antibodies for S and RBD suggest that this phenome-
non also takes place during the convalescent phase of the disease, sup-
porting a persistent immune activation with repercussions on
autoimmunity.

The spectrum of PCS includes neurological manifestations such as
ME/CFS. Patients with mild to moderate acute COVID-19 who devel-
oped PCS exhibited high levels of antibodies targeting G-protein coupled
receptors, and antibodies for ADRB2, STAB1, and ADRA2A were the
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strongest classifiers for PCS outcomes [189]. These autoantibodies
correlate with the severity of symptoms and autonomic dysfunction
measured by the Composite Autonomic Symptom Score 31 (COM-
PASS-31). These results resemble our previous results on autonomic
function measured by COMPASS-31 as a classifier of the severity of PCS
[166]. In addition, it suggests the role of autoantibodies in clinical
phenotypes, likely through the production of de novo autoantibodies or
the immune imprinting to previously recognized peptides via molecular
mimicry.

Other autoantibodies have also been associated with symptom
persistence after acute COVID-19. Son et al. [190], found that patients
with PCS exhibited higher detectable ANAs three months after recovery
(43% of total reactivities), with Ul-snRNP and anti-SS-B/La antibodies
associated with fatigue and dyspnea. Other autoantibodies were also
found against ACE2, MDAS5, CD255, SS-B/La, and PM/Scl-75. Interest-
ingly, up to 30% of patients with reactivity to SmD1, PCNA, SSA/Ro60,
SS-B/La, U1-snRNP, PMScl, Ku, and DFS70 remained positive after 12
months post-recovery. In addition, there were 12% of de novo re-
activities after recovery, suggesting the formation of new-onset auto-
antibodies during this time [190].

The main drawback to confirming the relationship between SARS-
CoV-2 and autoimmunity (i.e., causality) is the lack of individual pa-
tient data before the pandemic and may hinder the evaluation of latent
autoimmunity following SARS-CoV-2 infeccion (See below section 4.2).
Su et al. [191] suggested that many autoantibodies may be present
before the onset of the disease, and such autoantibodies could be asso-
ciated with the emergence of PCS. However, the clinical implication of
such autoantibodies is unclear. Evidence indicates that latent autoim-
munity may precede the appearance of ADs several years before clinical
manifestations (i.e., overt autoimmunity), and several random factors
are required for its emergence (e.g., environmental and genetics) [192].
It highlights the critical role of longitudinal studies in PCS to confirm the
development or not of overt autoimmunity in the incoming years.

4.2. Overt autoimmunity following acute COVID-19

We have reported that 3% of patients clinically develop overt auto-
immunity after eight months of follow-up [183]. Overt autoimmunity
was characterized by SLE, Hashimoto’s thyroiditis, and polymyositis.
Additional case reports on autoimmune encephalitis [193], SLE [194,
195], giant cell arteritis [196], Graves’ disease [197], vasculitis [198,
199], transverse myelitis [200], idiopathic inflammatory myopathies
[89], SSc [201], and adult-onset Still’s disease [89] have also been re-
ported. A summary of possible autoimmunity and autoinflammation
following acute COVID-19 is found in Table 2 [194,195,197,201-243]
[244].

A retrospective cohort study including around 4 million patients in
the United States (888,463 cases and 2,926,016 controls) demonstrated
that COVID-19 patients have higher odds of developing RA, SLE,
ankylosing spondylitis, dermatopolymyositis, SSc, SS, mixed connective
tissue disease, Behcet’s disease, polymyalgia rheumatica, vasculitis,
psoriasis, inflammatory bowel disease, celiac disease, and T1D [245]. It
is tempting to speculate that patients who exhibit overt autoimmunity
already had autoantibodies before acute COVID-19 since it may take
many years for latent autoimmunity to become overt autoimmunity.
Two additional matched cohort studies (still published as preprints)
reported that SARS-CoV-2 infection is associated with an increased risk
of developing new-onset autoimmune diseases after the acute phase of
infection when compared with non-infected patients [246,247]. Thus,
SARS-CoV-2 could accelerate the onset of autoimmunity. However, at
the same time, acute COVID-19 could play a critical role in developing
new-onset autoantibodies [85] and PCS [88].

5. Vaccination, SARS-CoV-2, and autoimmunity

Individuals receiving vaccines may rarely develop ADs. However,



M. Rojas et al.

Table 2

Autoimmune diseases possibly triggered by SARS-CoV-2.
Autoimmune/Autoinflammatory Diseases References
Alopecia areata [202,203]
Ankylosing spondylitis [204]
Antiphospholipid syndrome [205-207]
Autoimmune encephalitis [208]
Autoimmune hemolytic anemia [209-211]
Autoimmune limbic encephalitis [212]
Autoimmune thyroid disease [213,214,219]
Coeliac disease [215]
Graves’ disease [197]
Guillain-Barré syndrome [216-218]
Immune thrombocytopenic purpura [220,221]
Inflammatory bowel disease [222]
Miller-Fisher syndrome [223-225]
Multiple sclerosis [226-228]
Myasthenia gravis [229]
Dermatomyositis [230]
Polyneuritis cranialis [224]
Polymyalgia rheumatica [245]
Postural orthostatic tachycardia syndrome [231,232]
Psoriatic arthritis [233]
Psoriasis [245]
Rheumatoid arthritis [234,235]

Systemic lupus erythematosus
Systemic sclerosis

[194,195,236]
[201]

Type 1 diabetes mellitus [237-239]
Vasculitis (i.e., Behcet’s and Kawasaki) [240,241]
Viral arthritis [242,243]
Reactive arthritis [244]

there is controversy about whether this is truly caused by vaccination or
simply appears after vaccination as a coincidence [248]. Nearly 30.5
million doses of the ASO3-adjuvanted A (H1N1) vaccine were distrib-
uted after a pandemic linked to the HIN1 strain [249]. This high number
of doses distributed in a short time allowed the study of several adverse
events associated with autoimmunity (e.g., narcolepsy, Guillain-Barré
syndrome-GBS). There was an approximately 3-fold increased risk for
GBS after vaccination following immunization with the HIN1 Influenza
vaccine [250]. This has been attributed to the similarity between some
influenza virus structural proteins and those found in myelin sheaths
[29].

Narcolepsy is characterized by an excessive daytime sleepiness
accompanied by impaired nocturnal sleep and hallucinations [251].
Although the pathogenesis of this disease is not clear, susceptibility with
the inheritance of the MHC class II DQB1+*06:02 gene, and the appear-
ance of narcolepsy in mice injected with antibodies of narcoleptic pa-
tients, argue for a role of autoimmunity [252,253]. There was a
significant increase in narcolepsy diagnosis after systematic vaccination
with the AS03 vaccine in a population of Beijing, China. In 2015, Ahmed
et al. [75] identified homology between the surface-exposed influenza
nucleoprotein A and the extracellular domain of human HCRTR2, which
are considered targets in the development of narcolepsy. In addition,
antibodies derived from patients vaccinated with the pandemic
Flu-vaccine demonstrated crossreactivity with these two structures.
Thus, molecular mimicry appears to be one key factor in the develop-
ment of narcolepsy secondary to the administration of the vaccine.
These are just a few examples of vaccines associated with the develop-
ment of overt ADs; other vaccines include those for hepatitis B virus
(HBV) [254-260] and human papillomaviruses (HPV) [77,78,261-264]
(Table 1).

We conducted a meta-analysis of 928 case reports on the new onset
and relapsing ADs following COVID-19 vaccination [90]. The majority
were women (53.6%), with a median age of 48. The most common event
was new-onset conditions in 81.5% of the cases. Myocarditis, immune
thrombocytopenia, and GBS were the three most prevalent illnesses
linked to new-onset events after vaccination. On the other hand, im-
mune thrombocytopenia, psoriasis, IgA nephropathy, and SLE were the
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most prevalent conditions linked to relapse episodes. Interestingly, the
first dosage was linked with new-onset events, whereas the second dose
was related to the relapsing disease, and the events were presented after
seven days of inoculation. Both new onset and relapsing ADs occur-
rences were linked to the mRNA-1273 SARS-CoV-2 vaccine, followed by
Sinovac-CoronaVac and ChAdOx1 nCoV-19 vaccine (AZD1222) [90].
Whilst it is not possible to draw epidemiological causation from indi-
vidual case reports, the findings of this meta-analysis may offer novel
insights into the potential association between vaccination and auto-
immunity. To establish a more conclusive relationship, further obser-
vational cohort studies are warranted.

As previously specified, the crossreactivity between SARS-CoV-2
proteome and other viruses could be related to vaccine efficacy but
also implicated in developing new-onset autoimmunity or boosting pre-
existing latent autoimmunity. The latter was demonstrated by Jaago
et al. [136], in which pre-existing IgG reactivity to human proteins was
associated with crossreactivity to S1 and S2 SARS-CoV-2 epitopes (See
section 3.1). It has implications for vaccine development since cross-
reactive epitopes in naive individuals should be considered in their
design [136]. These regions are essential since they contain the RBD, the
vaccine target for viral neutralization.

The BNT162b2 and mRNA-1273 vaccines have the same sequence
for S protein. Some regions in their sequences differ from the native S
SARS-CoV-2 protein to enhance the ability to induce protein production,
but most of them correspond to synonymous changes [265]. When
examining the S sequence, both vaccines contain the RRARSVAS pep-
tide, which strongly binds to the HLA-B*27:05 allele, an HLA associated
with autoimmunity, with a population coverage below 6% [30]. This
suggest that vaccines harbour peptides that could induce autoreactivity
in susceptible individuals, but the risk is low.

A neutralizing B-cell epitope of the SARS-CoV-2 surface glycoprotein
contains the RRARSVAS peptide [266]. This peptide is close to the motif
that gives the S protein its superantigenicity. The S SARS-CoV-2 T-cell
epitopes contain this peptide sequence as well. These T-cell epitopes
have been shown to bind to various HLAs, including those HLA-B*08:01
and HLA-B*07:02 linked to ADs [267]. It is also known that the
DEDDSEPV binds to several HLAs, including those linked to ADs (i.e.,
HLA-B*27:05 and HLA-C*08:01) [268]. In addition, the S1 and S2
subunits discovered by Jaago and collaborators [136] are conserved in
these vaccines (i.e., BNT162b2 and mRNA-1273), thus suggesting that
these regions could be related to the emergence of latent autoimmunity
or acceleration of overt autoimmunity onset after vaccination via mo-
lecular mimicry. This evidence is homologous to Sinovac-CoronaVac
and AZD1222 vaccines, which harbor the highest reported frequency
of overt autoimmunity following vaccination and exhibit the same S
peptide sequence [90].

Although there have been sporadic reports of ADs developing
following COVID-19 vaccination, it should be emphasized that such
occurrences are infrequent and that the benefits of vaccination sub-
stantially outweigh any risks. Nevertheless, continuous monitoring of
the vaccine’s safety and the identification of any potential side effects is
crucial. This is of particular importance, given the intricate web of
environmental factors associated with ADs development, which renders
the determination of causation complex. Consequently, more research is
needed to better understand the relationship between COVID-19 vacci-
nation and the development of ADs.

6. Conclusions

Molecular mimicry is the most suspicious culprit incriminated into
the pathophysiology of autoimmunity in the time of COVID. Further
studies confirming evidence on animal models, as well as confirmation
of longitudinal cohorts in humans, will provide definitive evidence of
molecular mimicry in the development of autoimmunity by SARS-CoV-
2. The mechanisms underlying molecular mimicry-based cross-reac-
tivity are intricate and incorporate both genetic and environmental
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factors. Tridimensional structure, molecular docking, and affinity for
pathogenic HLA peptides are new factors in the study of molecular
mimicry. These new approaches and techniques will provide further
information for optimal vaccine development in the current pandemic
and those to come.

Author contributions

MR, MH, CRS, PSCL, JMA, WMR, and MEG wrote, reviewed, and
revised the manuscript. All authors contributed to the article and
approved the submitted version.

References

[1]

[2]

[3]

[4

=

[5]

[6

—

[7]

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

FW. Miller, The increasing prevalence of autoimmunity and autoimmune
diseases: an urgent call to action for improved understanding, diagnosis,
treatment, and prevention, Curr Opin Immunol 80 (2023 Feb) 102266, https://
doi.org/10.1016/j.c0i.2022.102266.

A. Lerner, P. Jeremias, T. Matthias, The world incidence and prevalence of
autoimmune diseases is increasing, Int. J. Celiac Dis. 3 (2015) 51-155, https://
doi.org/10.12691/ijcd-3-4-8.

J.M. Anaya, The autoimmune tautology, Arthritis Res. Ther. 12 (2010) 147,
https://doi.org/10.1186/ar3175.

M. Rojas, P. Restrepo-Jiménez, D.M. Monsalve, Y. Pacheco, Y. Acosta-Ampudia,
C. Ramirez-Santana, P.S.C. Leung, A.A. Ansari, M.E. Gershwin, J.-M. Anaya,
Molecular mimicry and autoimmunity, J. Autoimmun. 95 (2018) 100-123,
https://doi.org/10.1016/j.jaut.2018.10.012.

J.B. Zabriskie, E.H. Freimer, An immunological relationship between the group. A
streptococcus and mammalian muscle, J. Exp. Med. 124 (1966) 661-678.

B. Trost, G. Lucchese, A. Stufano, M. Bickis, A. Kusalik, D. Kanduc, No human
protein is exempt from bacterial motifs, not even one, Self Nonself 1 (2010)
328-334, https://doi.org/10.4161/self.1.4.13315.

A.P. Kohm, K.G. Fuller, S.D. Miller, Mimicking the way to autoimmunity: an
evolving theory of sequence and structural homology, Trends Microbiol. 11
(2003) 101-105.

S. Lule, A.L Colpak, B. Balci-Peynircioglu, Y. Gursoy-Ozdemir, S. Peker,

U. Kalyoncu, A. Can, N. Tekin, D. Demiralp, T. Dalkara, Behcet Disease serum is
immunoreactive to neurofilament medium which share common epitopes to
bacterial HSP-65, a putative trigger, J. Autoimmun. 84 (2017) 87-96, https://
doi.org/10.1016/j.jaut.2017.08.002.

S. Negi, H. Singh, A. Mukhopadhyay, Gut bacterial peptides with autoimmunity
potential as environmental trigger for late onset complex diseases: in-silico study,
PLoS One 12 (2017), 0180518, https://doi.org/10.1371/journal.pone.0180518.
D. Kanduc, Peptide cross-reactivity: the original sin of vaccines, Front. Biosci. 4
(2012) 1393-1401.

Y. Pacheco, Y. Acosta-Ampudia, D.M. Monsalve, C. Chang, M.E. Gershwin, J.-
M. Anaya, Bystander activation and autoimmunity, J. Autoimmun. 103 (2019),
https://doi.org/10.1016/j.jaut.2019.06.012.

1. Auger, N. Balandraud, E. Massy, M.F. Hemon, E. Peen, F. Arnoux, C. Mariot,
M. Martin, P. Lafforgue, J.M. Busnel, J. Roudier, Peptidylarginine deiminase
autoimmunity and the development of anti-citrullinated protein antibody in
rheumatoid arthritis: the hapten-carrier model, Arthritis Rheumatol. 72 (2020)
903-911, https://doi.org/10.1002/ART.41189.

J. Choi, C. Selmi, P.S. Leung, T.P. Kenny, T. Roskams, M.E. Gershwin, Chemokine
and chemokine receptors in autoimmunity: the case of primary biliary
cholangitis, Expet Rev. Clin. Immunol. 12 (2016) 661-672, https://doi.org/
10.1586/1744666X.2016.1147956.

D.G. Doherty, Immunity, tolerance and autoimmunity in the liver: a
comprehensive review, J. Autoimmun. 66 (2016) 60-75, https://doi.org/
10.1016/j.jaut.2015.08.020.

N. Kerkar, G. Yanni, “De novo” and “recurrent” autoimmune hepatitis after liver
transplantation: a comprehensive review, J. Autoimmun. 66 (2016) 17-24,
https://doi.org/10.1016/j.jaut.2015.08.017.

C. Kuhn, A. Besancon, S. Lemoine, S. You, C. Marquet, S. Candon, L. Chatenoud,
Regulatory mechanisms of immune tolerance in type 1 diabetes and their failures,
J. Autoimmun. 71 (2016) 69-77, https://doi.org/10.1016/j.jaut.2016.05.002.
M. Morell, N. Varela, C. Maranon, Myeloid populations in systemic autoimmune
diseases, Clin. Rev. Allergy Immunol. 53 (2017) 198-218, https://doi.org/
10.1007/512016-017-8606-7.

M. Riemann, N. Andreas, M. Fedoseeva, E. Meier, D. Weih, H. Freytag,

R. Schmidt-Ullrich, U. Klein, Z.Q. Wang, F. Weih, Central immune tolerance
depends on crosstalk between the classical and alternative NF-kappaB pathways
in medullary thymic epithelial cells, J. Autoimmun. 81 (2017) 56-67, https://doi.
org/10.1016/j.jaut.2017.03.007.

G.J. Webb, G.M. Hirschfield, P.J. Lane, 0X40, OX40L and autoimmunity: a
comprehensive review, Clin. Rev. Allergy Immunol. 50 (2016) 312-332, https://
doi.org/10.1007/s12016-015-8498-3.

Y.Q. Xie, H.D. Ma, Z.X. Lian, Epigenetics and primary biliary cirrhosis: a
comprehensive review and implications for autoimmunity, Clin. Rev. Allergy
Immunol. 50 (2016) 390-403, https://doi.org/10.1007/s12016-015-8502-y.

12

[21]

[22]

[23]
[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Journal of Autoimmunity 139 (2023) 103070

M.F. Cusick, J.E. Libbey, R.S. Fujinami, Molecular mimicry as a mechanism of
autoimmune disease, Clin. Rev. Allergy Immunol. 42 (2012) 102-111, https://
doi.org/10.1007/512016-011-8294-7.

E.A. Yamamoto, T.N. Jgrgensen, Relationships between vitamin D, gut
microbiome, and systemic autoimmunity, Front. Immunol. 10 (2020), https://
doi.org/10.3389/FIMMU.2019.03141.

D. Ray, R. Yung, Immune senescence, epigenetics and autoimmunity, Clin.
Immunol. 196 (2018) 59-63, https://doi.org/10.1016/J.CLIM.2018.04.002.

N. Yuki, Ganglioside mimicry and peripheral nerve disease, Muscle Nerve 35
(2007) 691-711, https://doi.org/10.1002/mus.20762.

L.K. Peterson, R.S. Fujijami, Molecular mimicry, in: M.E. Shoenfeld, M.

E. Gershwin (Eds.), Autoantibodies, Elsevier, Burlington, 2007.

F. Guarneri, C. Guarneri, S. Benvenga, Helicobacter pylori and autoimmune
pancreatitis: role of carbonic anhydrase via molecular mimicry? J. Cell Mol. Med.
9 (2005) 741-744.

H.L. Lang, H. Jacobsen, S. Ikemizu, C. Andersson, K. Harlos, L. Madsen, P. Hjorth,
L. Sondergaard, A. Svejgaard, K. Wucherpfennig, D.I. Stuart, J.I. Bell, E.Y. Jones,
L. Fugger, A functional and structural basis for TCR cross-reactivity in multiple
sclerosis, Nat. Immunol. 3 (2002) 940-943, https://doi.org/10.1038/ni835.

C. Soderberg, S. Larsson, B.L. Rozell, S. Sumitran-Karuppan, P. Ljungman,

E. Moller, Cytomegalovirus-induced CD13-specific autoimmunity-a possible
cause of chronic graft-vs-host disease, Transplantation 61 (1996) 600-609.

Y. Rodriguez, M. Rojas, Y. Pacheco, Y. Acosta-Ampudia, C. Ramirez-Santana, D.
M. Monsalve, M.E. Gershwin, J.-M. Anaya, Guillain-Barré syndrome, transverse
myelitis and infectious diseases, Cell. Mol. Immunol. 15 (2018) 547-562, https://
doi.org/10.1038/cmi.2017.142.

M. Karami Fath, A. Jahangiri, M. Ganji, F. Sefid, Z. Payandeh, Z.S. Hashemi,

N. Pourzardosht, A. Hessami, M. Mard-Soltani, A. Zakeri, M.R. Rahbar, S. Khalili,
SARS-CoV-2 proteome harbors peptides which are able to trigger autoimmunity
responses: implications for infection, vaccination, and population coverage,
Front. Immunol. 12 (2021), https://doi.org/10.3389/FIMMU.2021.705772.
C.C. Tam, S.J. O’Brien, L. Petersen, A. Islam, A. Hayward, L.C. Rodrigues,
Guillain-Barre syndrome and preceding infection with campylobacter, influenza
and Epstein-Barr virus in the general practice research database, PLoS One 2
(2007) e344, https://doi.org/10.1371/journal.pone.0000344.

J. Ehser, M. Holdener, S. Christen, M. Bayer, J.M. Pfeilschifter, E. Hintermann,
D. Bogdanos, U. Christen, Molecular mimicry rather than identity breaks T-cell
tolerance in the CYP2D6 mouse model for human autoimmune hepatitis,

J. Autoimmun. 42 (2013) 39-49, https://doi.org/10.1016/J.JAUT.2012.11.001.
N. Kerkar, K. Choudhuri, Y. Ma, A. Mahmoud, D.P. Bogdanos, L. Muratori,

F. Bianchi, R. Williams, G. Mieli-Vergani, D. Vergani, Cytochrome P4502D6(193-
212): a new immunodominant epitope and target of virus/self cross-reactivity in
liver kidney microsomal autoantibody type 1-positive liver disease, J. Immunol.
170 (2003) 1481-1489, https://doi.org/10.4049/JIMMUNOL.170.3.1481.

S. Benvenga, F. Guarneri, Molecular mimicry and autoimmune thyroid disease,
Rev. Endocr. Metab. Disord. 17 (2016) 485-498, https://doi.org/10.1007/
S11154-016-9363-2.

AF. Gulamhusein, G.M. Hirschfield, Primary biliary cholangitis: pathogenesis
and therapeutic opportunities, Nat. Rev. Gastroenterol. Hepatol. 17 (2020)
93-110, https://doi.org/10.1038/541575-019-0226-7.

M. Quaglia, G. Merlotti, M. de Andrea, C. Borgogna, V. Cantaluppi, Viral
infections and systemic lupus erythematosus: new players in an old story, Viruses
13 (2021), https://doi.org/10.3390,/V13020277.

C. Lunardi, C. Bason, R. Navone, E. Millo, G. Damonte, R. Corrocher, A. Puccetti,
Systemic sclerosis immunoglobulin G autoantibodies bind the human
cytomegalovirus late protein UL94 and induce apoptosis in human endothelial
cells, Nat. Med. 6 (2000) 1183-1186, https://doi.org/10.1038/80533.

R. Pastano, C. Dell’agnola, C. Bason, F. Gigli, C. Rabascio, A. Puccetti, E. Tinazzi,
G. Cetto, F. Peccatori, G. Martinelli, C. Lunardi, Antibodies against human
cytomegalovirus late protein UL94 in the pathogenesis of scleroderma-like skin
lesions in chronic graft-versus-host disease, Int. Immunol. 24 (2012) 583-591,
https://doi.org/10.1093/INTIMM/DXS061.

H.S. Hiemstra, N.C. Schloot, P.A. van Veelen, S.J.M. Willemen, K.L.M.C. Franken,
J.J. van Rood, R.R.P. de Vries, A. Chaudhuri, P.O. Behan, J.W. Drijfthout, B.

O. Roep, Cytomegalovirus in autoimmunity: T cell crossreactivity to viral antigen
and autoantigen glutamic acid decarboxylase, Proc. Natl. Acad. Sci. U. S. A. 98
(2001) 3988-3991, https://doi.org/10.1073/PNAS.071050898.

A. Dittfeld, K. Gwizdek, M. Michalski, R. Wojnicz, A possible link between the
Epstein-Barr virus infection and autoimmune thyroid disorders, Cent. Eur. J.
Immunol. 41 (2016) 297-301, https://doi.org/10.5114/CEJ1.2016.63130.

K. Nagata, K. Kumata, Y. Nakayama, Y. Satoh, H. Sugihara, S. Hara,

M. Matsushita, S. Kuwamoto, M. Kato, I. Murakami, K. Hayashi, Epstein-barr
virus lytic reactivation activates B cells polyclonally and induces activation-
induced cytidine deaminase expression: a mechanism underlying autoimmunity
and its contribution to Graves’ disease, Viral Immunol. 30 (2017) 240-249,
https://doi.org/10.1089/VIM.2016.0179.

K.W. Wucherpfennig, J.L. Strominger, Molecular mimicry in T cell-mediated
autoimmunity: viral peptides activate human T cell clones specific for myelin
basic protein, Cell 80 (1995) 695-705, https://doi.org/10.1016/0092-8674(95)
90348-8.

Y. Cao, B.A. Goods, K. Raddassi, G.T. Nepom, W.W. Kwok, J.C. Love, D.A. Hafler,
Functional inflammatory profiles distinguish myelin-reactive T cells from patients
with multiple sclerosis, Sci. Transl. Med. 7 (2015), https://doi.org/10.1126/
SCITRANSLMED.AAA8038.

Z. Liu, A. Chu, Sjogren’s syndrome and viral infections, Rheumatol Ther 8 (2021)
1051-1059, https://doi.org/10.1007/540744-021-00334-8.


https://doi.org/10.1016/j.coi.2022.102266
https://doi.org/10.1016/j.coi.2022.102266
https://doi.org/10.12691/ijcd-3-4-8
https://doi.org/10.12691/ijcd-3-4-8
https://doi.org/10.1186/ar3175
https://doi.org/10.1016/j.jaut.2018.10.012
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref5
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref5
https://doi.org/10.4161/self.1.4.13315
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref7
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref7
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref7
https://doi.org/10.1016/j.jaut.2017.08.002
https://doi.org/10.1016/j.jaut.2017.08.002
https://doi.org/10.1371/journal.pone.0180518
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref10
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref10
https://doi.org/10.1016/j.jaut.2019.06.012
https://doi.org/10.1002/ART.41189
https://doi.org/10.1586/1744666X.2016.1147956
https://doi.org/10.1586/1744666X.2016.1147956
https://doi.org/10.1016/j.jaut.2015.08.020
https://doi.org/10.1016/j.jaut.2015.08.020
https://doi.org/10.1016/j.jaut.2015.08.017
https://doi.org/10.1016/j.jaut.2016.05.002
https://doi.org/10.1007/s12016-017-8606-7
https://doi.org/10.1007/s12016-017-8606-7
https://doi.org/10.1016/j.jaut.2017.03.007
https://doi.org/10.1016/j.jaut.2017.03.007
https://doi.org/10.1007/s12016-015-8498-3
https://doi.org/10.1007/s12016-015-8498-3
https://doi.org/10.1007/s12016-015-8502-y
https://doi.org/10.1007/S12016-011-8294-7
https://doi.org/10.1007/S12016-011-8294-7
https://doi.org/10.3389/FIMMU.2019.03141
https://doi.org/10.3389/FIMMU.2019.03141
https://doi.org/10.1016/J.CLIM.2018.04.002
https://doi.org/10.1002/mus.20762
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref25
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref25
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref26
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref26
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref26
https://doi.org/10.1038/ni835
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref28
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref28
http://refhub.elsevier.com/S0896-8411(23)00079-3/sref28
https://doi.org/10.1038/cmi.2017.142
https://doi.org/10.1038/cmi.2017.142
https://doi.org/10.3389/FIMMU.2021.705772
https://doi.org/10.1371/journal.pone.0000344
https://doi.org/10.1016/J.JAUT.2012.11.001
https://doi.org/10.4049/JIMMUNOL.170.3.1481
https://doi.org/10.1007/S11154-016-9363-2
https://doi.org/10.1007/S11154-016-9363-2
https://doi.org/10.1038/S41575-019-0226-7
https://doi.org/10.3390/V13020277
https://doi.org/10.1038/80533
https://doi.org/10.1093/INTIMM/DXS061
https://doi.org/10.1073/PNAS.071050898
https://doi.org/10.5114/CEJI.2016.63130
https://doi.org/10.1089/VIM.2016.0179
https://doi.org/10.1016/0092-8674(95)90348-8
https://doi.org/10.1016/0092-8674(95)90348-8
https://doi.org/10.1126/SCITRANSLMED.AAA8038
https://doi.org/10.1126/SCITRANSLMED.AAA8038
https://doi.org/10.1007/S40744-021-00334-8

M. Rojas et al.

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

O. Barzilai, M. Ram, Y. Shoenfeld, Viral infection can induce the production of
autoantibodies, Curr. Opin. Rheumatol. 19 (2007) 636643, https://doi.org/
10.1097/BOR.0B013E3282F0AD25.

J.A. James, K.M. Kaufman, A.D. Farris, E. Taylor-Albert, T.J.A. Lehman, J.

B. Harley, An increased prevalence of Epstein-Barr virus infection in young
patients suggests a possible etiology for systemic lupus erythematosus, J. Clin.
Invest. 100 (1997) 3019-3026, https://doi.org/10.1172/JCI119856.

B.D. Poole, T. Gross, S. Maier, J.B. Harley, J.A. James, Lupus-like autoantibody
development in rabbits and mice after immunization with EBNA-1 fragments,

J. Autoimmun. 31 (2008) 362-371, https://doi.org/10.1016/J.
JAUT.2008.08.007.

J.A. James, J.B. Harley, Linear epitope mapping of an Sm B/B’ polypeptide,

J. Immunol. 148 (1992) 2074. -9.

T. Hrknen, H. Lankinen, B. Davydova, T. Hovi, M. Roivainen, Enterovirus
infection can induce immune responses that cross-react with beta-cell
autoantigen tyrosine phosphatase IA-2/IAR, J. Med. Virol. 66 (2002) 340-350,
https://doi.org/10.1002/JMV.2151.

R. Maya, M.E. Gershwin, Y. Shoenfeld, Hepatitis B virus (HBV) and autoimmune
disease, Clin. Rev. Allergy Immunol. 34 (2008) 85-102, https://doi.org/10.1007/
$12016-007-8013-6.

L.R. Haaheim, A.K. Halse, R. Kvakestad, B. Stern, Normann, R. Jonsson, Serum
antibodies from patients with primary Sjogren’s syndrome and systemic lupus
erythematosus recognize multiple epitopes on the La(SS-B) autoantigen
resembling viral protein sequences, Scand. J. Immunol. 43 (1996) 115-121,
https://doi.org/10.1046/J.1365-3083.1996.D01-2.X.

G. Marceau, P. Lapierre, K. Béland, H. Soudeyns, F. Alvarez, LKM1 autoantibodies
in chronic hepatitis C infection: a case of molecular mimicry? Hepatology 42
(2005) 675-682, https://doi.org/10.1002/HEP.20816.

C. Ferri, M. Colaci, P. Fallahi, S.M. Ferrari, A. Antonelli, D. Giuggioli, Thyroid
involvement in hepatitis C virus-infected patients with/without mixed
cryoglobulinemia, Front. Endocrinol. 8 (2017), https://doi.org/10.3389/
FENDO.2017.00159.

M. Ogishi, H. Yotsuyanagi, K. Moriya, K. Koike, Delineation of autoantibody
repertoire through differential proteogenomics in hepatitis C virus-induced
cryoglobulinemia, Sci. Rep. 6 (2016), https://doi.org/10.1038/SREP29532.

S. Jakhmola, A. Upadhyay, K. Jain, A. Mishra, H.C. Jha, Herpesviruses and the
hidden links to Multiple Sclerosis neuropathology, J. Neuroimmunol. 358 (2021),
577636, https://doi.org/10.1016/j.jneuroim.2021.577636.

Y. Segal, M. Calabro, D. Kanduc, Y. Shoenfeld, Human papilloma virus and lupus:
the virus, the vaccine and the disease, Curr. Opin. Rheumatol. 29 (2017)
331-342, https://doi.org/10.1097/BOR.0000000000000398.

M. Holdener, E. Hintermann, M. Bayer, A. Rhode, E. Rodrigo, G. Hintereder, E.
F. Johnson, F.J. Gonzalez, J. Pfeilschifter, M.P. Manns, M.V.G. Herrath,

U. Christen, Breaking tolerance to the natural human liver autoantigen
cytochrome P450 2D6 by virus infection, J. Exp. Med. 205 (2008) 1409-1422,
https://doi.org/10.1084/JEM.20071859.

P.L. Schwimmbeck, T. Dyrberg, D.B. Drachman, M.B.A. Oldstone, Molecular
mimicry and myasthenia gravis. An autoantigenic site of the acetylcholine
receptor alpha-subunit that has biologic activity and reacts immunochemically
with herpes simplex virus, J. Clin. Invest. 84 (1989) 1174-1180, https://doi.org/
10.1172/JCI114282.

J.R. Kerr, The role of parvovirus B19 in the pathogenesis of autoimmunity and
autoimmune disease, J. Clin. Pathol. 69 (2016) 279-291, https://doi.org/
10.1136/JCLINPATH-2015-203455.

F.M. Ribeiro, V.E. Gomez, E.M.N. Albuquerque, E.M. Klumb, Y. Shoenfeld, Lupus
and leprosy: beyond the coincidence, Immunol. Res. 61 (2015) 160-163, https://
doi.org/10.1007/512026-014-8596-Y.

J. Gémez-Rial, 1. Rivero-Calle, A. Salas, F. Martinon-Torres, Rotavirus and
autoimmunity, J. Infect. 81 (2020) 183-189, https://doi.org/10.1016/j.
jinf.2020.04.041.

G. Lucchese, D. Kanduc, Zika virus and autoimmunity: from microcephaly to
Guillain-Barré syndrome, and beyond, Autoimmun. Rev. 15 (2016) 801-808,
https://doi.org/10.1016/J.AUTREV.2016.03.020.

M. Koga, M. Gilbert, J. Li, N. Yuki, Complex of GM1- and GD1a-like lipo-
oligosaccharide mimics GM1b, inducing anti-GM1b antibodies, PLoS One 10
(2015), https://doi.org/10.1371/JOURNAL.PONE.0124004.

A. Ben-Smith, J.C. Goodall, J.S.H. Gaston, J.B. Winer, Stimulation of peripheral
blood lymphocytes with Campylobacter jejuni generates a gammadelta T cell
response in patients with Guillain-Barrésyndrome, Clin. Exp. Immunol. 109
(1997) 121-126, https://doi.org/10.1046/J.1365-2249.1997.4221318.X.

S.P.M. Fussey, S.T. Ali, J.R. Guest, O.F.W. James, M.F. Bassendine, S.J. Yeaman,
Reactivity of primary biliary cirrhosis sera with Escherichia coli
dihydrolipoamide acetyltransferase (E2p): characterization of the main
immunogenic region, Proc. Natl. Acad. Sci. U. S. A. 87 (1990) 3987-3991,
https://doi.org/10.1073/PNAS.87.10.3987.

S.P. Fussey, J.G. Lindsay, C. Fuller, R.N. Perham, S. Dale, O.F. James, M.

F. Bassendine, S.J. Yeaman, Autoantibodies in primary biliary cirrhosis: analysis
of reactivity against eukaryotic and prokaryotic 2-oxo acid dehydrogenase
complexes, Hepatology 13 (1991) 467-474.

S. Albani, E.C. Keystone, J.L. Nelson, W.E.R. Ollier, A. la Cava, A.C. Montemayor,
D.A. Weber, C. Montecucco, A. Martini, D.A. Carson, Positive selection in
autoimmunity: abnormal immune responses to a bacterial dnaJ antigenic
determinant in patients with early rheumatoid arthritis, Nat. Med. 1 (1995)
448-452, https://doi.org/10.1038/NM0595-448.

K. Lundberg, A. Kinloch, B.A. Fisher, N. Wegner, R. Wait, P. Charles, T.R. Mikuls,
P.J. Venables, Antibodies to citrullinated alpha-enolase peptide 1 are specific for

13

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Journal of Autoimmunity 139 (2023) 103070

rheumatoid arthritis and cross-react with bacterial enolase, Arthritis Rheum. 58
(2008) 3009-3019, https://doi.org/10.1002/ART.23936.

G. Christopoulos, V. Christopoulou, J.G. Routsias, A. Babionitakis, C. Antoniadis,
G. Vaiopoulos, Greek rheumatoid arthritis patients have elevated levels of
antibodies against antigens from Proteus mirabilis, Clin. Rheumatol. 36 (2017)
527-535, https://doi.org/10.1007/5S10067-016-3441-4.

P. Heyma, L.C. Harrison, Precipitation of the thyrotropin receptor and
identification of thyroid autoantigens using Grave’s disease immunoglobulins,
J. Clin. Invest. 74 (1984) 1090-1097, https://doi.org/10.1172/JCI111476.

H. Zhang, 1. Kaur, D.W. Niesel, G.S. Seetharamaiah, J.W. Peterson, L.

B. Justement, B.S. Prabhakar, G.R. Klimpel, Yersinia enterocolitica envelope
proteins that are crossreactive with the thyrotropin receptor (TSHR) also have B-
cell mitogenic activity, J. Autoimmun. 9 (1996) 509-516, https://doi.org/
10.1006/JAUT.1996.0068.

O. Portnyagina, E. Zelepuga, V. Khomenko, E. Solov’eva, T. Solov’eva,

0. Novikova, In silico and in vitro analysis of cross-reactivity between Yersinia
pseudotuberculosis OmpF porin and thyroid-stimulating hormone receptor, Int. J.
Biol. Macromol. 107 (2018) 2484-2491, https://doi.org/10.1016/J.
IJBIOMAC.2017.10.133.

M. Munera, J. Farak, M. Pérez, J. Rojas, J. Villero, A. Sanchez, J. Sanchez,

Y. Emiliani, Prediction of molecular mimicry between antigens from Leishmania
sp. and human: implications for autoimmune response in systemic lupus
erythematosus, Microb. Pathog. 148 (2020), https://doi.org/10.1016/j.
micpath.2020.104444.

Y. Emiliani, G. Muzi, A. Sanchez, J. Sdanchez, M. Munera, Prediction of molecular
mimicry between proteins from Trypanosoma sp. and human antigens associated
with systemic lupus erythematosus, Microb. Pathog. 172 (2022), 105760, https://
doi.org/10.1016/J.MICPATH.2022.105760.

S.S. Ahmed, W. Volkmuth, J. Duca, L. Corti, M. Pallaoro, A. Pezzicoli, A. Karle,
F. Rigat, R. Rappuoli, V. Narasimhan, I. Julkunen, A. Vuorela, O. Vaarala,

H. Nohynek, F.L. Pasini, E. Montomoli, C. Trombetta, C.M. Adams, J. Rothbard,
L. Steinman, Antibodies to influenza nucleoprotein cross-react with human
hypocretin receptor 2, Sci. Transl. Med. 7 (2015), https://doi.org/10.1126/
SCITRANSLMED.AAB2354.

1. Nachamkin, J. Liu, M. Li, H. Ung, A.P. Moran, M.M. Prendergast, K. Sheikh,
Campylobacter jejuni from patients with Guillain-Barré syndrome preferentially
expresses a GD(1a)-like epitope, Infect. Immun. 70 (2002) 5299-5303, https://
doi.org/10.1128/IA1.70.9.5299-5303.2002.

D. Kanduc, Potential cross-reactivity between HPV16 L1 protein and sudden
death-associated antigens, J. Exp. Therapeut. Oncol. 9 (2011) 159-165.

Y. Segal, S. Dahan, M. Calabro, D. Kanduc, Y. Shoenfeld, HPV and systemic lupus
erythematosus: a mosaic of potential crossreactions, Immunol. Res. 65 (2017)
564-571, https://doi.org/10.1007/512026-016-8890-Y.

J.Y. Huh, D.Y. Yi, S.G. Hwang, J.J. Choi, M.S. Kang, Characterization of
antiphospholipid antibodies in chronic hepatitis B infection, Korean J Hematol 46
(2011) 36-40, https://doi.org/10.5045/KJH.2011.46.1.36.

E. Faure, Multiple sclerosis and hepatitis B vaccination: could minute
contamination of the vaccine by partial hepatitis B virus polymerase play a role
through molecular mimicry? Med. Hypotheses 65 (2005) 509-520, https://doi.
org/10.1016/J.MEHY.2005.02.044.

H. Mehdi, A. Nagvi, M.I. Kamboh, Recombinant hepatitis B surface antigen and
anionic phospholipids share a binding region in the fifth domain of beta2-
glycoprotein I (apolipoprotein H), Biochim. Biophys. Acta 1782 (2008) 163-168,
https://doi.org/10.1016/J.BBADIS.2008.01.001.

B. Peng, B.R. Temple, J. Yang, S. Geng, D.A. Culton, Y. Qian, Identification of a
primary antigenic target of epitope spreading in endemic pemphigus foliaceus,
J. Autoimmun. 116 (2021), https://doi.org/10.1016/J.JAUT.2020.102561.

E. Buendia, M. Marlon, O. Parra, M. Sanchez, A. Sanchez, J. Sanchez, D. Viasus,
Human Proteinase 3, an important autoantigen of c-ANCA associated vasculitis,
shares cross-reactive epitopes with serine protease allergens from mites: An in
silico analysis (2022) F1000Res, https://doi.org/10.12688/
F1000RESEARCH.28225.2/, 10.

J.D. Liinemann, I. Jelci¢, S. Roberts, A. Lutterotti, B. Tackenberg, R. Martin,

C. Miinz, EBNA1-specific T cells from patients with multiple sclerosis cross react
with myelin antigens and co-produce IFN-gamma and IL-2, J. Exp. Med. 205
(2008) 1763-1773, https://doi.org/10.1084/JEM.20072397.

S.E. Chang, A. Feng, W. Meng, S.A. Apostolidis, E. Mack, M. Artandi, L. Barman,
K. Bennett, S. Chakraborty, I. Chang, P. Cheung, S. Chinthrajah, S. Dhingra, E. Do,
A. Finck, A. Gaano, R