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ABSTRACT: Severe immune-mediated complications following viral infections and vaccinations, including
COVID-19 and anti–SARS-CoV-2 immunization, display remarkable clinical overlap despite occurring in dis-
tinct biological contexts. In a previous hypothesis-driven work, we proposed that metabolic incorporation
of the non-human sialic acid N-glycolylneuraminic acid (Neu5Gc) into human glycoconjugates—defined as
xenosialylation—may contribute to post-infectious and post-vaccination immune dysregulation. We further suggest
that this phenomenon may represent a form of “immunological chimerism”, in which host glycoconjugates incorpo-
rate non-self molecular structures that predispose the immune system to varying degrees of immune imbalance. In
its most severe manifestation, this process may culminate in a profound state of immune dysregulation characterized
by loss of immune tolerance, aberrant antibody responses, cytokine storm, and thrombo-inflammatory pathology,
which we define as “immunological marasmus”. In the present paper, we extend this conceptual framework
by integrating glycobiology, Fc immunoglobulin glycosylation, endothelial biology, and sex-dependent immune
regulation into a unified, testable immunopathogenic model. We hypothesize that interindividual differences in
the extent, tissue distribution, and persistence of xenosialylation may influence susceptibility to exaggerated
innate and adaptive immune responses following antigenic challenge. In this context, immune activation may
unmask pre-existing xeno-sialylated self-structures embedded within host glycans, promoting varying degrees of
glycan dysregulation, autoantibody production, immunothrombosis and chronic inflammatory sequelae. We further
propose circulating anti-Neu5Gc antibodies as functional biomarkers for risk stratification and outline preventive
strategies based on dietary modulation of xenosialic acid exposure. Taken together, this expanded model provides a
potential mechanistic framework for understanding the shared immunological features of post-viral syndromes and
vaccine-related adverse immune reactions, while offering a basis for experimental validation and future approaches
to personalized risk mitigation.
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1 Introduction

The occurrence of severe immune-mediated compli-
cations following viral infections and vaccinations
raises a fundamental question in immunopathology:
why do similar inflammatory and thrombo-immune
syndromes arise from biologically distinct antigenic
stimuli? We propose that the answer may reside pri-
marily in host-centered mechanisms rather than in the
nature of the triggering antigen alone. In this perspec-
tive, the immunological state of the host—particularly
when shaped by metabolic incorporation of non-
human glycans—may represent a permissive condition
that determines susceptibility to different degrees of
immune dysregulation following antigenic challenge.

Recently, Carnevali et al. [1] proposed that
xenosialylation—the metabolic incorporation of the
non-human sialic acid N-glycolylneuraminic acid

(Neu5Gc) into human glycoconjugates—may represent
a critical but underappreciated contributor to post-
infectious and post-vaccination immune complications.
In the present work, we extend this hypothesis
by proposing that xenosialylation may generate a
state that can be conceptualized as immunological
chimerism, in which host glycoconjugates incorporate
non-self-molecular signatures capable of dysregulating
immune recognition mechanisms. Under conditions of
intense immune activation, recognition of these xeno-
modified host glycoconjugates may lead to progressive
immune dysregulation characterized by loss of immune
tolerance, aberrant antibody responses, cytokine
storm, and thrombo-inflammatory pathology. In its
most severe manifestation, this cascade may culminate
in a profound state of immune dysregulation that we
define as “immunological marasmus”.
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In this manuscript, we integrate recent advances
in glycobiology, Fc immunoglobulin glycosylation,
endothelial immunopathology, and sex-specific
immune regulation to assess whether this unified
mechanistic framework can explain why only a subset
of individuals develop severe immune-mediated
complications after viral infection or vaccination.

The SARS-CoV-2 pandemic has generated a
growing body of glycobiological and immunological
evidence on post-infectious and post-vaccination anti-
glycan immune responses [2,3], consistent with key
elements of the xenosialylation framework. We review
autoimmune and immune-mediated manifestations
associated with viral infections and vaccine reactions,
interpreting them as aberrant anti-glycan immune
responses directed against variably distributed
xeno-sialylated glycans.

In this context, identifying individuals at increased
risk of post-infectious or post-vaccination immune
complications becomes a priority. This risk may be
assessed by the detection of specific biomarkers using
both established and emerging laboratory techniques
providing experimentally testable strategies to eval-
uate the proposed hypothesis and do not exclude
the contribution of additional immunological, genetic,
metabolic, or environmental factors.

1.1 Autoimmune Disorders Associated with Viral
Infections

Immunological diseases are classified as autoinflam-
matory, autoimmune, or mixed-pattern disorders [4].
Autoinflammatory diseases are primarily driven by
dysregulated innate immune activation, leading to
tissue damage independently of adaptive immunity,
whereas autoimmune diseases result from loss of
immune tolerance and abnormal activation of dendritic
cells, B cells, and T cells [5].

However, most immune-mediated disorders reflect
overlapping contributions of autoinflammatory and
autoimmune mechanisms, forming a continuum rather
than distinct categories [4]. This conceptual frame-
work is particularly relevant for immune complications
triggered by viral infections. Viral pathogens have
been implicated in the development of autoimmune
diseases [6], including SARS-CoV-2 [7]. For exam-
ple, human cytomegalovirus has been associated
with immune thrombocytopenic purpura and sys-
temic lupus erythematosus [8,9], Epstein–Barr virus
has been linked to systemic lupus erythematosus and
rheumatoid arthritis [10,11] and enteroviruses and
paramyxoviruses with islet autoimmunity and type 1
diabetes [12].

Antibodies against common human coronaviruses
have been associated with several autoimmune dis-
eases [13,14]. Given these associations and the sequence
similarity between SARS-CoV-2 and endemic coron-
aviruses, a link with post-COVID autoimmune sequelae
is biologically plausible [15].

1.2 Clinical Aspects of COVID-19

The clinical course of acute infection shows marked
interindividual variability, ranging from asymptomatic

or mild disease to life-threatening conditions, partly
explained by host-specific immune factors such as
autoantibodies against type I interferons [16]. Age is the
strongest risk factor for mortality, and severe disease
is more frequent in men than in women [17,18]. Severe
COVID-19 typically progresses from an initial viral
phase to a systemic inflammatory phase leading to
respiratory failure and multi-organ dysfunction [19].

Although the precise mechanisms underlying Acute
Respiratory Distress Syndrome (ARDS) and severe
COVID-19 remain incompletely understood, advanced
age is the strongest predictor of mortality, reaching
15–20% in individuals older than 80 years compared
with <1% in those younger than 50 years [20,21]. In
contrast, SARS-CoV-2 infection is generally mild or
asymptomatic in children [22]; however, rare but severe
post-infectious inflammatory syndromes have been
described, including Pediatric Inflammatory Multisys-
tem Syndrome temporally associated with COVID-19
(PIMS-TS) and Multisystem Inflammatory Syndrome
in Children (MIS-C), typically occurring 4–6 weeks
after infection [23–25]. The prevailing pathogenic
model implicates virus-induced production of self-
reactive antibodies, particularly IgA-producing plasma
cells localized at mucosal sites and within arterial
walls [26], a mechanism that has been subsequently
integrated into contemporary clinical models of MIS-C
pathogenesis [25]. Similar, though much rarer, multisys-
tem inflammatory syndromes have also been reported
in adults (MIS-A) [27,28].

Several pre-existing conditions, including diabetes,
chronic lung and cardiovascular disease, obesity, and
other chronic inflammatory disorders, significantly
increase the risk of severe COVID-19 [29]. Although no
specific food or dietary intervention has been proven
to prevent or mitigate SARS-CoV-2 infection and out-
comes, it is plausible that certain dietary components
may exacerbate immune dysregulation during infection
or following vaccination [30].

Consistent with previous coronavirus outbreaks,
diabetes has emerged as a major independent predictor
of COVID-19 mortality [31]. In contrast, evidence on
asthma remains inconsistent: despite being a risk factor
for respiratory infections, several studies reported no
increased hospitalization risk in COVID-19 [32].

Cardiovascular complications are frequent in
COVID-19 and include arrhythmias, myocarditis, acute
myocardial injury, thrombosis, and cardiomyopathy,
likely resulting from systemic inflammation and direct
viral injury [33]. SARS-CoV-2 infection has also been
associated with reactivation of latent viral infections,
particularly varicella-zoster virus, likely facilitated
by COVID-19–associated lymphopenia and T-cell
dysfunction [34,35]. Co-infection or reactivation of
influenza A virus has been reported [36], and severe
influenza infections were already known, prior to the
COVID-19 pandemic, to induce ARDS similar to that
observed in COVID-19 [37].

1.3 Sars-CoV-2, Infection Mechanism

SARS.CoV-2 shares the angiotensin-converting enz
yme 2 (ACE2) receptor with SARS-CoV [38]. Conse-
quently, ACE2 tissue distribution may correlate with
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organ-specific disease severity [39,40]. Viral entry is
mediated by ACE2 and the host serine protease
TMPRSS2, which cleaves and activates the spike pro-
tein [41,42]. The presence of a polybasic furin cleavage
site enables additional spike activation by ubiqui-
tous furin proteases, contributing to broader cellular
tropism, including vascular endothelial cells [43,44].
This expanded tropism likely underlies the increased
infectivity and systemic manifestations of SARS-CoV-
2 compared with SARS-CoV [45] other host factors
contribute to viral adhesion and entry and particular,
Neuropilin-1 has been identified as a key co-receptor
that enhances SARS-CoV-2 infectivity [46,47]. Host
proteases, including TMPRSS2 and furin, are essential
for efficient viral membrane fusion in airway epithelial
cells [48].

Beyond epithelial infection, SARS-CoV-2 directly
targets the vascular endothelium, inducing endothelial
dysfunction, endothelitis and widespread microvas-
cular injury, which are central features of severe
COVID-19 [49,50]. At the systemic level, severe disease
is characterized by a dysregulated immune response,
with an early imbalance between antiviral interferon
signaling and excessive inflammatory cytokine pro-
duction [51], followed by sustained immune misfiring
and pathological immune activation over time [52],
similarly to immune and influenza virus infection [37].

Structurally, the SARS-CoV-2 spike protein is
extensively glycosylated, forming a complex glycan
shield that modulates receptor binding, immune
recognition, and viral pathogenicity [53,54]. Together,
these findings support a model in which SARS-
CoV-2 pathogenesis results from the integration
of multi-receptor viral entry, protease-dependent
spike activation, endothelial involvement, immune
dysregulation, and glycan-mediated modulation of
host–virus interactions.

1.4 Clinical Complications in COVID-19

Clinical complications, predominantly immune-
mediated, are increasingly recognized in COVID-19
patients and involve multiple organ systems in both
adults and children [15]. These manifestations have
been linked to immune dysregulation pathways such as
molecular mimicry, epitope spreading, and bystander
activation, consistent with mechanisms classically
implicated in post-infectious autoimmunity [15].
Recent clinical–immunological studies have identified
distinct immuno-inflammatory profiles associated
with disease severity, supporting the concept
that exaggerated and dysregulated host immune
responses—rather than direct viral cytopathology—
are key determinants of adverse clinical outcomes and
long-term sequelae in COVID-19 [55].

Many COVID-19 manifestations, particularly
those associated with “long COVID”, resemble
autoimmune disorders, suggesting that dysregulated
autoantibody responses may contribute to disease
pathogenesis [56,57]. Notably, antibodies directed
against glycan epitopes have emerged as key mediators
of immune-mediated pathology, as alterations in glycan
structures or their immunological presentation can

convert normally tolerated self-glycans into targets of
pathogenic antibody responses [2,57].

Severe COVID-19 outcomes are frequently
observed in patients with pre-existing autoimmune
or chronic inflammatory conditions following SARS-
CoV-2 exposure, supporting a link between viral
infection and immune dysregulation [57,58]. Reported
manifestations include antiphospholipid syndrome,
systemic vasculitis, systemic autoimmune diseases, and
multi-organ immune-mediated complications [58].

Neurological disorders such as Guillain–Barré
syndrome (GBS) have been widely described in
adults [59], while Kawasaki disease and multisystem
inflammatory syndromes (MIS-C and MIS-A) have
been reported in both children and adults [27,60].
Similar autoimmune sequelae have been documented
following other viral infections, including influenza A
virus [61].

COVID-19 has been associated with autoimmune-
like hyperinflammatory vascular and neurological
complications, including immune cytopenia, antiphos-
pholipid syndrome–related thrombosis, arthritis, and
connective tissue–like manifestations, supporting a
role for immune dysregulation in severe disease [62].
Anti-phospholipid and anti-cardiolipin antibodies are
frequently detected in severe COVID-19, mirroring
findings in non–COVID-19 ARDS and autoimmune
coagulopathies [63,64]. Immune-mediated endothelial
damage promotes hypercoagulability, thrombosis, and
endotheliitis, leading to vascular and neurological
complications such as stroke and cerebral venous
thrombosis [65,66]. Beyond classical protein autoanti-
gens, immune recognition of glycan determinants has
been implicated in vascular inflammation and throm-
boinflammatory processes, highlighting a potential
pathogenic role for anti-glycan antibodies in endothe-
lial dysfunction [2].

Neurological symptoms are common in COVID-19
and include anosmia, encephalopathy, and stroke [67].
These manifestations are unlikely to result from direct
central nervous system infection, as SARS-CoV-2 is
rarely detected in cerebrospinal fluid [66]. Autoimmune
peripheral neuropathies, particularly Guillain–Barré
syndrome (GBS), have been repeatedly associated with
COVID-19 [68]. GBS is a post-infectious autoimmune
polyneuropathy classically attributed to molecular
mimicry between microbial antigens and ganglio-
sides [69]. Notably, most COVID-19–associated GBS
cases lack classical anti-ganglioside antibodies, but
display elevated antibodies against multiple glycol-
ipids, supporting a broader dysregulated autoimmune
response rather than direct viral neurotropism [70].

Autoimmune endocrine conditions, particularly
autoimmune thyroid diseases, have been reported
following COVID-19 [71]. COVID-19 patients fre-
quently exhibit a broad spectrum of autoantibodies,
including ANA, antiphospholipid antibodies, and anti-
bodies against type I interferons, supporting the
concept of COVID-19–induced autoimmunity and
antiphospholipid syndrome (APS)-related thrombotic
events [63,72,73].

Cardiovascular complications such as myocardi-
tis have been described after SARS-CoV-2 infection,
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particularly in young males [74,75]. Viral myocardi-
tis is mediated by both direct myocardial injury
and immune-driven inflammation, with interleukin-6
playing a central pathogenic role [76,77]. Persistent
cardiac involvement has been documented months
after infection, suggesting that COVID-19–related
myocarditis may be underrecognized [78,79]. Finally,
SARS-CoV-2 infection may promote reactivation of
latent viruses, particularly Epstein–Barr virus, con-
tributing to immune dysregulation and autoimmune
manifestations in post-acute COVID-19 and long
COVID [80].

1.5 Correlation between Post-Covid Complications and
Autoimmune Diseases

Patients with severe COVID-19 frequently exhibit
elevated levels of autoantibodies, including antibodies
classically associated with autoimmune diseases and
directed against multiple self-antigens [56], including
cytokines (e.g., IFN-γ, GM-CSF, IL-6, IL-10) and
neural proteins [16,81]. Notably, these autoantibodies
were detected almost exclusively in severe disease and
were largely absent in mild or asymptomatic cases, sup-
porting a link between COVID-19 severity and immune
dysregulation [15,56].

Additional contributors to sex-based immune dif-
ferences include X-chromosome mosaicism in females
and sex-specific immune regulatory pathways, which
shape immune response profiles and influence suscep-
tibility to autoimmune manifestations [82–84].

A similar female predominance has been reported
in COVID-19–related autoimmune complications and
long COVID, whereas no significant sex differences
are observed in pediatric populations [85,86]. Overall,
SARS-CoV-2 induces autoimmune pathological mech-
anisms comparable to those described for other viral
infections [6,87]. However, COVID-19 appears to trig-
ger these processes more frequently and with greater
intensity, particularly in female patients [62,72,88,89].

1.6 Specific Post Viral Autoimmune Disorders:
Coagulopathies

A hallmark of SARS-CoV-2 pathogenesis is COVID-
19–associated coagulopathy, characterized by a marked
prothrombotic state with high rates of thrombosis and
microvascular complications [90]. In severe disease, this
condition may progress to disseminated intravascular
coagulation, largely driven by endothelial dysfunction
and immunothrombosis [91,92].

The concept of immunothrombosis describes an
innate immune defense mechanism that limits pathogen
dissemination but, when dysregulated, promotes exces-
sive coagulation and thrombo-inflammation [93,94].

COVID-19–associated coagulopathy shares key
features with disseminated intravascular coagulation,
notably endotheliopathy and intense inflammation,
although these processes appear more pronounced in
COVID-19 than in other infectious conditions [94].
Endothelial damage is central to COVID-19 pathology,
but the precise mechanisms underlying thrombo-
cytopathy and endotheliopathy remain incompletely
defined [95,96]. Similar coagulation abnormalities have

been reported in other viral infections, including
influenza [97].

Venous thromboembolism and arterial throm-
bosis significantly contribute to COVID-19–related
morbidity and mortality, particularly in critically
ill patients [91]. Immune-mediated manifestations,
including immune thrombocytopenia, further exacer-
bate thromboinflammatory processes and contribute
to adverse outcomes in both adult and pediatric
patients [58,92].

It is possible that elevated inflammatory and
vascular biomarkers—including D-dimer and pro-
inflammatory cytokines—are consistently associated
with severe disease, supporting a mechanistic link
between immune activation and endothelial dysfunc-
tion [98,99]. Patients in intensive care settings show
markedly increased endothelial and platelet activa-
tion, indicating a central role for immunothrombosis
in severe COVID-19 [90,94]. SARS-CoV-2 infection
is strongly associated with thromboembolic events
despite anticoagulation [100].

Endothelial activation following viral entry through
ACE2 induces a procoagulant state with elevated
circulating coagulation biomarkers and von Willebrand
factor, reflecting endothelial dysfunction and correlat-
ing with disease severity [90].

Platelet hyperactivation and the formation of
platelet–antibody complexes contribute to sustained
thromboinflammation, consistent with mechanisms
previously described in sepsis and now implicated
in COVID-19 [101,102]. In addition, autoantibod-
ies against annexin A2 have been detected in severe
COVID-19 and may interfere with fibrinolysis, further
promoting a prothrombotic state [103]. Finally, suscep-
tibility to severe COVID-19 may be influenced by host
autoantibodies, particularly those directed against type
I interferons, predominantly observed in elderly male
patients [16].

1.7 Main Post-Viral Complication: Long COVID

Long COVID affects a substantial proportion of indi-
viduals recovering from SARS-CoV-2 infection and is
characterized by persistent symptoms such as fatigue,
dyspnea, cognitive impairment, and cardiovascular and
neurological disturbances [104,105]. Current integra-
tive models indicate that long COVID results from
the convergence of immune dysregulation, chronic
inflammation, vascular dysfunction, and tissue-specific
injury, operating upstream of heterogeneous clinical
manifestations [106].

Women appear to be at higher risk of devel-
oping long COVID, likely reflecting sex-dependent
immune differences [85], whereas no clear sex bias
is observed in pediatric populations [86,107]. Simi-
lar post-viral syndromes have been described after
other infections, supporting a shared biological basis
for prolonged post-infectious illness [108]. Among
proposed mechanisms, autoimmunity is currently con-
sidered central to long COVID pathogenesis, with
evidence of persistent immune hyperactivation, sus-
tained B-cell activation, and autoantibody production
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targeting multiple tissues [55,56,109,110]. These find-
ings support an autoimmune contribution to long-term
post-COVID immune sequelae.

2 Adverse Reactions after Vaccination

COVID-19 vaccines can be broadly classified into four
main platforms: whole-virus vaccines, nucleic acid vac-
cines (mRNA and DNA), viral vector vaccines, and
protein-based vaccines, which differ in their mecha-
nisms of antigen delivery and immune activation [111].

In the mid-2021, multiple COVID-19 vaccines had
been approved for global use [112] and, while early tri-
als demonstrated favorable efficacy and safety profiles,
increasing attention has been directed toward potential
immediate, intermediate, and long-term adverse effects.
Large-scale post-marketing surveillance and pharma-
covigilance studies have confirmed that COVID-19
vaccines retain a favorable benefit–risk profile, while
allowing the identification of rare adverse events of spe-
cial interest, highlighting the importance of continuous
safety monitoring [113]. The most frequently reported
adverse reactions are mild and self-limiting, including
local injection-site reactions and systemic symptoms
such as headache, fever, fatigue, and myalgia [114,115].
These reactions typically occur within a few days after
vaccination and are not associated with severe illness,
resembling mild, non-respiratory symptoms of SARS-
CoV-2 infection [116].

For the Comirnaty (BNT162b2) mRNA vaccine,
the most common adverse reactions are mild to moder-
ate and include injection-site pain and swelling, fatigue,
headache, myalgia, chills, and fever, with systemic reac-
tions more frequent after the second dose [117].

Rare but more severe post-vaccination reactions
have been reported and may overlap with autoimmune-
like, neurological, and vascular syndromes similar to
those observed after SARS-CoV-2 infection [118–
120]. Reactivation of latent viruses, particularly
herpesviruses, has also been described, especially
in individuals with pre-existing autoimmune
conditions [121].

Sex- and age-related differences are well docu-
mented, with males showing higher rates of myocarditis
and pericarditis, and females generally developing
stronger immune responses and reporting more adverse
reactions, including autoimmune manifestations [122].
These demographic patterns have been consistently
confirmed in large global pharmacovigilance stud-
ies [113].

2.1 Cardiovascular Disorders Induced by Vaccination

Myocarditis is a rare adverse event following
COVID-19 vaccination, with an estimated incidence
of approximately 2 cases per 100,000 vaccinated
individuals and the highest risk observed in males
aged 16–29 years [123]. Population-based studies
consistently show that myocarditis and other
cardiovascular complications occur far more frequently
after SARS-CoV-2 infection than after mRNA
vaccination across age and sex strata [124,125].
However, epidemiological analyses indicate that

myocarditis is observed more frequently after mRNA
vaccines than after adenoviral vector vaccines [125].

Proposed pathogenic mechanisms include sex
hormone influences, immune hyperreactivity to
mRNA vaccines, and molecular mimicry between
spike protein–induced antibodies and myocardial
antigens [125].

2.2 Multisystem Inflammatory Syndrome Induced by
Vaccination

Multisystem inflammatory syndromes resembling
Kawasaki disease and MIS-C/MIS-A had been
documented prior to the COVID-19 pandemic in
temporal association with several viral vaccines,
suggesting that these conditions reflect host-dependent
hyperinflammatory immune responses rather than
vaccine-specific entities [126]. MIS, originally described
following SARS-CoV-2 infection, has been only rarely
reported after COVID-19 vaccination. Standardized
diagnostic criteria for MIS-C and MIS-A have been
established by the Brighton Collaboration to support
vaccine safety assessment [60]. To date, only isolated
post-vaccination cases have been described, beginning
with a well-documented MIS-A case following mRNA
vaccination [127], and subsequent reviews have
confirmed the extreme rarity of this phenomenon [128].
Large-scale pharmacovigilance studies have not
identified an increased risk of MIS after vaccination,
and most reported cases show evidence of prior SARS-
CoV-2 infection rather than vaccination as the primary
trigger [129].

Similarly, analyses of MIS cases reported after
COVID-19 vaccination indicate that most affected indi-
viduals had evidence of prior SARS-CoV-2 infection,
supporting infection-related immune priming rather
than a direct vaccine effect [130]. Regulatory and phar-
macovigilance assessments have consistently classified
MIS as an extremely rare event following vaccina-
tion, with no evidence of vaccine platform–specific
risk [113,131]. Collectively, these findings suggest that
MIS temporally associated with vaccination is more
plausibly explained by host-dependent immune dys-
regulation in predisposed individuals than by a direct
pathogenic effect of the vaccine itself [129].

2.3 Vascular Disorders Induced by Vaccination

Thrombotic thrombocytopenia following vaccination
is not a novel phenomenon in vaccinology, with
early cases reported after influenza vaccination [132]
and subsequently described following other
vaccines, including H1N1 influenza, pneumococcal
vaccines [133,134]. In 2021, atypical thrombotic events
associated with thrombocytopenia were reported after
administration of adenoviral vector–based COVID-
19 vaccines, particularly ChAdOx1 nCoV-19 and
Ad26.COV2.S, a condition later defined as vaccine-
induced immune thrombotic thrombocytopenia
(VITT) [135,136] also known as Thrombosis with
Thrombocytopenia Syndrome (TTS) [137]. These
safety signals led several European countries to restrict
or discontinue the use of the ChAdOx1 vaccine [138].
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Standardized diagnostic criteria for VITT have
been established within the Brighton Collaboration
framework, providing harmonized case definitions
for surveillance and vaccine safety assessment [139].
The clinical features and pathogenic mechanisms of
VITT have been comprehensively reviewed in recent
literature [140]. Early reports documented high mor-
tality rates, particularly in cases presenting with
cerebral venous sinus thrombosis (CVST) [135,141].
Thrombotic events predominantly involve cerebral
venous thrombosis but may also include arterial
thrombosis and venous thromboembolism at unusual
sites [135,136]. Clinically, VITT is characterized by
severe thrombocytopenia and aggressive thrombosis, in
some cases progressing to disseminated intravascular
coagulation, closely resembling autoimmune heparin-
induced thrombocytopenia (HIT) [141]. However, most
affected patients had no prior exposure to hep-
arin [135].

HIT is mediated by IgG autoantibodies against
platelet factor 4 (PF4) complexes, leading to platelet
activation and thrombin generation. Neutrophil extra-
cellular traps (NETs) play a key amplifying role in this
process, promoting immunothrombosis [142]. These
observations support the hypothesis that VITT reflects
an aberrant immune response involving anti-PF4 anti-
bodies rather than direct vaccine toxicity [135]. A
unifying two-step model proposes that initial PF4–
vaccine interactions generate neoantigens, followed by
anti-PF4–mediated platelet and granulocyte activa-
tion, NET release, and immune thrombosis 5–20 days
after vaccination [135]. Current guidelines recommend
that individuals who develop major thrombosis with
thrombocytopenia after adenoviral vector COVID-19
vaccination should not receive a second dose of the
same platform [143].

Several mechanisms have been proposed to explain
VITT pathogenesis, all converging on aberrant immune
activation against platelet factor 4 [PF4]. Vaccine-
induced expression of spike protein may promote
platelet activation and PF4 release, triggering anti-
PF4 antibody production [144]. Alternatively, PF4 may
form immunogenic complexes with negatively charged
vaccine components, such as adenoviral proteins
or nucleic acids, leading to activation of antigen-
presenting cells and memory B cells [145].

Recent structural and immunological evidence sug-
gests that adenoviral vector proteins may play a
direct role in triggering anti-PF4 antibody forma-
tion in VITT through the formation of immunogenic
complexes between platelet factor-4 and adenovi-
ral components, followed by affinity-matured B-cell
responses, particularly in genetically predisposed indi-
viduals carrying specific somatic mutations affecting
the anti-PF4 B-cell repertoire [146]. This mechanism
likely explains the markedly higher incidence of VITT
observed after adenoviral vector vaccination com-
pared with other vaccine platforms. Interestingly, the
anatomical distribution of thrombosis in VITT is
not random. Cerebral venous sinuses and splanchnic
veins represent the most frequently affected vascular
territories, suggesting that local vascular or endothe-
lial factors, particularly the endothelial glycocalyx,
may contribute to disease expression. The glycocalyx

contains heparan-sulfate proteoglycans and sialic-
acid–containing glycoconjugates that participate in
endothelial mechano-transduction and vascular home-
ostasis [147,148].

Endothelial glycocalyx alterations have been
documented in cerebrovascular disease and
inflammatory vascular conditions, indicating that this
structure plays a critical role in maintaining vascular
integrity in the central nervous system [149,150].
Given the high density of glycosylated and sialylated
structures on the endothelial surface, particularly
in low-shear venous districts, modifications of
the glycocalyx composition could influence local
thrombo-inflammatory responses.

This anatomical predilection is reflected in early
surveillance reports describing cases of cerebral venous
sinus thrombosis with thrombocytopenia following
Ad26.COV2.S vaccination, predominantly in young
women [151].

VITT is now recognized as a distinct immune-
mediated prothrombotic syndrome characterized by
thrombocytopenia, anti-PF4 antibodies, and atypical
thrombosis, including CVST [135]. Regulatory agencies
have concluded that, although rare, this association
is biologically plausible [152,153]. Population-level
analyses indicate that the apparent female predomi-
nance is likely influenced by early reporting bias and
vaccination strategies rather than true sex-specific sus-
ceptibility [154].

Venous thromboembolism occurs in the general
population at an annual incidence of approximately
1 per 1000 adults [155]. Following administration of
ChAdOx1 nCoV-19, thrombotic events have been
reported at a low incidence, including rare cases of
disseminated intravascular coagulation [153]. The
predilection of VITT for cerebral and splanchnic
vessels remains unexplained, but the syndrome
closely resembles immune thrombocytopenia and
autoimmune heparin-induced thrombocytopenia,
where paradoxical coexistence of thrombosis
and thrombocytopenia reflects systemic platelet
activation and consumption [156,157]. Immune
thrombocytopenia is a recognized autoimmune
disorder occasionally triggered by vaccination,
including influenza and herpes zoster vaccines [158].

2.4 Neurological Disorders Associated with Vaccination

Neurological complications reported after vaccination
include headache, syncope, seizures, encephalomyelitis,
transverse myelitis, meningitis, and polyneuritis, with
post-vaccination encephalomyelitis representing a rare
but potentially severe condition [159,160]. The most
consistently documented neurological syndrome asso-
ciated with vaccination is Guillain–Barré syndrome
(GBS), classically observed after influenza vaccination
campaigns, particularly in 1976 and during the 2009
H1N1 pandemic [161,162].

Influenza virus infection and vaccination can
induce anti-ganglioside antibodies, including anti-
GM1, likely through molecular mimicry involving viral
surface glycoproteins such as hemagglutinin [HA],
which binds sialic acid receptors, and neuraminidase
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(NA), which removes sialic acid residues to facili-
tate viral release [163,164]. It has been hypothesized
that incomplete desialylation of HA may generate
ganglioside-like glycan structures capable of elicit-
ing cross-reactive antibodies, a mechanism proposed
to underlie post-influenza Guillain–Barré syndrome,
particularly in vaccine formulations with low NA con-
tent [163].

Despite the recurrent observation of Guillain–
Barré syndrome following vaccination—most notably
after influenza vaccines—the establishment of a defini-
tive causal relationship has been historically cautious,
owing to epidemiological limitations and confounding
factors in surveillance studies [161,165,166]. Notwith-
standing large cohort studies consistently showing
that the risk of Guillain–Barré syndrome and other
neurological complications is substantially higher fol-
lowing SARS-CoV-2 infection than after vaccination,
population-level safety monitoring has documented a
re-emergence of GBS after COVID-19 vaccination,
both with adenoviral vector platforms [115,125] and
following mRNA-based vaccines [167,168].

2.5 Vaccine-Induced Viral Reactivation

Herpes zoster (HZ) reactivation has been reported in
temporal association with COVID-19 vaccination, par-
ticularly in immunologically vulnerable individuals and
patients with autoimmune or inflammatory diseases.
Recent systematic reviews and meta-analyses indicate
that reactivation of latent herpesviruses—especially
varicella-zoster virus—can occur after vaccination,
although the absolute risk is low and appears to be
primarily modulated by host immune status rather than
vaccine-specific effects [169,170]. Observational cohort
data further support this interpretation, showing rare
HZ cases predominantly among patients with pre-
existing autoimmune conditions and none in healthy
controls [121].

Cell-mediated immunity is critical for prevent-
ing varicella-zoster virus (VZV) reactivation, and its
decline with aging or immune-mediated disease is asso-
ciated with reduced VZV-specific T-cell surveillance.
Case series have documented herpes zoster reactiva-
tion shortly after COVID-19 vaccination, particularly
in immunocompromised patients with autoimmune
inflammatory diseases [121]. However, pooled epidemi-
ological analyses indicate that the risk of herpes zoster
reactivation is substantially higher following SARS-
CoV-2 infection than after vaccination, supporting
the notion that viral infection represents a stronger
trigger for latent virus reactivation than vaccination
itself [171].

Reactivation of other latent herpesviruses, includ-
ing Epstein–Barr virus (EBV) and cytomegalovirus
(CMV), has also been documented in COVID-19
and has been implicated in persistent immune acti-
vation and inflammatory complications, potentially
contributing to long COVID [106,172,173]. Collec-
tively, these findings suggest that viral reactivation
reflects a host-dependent failure of immune surveil-
lance unmasked by immunological stress, rather than a
direct vaccine-specific effect.

3 Infection versus Vaccination: Similar Events,
Different Incidence—What Is the Link?

As outlined above, the clinical entities observed after
viral infection and vaccination largely overlap, as both
are driven by host immune responses to antigenic stim-
ulation. Viral infections such as influenza are well
known to increase the risk of thrombotic events, includ-
ing myocardial infarction and stroke [174], supporting
the concept that immune-triggered thromboinflam-
mation represents a general pathological mechanism
rather than a pathogen-specific phenomenon.

SARS-CoV-2 infection and COVID-19 vaccination
are associated with the same spectrum of throm-
botic complications indicating a shared underlying
pathophysiology [175,176]. The absolute incidence is
substantially higher after infection than vaccination,
but both exposures converge on similar immune-
mediated thrombotic pathways, differing primarily in
magnitude rather than in nature [175] (see also refer-
ences cited in Section 2.3-Vascular disorders induced
by vaccination). The substantial overlap between the
most frequent COVID-19 complications and post-
vaccination adverse reactions—supports the concept
that these events arise primarily from host immune
responses to antigenic stimulation rather than from
direct viral cytopathology or ongoing viral replica-
tion. This is particularly evident in the context of
vaccination, where viral replication is absent, and
in post-acute COVID-19, which is characterized by
persistent immune dysregulation [56,66]. Thrombotic
manifestations such as cerebral venous thrombosis
occur in both contexts, with higher incidence fol-
lowing infection but qualitatively similar clinical and
immunopathological features [175].

COVID-19 is frequently associated with venous
thromboembolic complications, including pulmonary
embolism, deep vein thrombosis, and, more rarely,
cerebral venous thrombosis (CVT), reflecting a
systemic thromboinflammatory state. Although
CVT has been reported in rare cases following
COVID-19 vaccination—particularly with adenoviral
vector platforms—these events are characterized by
immune-mediated mechanisms involving platelet-
reactive antibodies, with higher incidence following
SARS-CoV-2 infection than vaccination [175,177].

Multisystem inflammatory syndrome (MIS) is a
rare but severe hyperinflammatory condition that can
lead to multi-organ dysfunction and has been reported
both after viral infections and following vaccination,
in children and adults. In the context of SARS-CoV-2,
MIS typically occurs weeks after infection and within
a few weeks after vaccination, frequently in individuals
with prior COVID-19, suggesting immune priming as
a key pathogenic factor [128,178]. Nevertheless, MIS
has also been described in vaccine recipients without
documented previous infection [179,180].

Neurological complications such as GBS have
been reported following both COVID-19 infection and
vaccination, as previously observed with influenza
infection and vaccination [125,162,167].

A similar pattern has been observed for myocardi-
tis and pericarditis following mRNA vaccination,
particularly with BNT162b2, confirming that these
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immune-mediated reactions may occur even in the
absence of viral circulation or direct tissue damage with
myocarditis occurring at substantially higher rates than
myocarditis following mRNA vaccination [125,181].

Growing evidence further indicates that both
SARS-CoV-2 infection and vaccination may be asso-
ciated with long-term symptoms, including cognitive
impairment and thrombotic complications, described
within the spectrum of post-acute sequelae of SARS-
CoV-2 infection (Long COVID) as well as in persistent
post-vaccination syndromes [159,182].

Altogether, these parallels, despite differences in
incidence, support the existence of a common yet
unidentified upstream mechanism underlying neuro-
logical, vascular, and immune-mediated complications
following both the disease and vaccination (see
Section 4).
A Host-Dependent Framework Underlying Immune
Complications Following Infection and Vaccination

Infectious agents can represent a trigger of autoim-
mune diseases, and post-infectious autoimmunity is
a well-established clinical entity. Infections can break
immune tolerance through mechanisms such as molec-
ular mimicry and immune cross-reactivity [183,184].

Severe immune-mediated complications of
COVID-19 are strongly associated with pre-existing
comorbidities, including diabetes, cardiovascular
disease, and autoimmune or chronic inflammatory
conditions. Reported manifestations include
antiphospholipid syndrome, systemic vasculitis,
Guillain–Barré syndrome, and a wide range
of neurological, hematological, and endocrine
disorders [58,63,70,185]. Similar host-dependent
immune mechanisms have been proposed to underlie
multisystem inflammatory syndromes and long-term
effects of SARS-CoV-2 infection, where affected
individuals frequently exhibit multiple autoantibodies
and overlapping autoimmune phenotypes [185,186].

Despite this substantial body of evidence, a central
question remains unresolved: why do only a minority
of infected or vaccinated individuals develop autoim-
mune or severe immune-mediated complications? If
molecular mimicry alone were sufficient to induce
autoimmunity, the prevalence of autoimmune diseases
would be far higher than approximately 5% observed
in the general population [184]. This discrepancy indi-
cates that additional host-dependent permissive factors
critically modulate individual susceptibility to immune
dysregulation. This question becomes particularly rel-
evant in the context of COVID-19 and long COVID,
where clinical manifestations are highly heterogeneous.

Several hypotheses have been proposed to explain
interindividual variability in disease severity. Sardu
et al. 2020 [95] suggested that age- and sex-related
differences in the human sialome may influence viral
interactions and immune responses. Similarly, the
interplay between SARS-CoV-2–induced immune dys-
regulation and age-associated biological changes has
been emphasized [45].

Striking similarities have been observed between
ARDS induced by SARS-CoV-2 and influenza A
virus, as well as with macrophage activation syn-
drome in autoimmune diseases, where shared antiviral
and inflammatory pathways drive excessive immune

activation and tissue damage [187]. However, while
these models explain downstream inflammatory cas-
cades, they do not clarify why only one subset of
individuals develops severe immune-mediated compli-
cations. Importantly, they also fail to account for the
occurrence of comparable or even more severe syn-
dromes in children and young adults—such as MIS-C,
Kawasaki disease, and long COVID—who lack age-
related degenerative changes [27,188].

Overall, long COVID appears to result from the
convergence of multiple, non-mutually exclusive mech-
anisms, including immune dysregulation, autoimmune
responses, vascular and metabolic disturbances, and
possibly viral persistence [189].

Similarly, although rare, severe adverse events asso-
ciated with vaccination have been documented, with
clinical manifestations including vascular, neurolog-
ical, endocrine, and other organ-specific sequelae.
The occurrence of immune-mediated complications
even in the absence of active infection highlights an
important limitation of explanations based exclusively
on the pathogen—such as the molecular mimicry
hypothesis—which fail to adequately account for the
emergence of comparable clinical conditions follow-
ing vaccination, where active viral replication and
direct cytopathic damage are absent. Indeed, simi-
lar autoimmune and inflammatory syndromes have
been reported after vaccination against SARS-CoV-2,
influenza A, and other viruses, suggesting that such
immune complications cannot be attributed solely to
pathogen-induced tissue injury.

Importantly, excessive immune activation—
characterized by early innate immune responses,
cytokine release, and high antibody titers—has
been observed in both severe COVID-19 and post-
vaccination settings, suggesting the existence of a
shared pathogenic pathway.

Further complicating interpretation, identical
clinical entities are often classified differently
depending on whether they arise after infection or
vaccination. For example, Guillain–Barré syndrome,
multisystem inflammatory syndromes, and thrombotic
disorders are assigned distinct nomenclature
and presumed mechanisms based on exposure
context, despite substantial overlap in clinical and
immunological features [175]. This fragmentation has
contributed to conceptual confusion and hindered
recognition of shared underlying mechanisms.

Collectively, evidence accumulated over the
pandemic and the global vaccination campaign
indicates that immune-mediated complications can be
triggered by both viral infections and vaccination, even
in individuals without prior exposure to the pathogen.
These observations support the interpretation
that post-infectious and post-vaccination immune-
mediated manifestations are qualitatively similar and
differ primarily in incidence, magnitude, timing, and
host susceptibility, rather than in their fundamental
immunopathological mechanisms.

Taken together, these observations indicate that
pathogen-centered or molecular mimicry–based mod-
els alone are insufficient to explain the full spectrum
and recurrence of immune-mediated complications. A
unifying host-centered mechanism is therefore required
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to account for the marked heterogeneity observed
across individuals and clinical contexts. We propose
that such a mechanism operates at the level of indi-
vidual susceptibility rather than pathogen specificity,
thereby linking post-infectious and post-vaccination
immune-mediated manifestations within a common
biological framework. In the following section, we
present our causal hypothesis based on xenosialyla-
tion as a form of immunological chimerism, which
may culminate in a state of profound and widespread
immune dysregulation that we define as immunological
marasmus.

4 Sialic Acid: Sialylation vs. Xenosialylation

Sialylation is the enzymatic process by which sialic acid
residues are added to the terminal positions of glycan
chains on glycoproteins and glycolipids, modulating
the structural and immunological properties of cell
surfaces and secreted molecules. This modification is
a defining feature of vertebrate glycoconjugates and
plays a central role in shaping the glycocalyx [190–192].

Sialic acids constitute a family of nine-carbon acidic
sugars located at the outermost positions of cell-surface
glycans, where they generate a negatively charged
interface that contributes to cell hydration, molec-
ular stability, intercellular interactions, and immune
recognition [193–195]. They are highly abundant in
mucus, endothelial glycocalyx, and specialized neural
structures such as gangliosides and myelin, result-
ing in a marked enrichment of total body sialic acid
within the nervous system [196–198]. This heteroge-
neous tissue distribution suggests that perturbations
of sialylation may produce organ-specific immunologi-
cal consequences.

Beyond their structural roles, glycans are key
mediators of molecular recognition in innate and
adaptive immunity, acting as regulators of immune tol-
erance and activation [199,200]. Sialic acid–containing
glycans function as self-associated molecular pat-
terns (SAMPs), delivering inhibitory signals through
receptors such as Siglecs and complement regula-
tors, thereby actively suppressing excessive immune
activation [199,201]. The human sialome undergoes
age-dependent modifications, and progressive desia-
lylation of cell surfaces and circulating glycoproteins
encodes aspects of biological aging and chronic inflam-
mation [202,203]. A paradigmatic example is the
desialylation of senescent erythrocytes, which triggers
their clearance via hepatic asialoglycoprotein recep-
tors [204].

Sialylation of the IgG Fc glycan exerts a potent anti-
inflammatory effect, whereas loss of terminal sialic
acids markedly increases antibody-mediated immune
activation and inflammatory signaling [200,205].
Sialic acid–mediated recognition is also exploited by
numerous viruses, including influenza viruses and
coronaviruses, which use sialylated host glycans for
cell entry and release [53,54]. Because viral envelopes
originate from host cell membranes, they incorporate
host-derived glycoconjugates, including sialylated
glycans that may influence immune recognition and
antibody responses [206]. As a countermeasure,
sialylated mucins form dense barriers on mucosal

surfaces, acting as decoys that limit pathogen access to
epithelial cells [195,207].

Together, these observations place sialylation at
the core of immune homeostasis and highlight that
qualitative alterations in sialic acid composition have
profound implications for immune regulation.

Xenosialylation refers to the metabolic incorpora-
tion and persistence of non-human sialic acids into
human glycans, generating a form of immunological
chimerism that results in qualitative alterations of the
sialome and may profoundly affect immune recogni-
tion and inflammatory control [57,203]. We use the
term here as a unifying framework encompassing the
metabolic incorporation of non-human sialic acids and
the resulting anti-glycan immune responses, as previ-
ously proposed [1].

Humans are genetically unable to synthesize
N-glycolylneuraminic acid (Neu5Gc) due to a
human-specific inactivating mutation of the cytidine
monophospho-N-acetylneuraminic acid hydroxylase
(CMAH) gene, rendering Neu5Gc immunologically
foreign [208,209]. Nevertheless, humans are chronically
exposed to Neu5Gc through dietary intake of edible
CMAH+/+ mammalian products, primarily red meat,
as well as fish eggs (e.g., caviar) and edible echinoderms
(e.g., sea urchins) and through biotechnological and
pharmaceutical products derived from non-human cell
lines [210,211].

Because human metabolic pathways do not dis-
criminate between Neu5Ac and Neu5Gc, exogenous
Neu5Gc is incorporated into glycans on cell surfaces
and secreted glycoconjugates [212,213]. Together, these
observations indicate that qualitative alterations of the
human sialome induced by xenosialylation may have
profound immunopathological consequences.

Following dietary intake, Neu5Gc-containing gly-
coconjugates are taken up by enterocytes, transiently
enter the circulation, and are subsequently incorpo-
rated into glycoproteins and glycolipids of peripheral
tissues, particularly on endothelial and epithelial
surfaces, as well as into circulating and secreted glyco-
proteins [212,214,215]. This implies that a broad range
of tissues may become xenosialylated depending on
cumulative dietary and/or iatrogenic exposure.

Given the central role of sialic acids in immune
regulation, self-recognition, and inflammatory con-
trol, qualitative alterations of the human sialome are
therefore expected to have profound immunopatholog-
ical consequences.

From an immunological perspective, diet-derived
Neu5Gc-contaminated epitopes are immunologically
visible and specifically recognized by human
antibodies, constituting non-self-determinants
embedded within otherwise self-associated
glycans [212,216]. Xenosialylation therefore converts
normally tolerogenic self-glycans into mammalian-
associated carbohydrate antigens (MCAs) [217],
shifting their immunological interpretation from
inhibitory self-patterns toward targets of immune
recognition and activation. MCAs comprise three
major antigenic specificities—α-Gal, Forssman (a
heterophilic glycolipid present on the cell membranes
of many animal species and bacteria, but generally
absent in healthy humans, known as a heterophile
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antigen because it can induce the production
of antibodies that react with tissues of different
species), and Neu5Gc—but only Neu5Gc can be
metabolically assimilated and stably incorporated
into human glycans through dietary and exogenous
exposure [217]. As a consequence, Neu5Gc uniquely
generates xenosialylated structures that constitute
an immunopathological state, which we define as
immunological chimerism, in which non-self-antigenic
determinants become structurally embedded within
the human sialome, thereby blurring the classical
boundary between self and non-self-recognition.

Alterations in the Fc glycan—particularly
the replacement of endogenous sialic acids with
non-human (xeno) sialic acids—may disrupt
immune homeostasis and contribute to heightened
immunoreactivity, potentially triggering or
exacerbating heterogeneous inflammatory and
autoimmune pathologies.

Strong viral antigenic stimulation has been shown
to induce broad, polyreactive anti-glycan antibody
repertoires with autoreactive properties. Antibodies
generated against the SARS-CoV-2 nucleocapsid
protein display reactivity toward multiple human
self-antigens, indicating that virus-induced humoral
responses may encompass normally cryptic self-
epitopes [218]. In parallel, SARS-CoV-2 infection
can induce broad anti-glycan antibody repertoires,
providing a mechanistic link between viral immune
activation and qualitative alterations of the host glycan
landscape [56,57].

Together, these findings support the concept that
pre-existing anti-Neu5Gc antibodies may represent
a subset of a wider inducible anti-glycan immune
response, whose magnitude and pathogenic relevance
are amplified by strong antigenic stimuli such as viral
infection or vaccination. The presence of these anti-
bodies alone is not sufficient to induce pathology,
but establishes a permissive immunological context in
which additional inflammatory or antigenic triggers
may precipitate disease.

Recent reviews on sialic acids in health and
disease have introduced the concept of xenosiali-
tis, referring to chronic inflammation driven by the
metabolic incorporation of non-human sialic acids—
particularly Neu5Gc—from dietary sources [215].
Dysregulated antibody responses against altered glycan
epitopes are increasingly recognized as contributors
to chronic inflammation and autoimmunity, especially
when glycan structures deviate from physiological self-
patterns [57].

Inter-individual variability in Neu5Gc incorpo-
ration and antibody repertoires likely underlies the
marked heterogeneity of inflammatory and autoim-
mune phenotypes observed in humans. Polyclonal
anti-Neu5Gc antibodies have been implicated in
cancer, atherosclerosis, diabetes, and autoimmune dis-
orders [219–221]. The frequent coexistence of multiple
autoimmune diseases further supports the existence of
a shared upstream mechanism involving broad anti-
glycan immune reactivity [184,222].

In this context, glycan-array profiling in
SARS-CoV-2–infected patients have shown that
viral antigenic stimulation can induce broad

polyclonal antibody responses against multiple self-
carbohydrate epitopes [57,203]. When superimposed
on metabolically incorporated Neu5Gc, such
infection-induced antiglycan antibodies may provide
a mechanistic link between viral immune activation
and xenosialylation-driven immune dysregulation,
a condition previously associated with chronic
inflammatory states [215].

Marked inter-individual variability in anti-
Neu5Gc antibody titers appears to be influenced
by gut microbiota composition and its capacity
to metabolize dietary xenoglycans [223]. Dietary
Neu5Gc interacts with the gut microbiota, where
commensal and pathogenic bacteria can scavenge
and metabolize sialic acids, potentially amplifying the
persistence and immunological visibility of Neu5Gc-
containing epitopes and favoring molecular mimicry
and chronic immune activation [224–227]. Neu5Gc-
rich diets have been shown to alter gut microbial
composition—particularly affecting Bacteroidales
and Clostridiales—and to enhance xenosialylation of
microbial glycans, increasing both the diversity and
persistence of xeno-sialylated antigens and extending
immune activation beyond the gut [223,227].

Induction of anti-Neu5Gc antibodies in humans
is thought to occur during infancy, typically between
6 and 12 months of age, coinciding with the intro-
duction of solid foods or milk-based formula and
with the establishment of the gut microbiota, which
critically shapes carbohydrate-specific antibody reper-
toires [225,228]. During neonatal life, human milk
provides a contrasting physiological context: human
milk oligosaccharides contain exclusively Neu5Ac and
support immune tolerance and the development of
a protective gut microbiome [229–231]. In contrast,
infant formula and bovine milk contain Neu5Gc, and
early dietary exposure has been associated with the
appearance of circulating anti-Neu5Gc antibodies in
infancy [225,232].

Together, these observations identify early life as
a critical window in which exposure to non-human
sialylated glycans, in conjunction with microbiota
maturation, may shape long-term antiglycan immune
repertoires. At this stage, xenosialylation can no
longer be viewed as a purely host cell–restricted phe-
nomenon, but rather as an emergent property of
host–microbiome interactions.

When exposure to non-human sialylated glycans
is sustained over time, the combined effects of
metabolic incorporation and microbiota-mediated
processing may progressively reshape the intestinal
glycan landscape. Chronic exposure to a “xeno-
enhanced microbiome”—defined as a microbial
ecosystem enriched in or adapted to non-human sialic
acids—has been associated with persistent intestinal
inflammation, increased epithelial permeability,
and an elevated risk of diet-related colorectal
cancer, a condition already conceptualized as
xenosialitis [215,224].

Similar observations have been made in dogs,
which, like humans, lack Neu5Gc in their glycan reper-
toire; recent studies show that in canine IBD, Neu5Gc
expression in colonic mucus and enterocytes is pro-
portional to the degree of colitis and the severity of
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mucosal damage [233]. In this animal model, 90-day
administration of a desialyzing probiotic mixture (char-
acterized by bifidobacteria, lactobacilli, and yeasts
such as Saccharomyces boulardii) is able to reduce fecal
Neu5Gc shedding, reducing the clinical signs of colitis
and inflammatory parameters [234].

Within this same pathogenic framework, interac-
tions between metabolically incorporated Neu5Gc and
circulating anti-Neu5Gc antibodies have been impli-
cated in tumor progression, vascular inflammation,
atherosclerosis, diabetes, and autoimmune disease,
indicating that xenosialylation-driven immune dysregu-
lation extends beyond the gut and manifests as systemic
pathology [198,215,220]. Together, these observations
support the existence of a self-reinforcing loop linking
xenosialylation, microbiome-mediated amplification,
and immune activation, consistent with emerging
systems-level models of glycan-driven immune regula-
tion [57,200,203].

Anti-glycan antibodies can actively contribute
to immune dysregulation and tissue pathology,
supporting the concept that antibodies directed
against xeno-sialylated (Neu5Gc-contaminated)
glycans may function as upstream amplifiers of
inflammatory and autoimmune responses [2,200,203].
Recent analyses of the SARS-CoV-2 spike protein
have shown that virus-associated glycan patterns,
including site-specific O-glycosylation, can modulate
host immune recognition and promote anti-glycan
antibody responses, indicating that qualitative
alterations of glycan structures—whether of viral or
host origin—represent potent drivers of antiglycan
reactivity independent of the underlying peptide
antigen [53,54,235].

Metabolic incorporation of Neu5Gc establishes a
state of immunological chimerism in which non-self-
molecular determinants become structurally embedded
within the self glycome, thereby promoting immune
recognition of xeno-sialylated glycans. Immune-
mediated targeting and removal of these modified
structures can, in turn, expose cryptic antigenic
epitopes—normally hidden or tolerogenic—thus
reinforcing pathological immune responses through
loss of immune tolerance, a mechanism well described
in autoimmunity following post-translational
molecular modifications [236,237]. Subsequent
glycan turnover favors renewed incorporation of
dietary Neu5Gc, perpetuating stochastic cycles of
autoantigen exposure.

Over time, this process drives the emergence of sub-
liminal, polyclonal antibody responses that contribute
to the initiation, progression, and amplification of
both organ-specific and systemic autoimmune diseases.
Xenosialylation functions as a permissive immuno-
logical state that lowers the threshold for aberrant
immune activation in response to strong antigenic chal-
lenges, including viral infection or vaccination. This
host-dependent condition establishes a background of
immune tension that shapes disease susceptibility and
clinical heterogeneity across individuals.

This model offers a unifying mechanistic
framework to explain the heterogeneous, multisystem,
and delayed immune-mediated complications

observed after SARS-CoV-2 infection, anti–
SARS-CoV-2 vaccination, and other viral
infections or immunizations. In this context,
the preferential incorporation of Neu5Gc into
endothelial glycans [212,215,219] represents a
form of immunological chimerism at the vascular
interface, predisposing the microvasculature to
antibody-mediated inflammation and thrombosis.
The coexistence of Neu5Gc-containing glycans and
circulating anti-Neu5Gc antibodies may promote
immune-complex formation, complement activation,
and endothelial activation, thereby creating a pro-
thromboinflammatory microenvironment. Because
sialylated glycans play a key role in complement
regulation and self-recognition at the endothelial
surface [201], qualitative alterations of the vascular
sialome may further amplify complement-mediated
endothelial injury and immunothrombosis. These
mechanisms may be particularly relevant in low-shear
venous districts with high endothelial glycan density,
such as the cerebral venous sinuses and the splanchnic
circulation, where thrombo-inflammatory events have
been widely documented in both acute and post-acute
COVID-19 [94,96] and have occasionally been reported
after vaccination [143–145], particularly in genetically
predisposed individuals [146].

4.1 Tissue-Level Consequences of Xenosialylation:
Breakdown of Immune Self-Tolerance

The heterogeneous autoimmune manifestations
observed following viral infections and adverse vaccine
reactions are unlikely to be explained solely by direct
viral cytopathic effects, molecular mimicry, bystander
activation, or occult viral persistence [66,184]. In post-
vaccination complications, viral circulation is absent,
and in SARS-CoV-2–associated neurological disorders,
viral RNA is typically undetectable in cerebrospinal
fluid, indicating that tissue damage is not directly
mediated by viral presence in the affected organs [66].

Systematic analyses of new-onset autoimmune
diseases following COVID-19 vaccination have
highlighted the heterogeneity, variable latency, and
organ specificity of post-vaccination manifestations,
while explicitly acknowledging that currently proposed
mechanisms do not explain why only a subset of
individuals develops clinically overt disease [74].

Large population-based cohort studies have not
identified a disproportionate increase in autoimmune
diseases following COVID-19 vaccination at the pop-
ulation level; in contrast, SARS-CoV-2 infection itself
has been associated with a higher risk of several
autoimmune conditions [238].

We propose that a key determinant of severe
immune-mediated complications following both infec-
tion and vaccination is the host immune response
against xeno-sialic acids (Neu5Gc) metabolically incor-
porated into cellular glycans across multiple tissues.
The individual pattern and extent of Neu5Gc dis-
tribution across organs determines the anatomical
localization, severity, and clinical heterogeneity of
immune-mediated manifestations.

Xenosialylation promotes persistent low-grade
inflammation and is associated with elevated levels
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of circulating polyclonal anti-Neu5Gc antibodies.
Immune targeting of xenosialylated tissues leads to
removal of altered glycans and exposure of cryptic self-
antigens, triggering secondary waves of autoantibody
production. Such polyreactive antibody profiles have
been documented following SARS-CoV-2 infection
and are consistent with those reported in long COVID
and post-vaccination immune complications [56,57].

At this stage, immune reactivity becomes system-
ically oriented toward xenosialylated structures as a
molecular class, irrespective of their anatomical local-
ization. Continued dietary or iatrogenic exposure to
Neu5Gc may sustain a self-reinforcing inflammatory
cycle characterized by lymphocytic infiltration, exces-
sive cytokine release, microvascular inflammation,
endothelial injury, and progressive tissue damage. Anti-
bodies directed against glycan epitopes are increasingly
recognized as active contributors to immune dysreg-
ulation and tissue pathology, including microvascular
immune-mediated damage. Under specific immuno-
logical contexts, anti-glycan antibodies recognizing
self-glycans can play a direct pathogenic role in
autoimmune and neurological disorders, including
Guillain–Barré syndrome [2,3], endothelial dysfunction
in COVID-19 [94–96], or after anti–SARS-CoV-
2 vaccination [142,143,146]. Aberrant anti-glycan
immune responses can therefore directly drive immune-
mediated pathology under permissive conditions [57].

Within this framework, the emergence of autoim-
mune disorders after infection or vaccination may
reflect aberrant anti-glycan immune responses directed
against xenosialylated tissues, followed by stochas-
tic exposure of underlying self-antigens, ultimately
contributing to chronic inflammation, endothelial dys-
function, and multisystem autoimmune, neurological,
and vascular complications.

Widespread qualitative alterations of the glycocalyx
may be interpreted by the immune system as evidence
of pathogenic invasion [99,147,148], particularly since
many enveloped viruses exploit sialylated receptors for
host cell entry [194,207]. This is especially relevant
for enveloped viruses, whose structural components
are directly derived from host cell membranes [217],
and may therefore incorporate xenosialylated features
present on the infected cells.

Consequently, a host state of xenosialylation biases
immune recognition toward mammalian-associated
carbohydrate antigens (MCAs), triggering immune
responses directed against xeno-contaminated tissues.
This framework provides a mechanistic basis for
understanding how identical antigenic challenges can
elicit minimal, transient responses in some individuals
but severe, multisystem immune-mediated pathology
in others.

4.2 IgG Fc Homeostasis and Selective Clearance in
Xenosialylated Hosts

Antibody responses to viral infections show marked
interindividual variability and can result in either viral
neutralization or excessive inflammation, depending
largely on Fc domain structure and its interaction with
Fcγ receptors (FcγRs) expressed by immune effector
cells, including monocytes, macrophages, and natural

killer cells [239,240]. The balance between activating
and inhibitory FcγR engagement critically determines
the magnitude and quality of downstream inflamma-
tory responses.

IgG Fc glycosylation is a key regulator of antibody
effector function. Variations in fucosylation, galacto-
sylation, and sialylation profoundly modulate pro- and
anti-inflammatory activity in infection, autoimmunity,
and aging [241–244]. In particular, afucosylation of
IgG1 Fc domains confers markedly higher affinity
for activating FcγRIIIa receptors, thereby enhancing
cytokine production and cytotoxic effector func-
tions [244].

In COVID-19 and following anti–SARS-CoV-2
vaccination, distinct IgG Fc glycosylation repertoires
have been described. Severe disease and severe vaccine-
related adverse reactions are associated with IgG
profiles enriched in IgG1 and IgG2 subclasses with
reduced core fucosylation and reduced Fc sialylation,
whereas milder disease correlates with higher levels of
sialylated IgG3 Fc domains with lower inflammatory
potential [245–247]. Hyperinflammatory responses
typically emerge around the time of seroconversion,
approximately two weeks after infection, and are fre-
quently described as cytokine storms characterized
by excessive pro-inflammatory cytokine release [240].
In this context, low Fc fucosylation correlates with
enhanced anti-spike IgG–mediated inflammation and
increased engagement of activating Fcγ receptors [245].
Afucosylated IgG responses are not unique to COVID-
19, and have been reported in autoimmune diseases
and in viral infections such as dengue and HIV, where
they promote macrophage polarization toward a pro-
inflammatory phenotype [244,248,249]. However, it
remains unclear why Fc glycosylation abnormalities
are particularly pronounced in severe COVID-19 and
severe post-vaccination reactions, especially around
seroconversion. Although Fc afucosylation appears to
be a general feature of immune responses to enveloped
viruses, its exaggerated magnitude in severe disease
remains mechanistically unexplained [245,246]. Taken
together, these observations indicate that current mod-
els of Fc glycosylation dysregulation describe the
phenomenon but do not explain its upstream cause.
Although population-level evidence consistently shows
a shift from sialylated, immunoregulatory IgG profiles
toward desialylated, pro-inflammatory IgGs in aging
and disease, the biological driver of this transition
remains undefined [244].

Notably, IgG3 represents the most heavily
glycosylated IgG subclass, displaying canonical Fc
N-glycosylation together with unique O-glycosylation
sites in the hinge region [244]. While Fc sialylation can
occur across all IgG subclasses, IgG3 is distinguished
by additional hinge-associated glycosylation that may
influence antibody effector functions [200,237].

We hypothesize that xenosialylation disrupts
IgG Fc homeostasis by favoring the preferential
loss or functional depletion of tolerogenic, highly
sialylated antibody subsets, thereby amplifying
FcγR-mediated inflammatory signaling and systemic
cytokine production. The resulting depletion
of regulatory IgGs promotes a self-reinforcing
inflammatory loop characterized by chronic immune
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activation and progressive dysregulation of Fc
glycosylation patterns. Through this antibody-
centered mechanism, xenosialylation lowers the
threshold for cytokine amplification, endothelial
inflammation, and multisystem immune-mediated
pathology following viral infection or vaccination.
In this framework, inflammation arises not from
the intrinsic pathogenicity of IgG3, but from its
preferential loss and the consequent collapse of Fc
sialylation-mediated immune regulation.

In heavily xenosialylated individuals, during the
intense antibody response triggered by viral infection
or vaccination, IgG synthesis occurs in the presence
of abundant non-human sialic acids, potentially favor-
ing the incorporation of these residues into the Fc
glycans of newly produced antibodies. These modi-
fied IgGs may become preferential targets of immune
effector mechanisms, resulting in depletion of anti-
inflammatory, sialylated IgGs and relative enrichment
of pro-inflammatory IgG fractions.

The resulting imbalance shifts immune regula-
tion toward uncontrolled inflammation. Concurrently,
innate immune targeting of xenosialylated cell surfaces
exposes cryptic self-antigens and promotes autoanti-
body production, as described above. The convergence
of these processes generates a self-amplifying immune
escalation, a process we term xenosialylation-induced
immunological marasmus, a functional immunological
state characterized by progressive erosion of immune
regulatory capacity. Under these conditions, even min-
imal antigenic stimulation—such as viral infection or
vaccination—may trigger disproportionate inflamma-
tory responses, manifesting either acutely (e.g., severe
COVID-19 around seroconversion) or chronically (e.g.,
long COVID or post-vaccination immune syndromes).

Clinical heterogeneity—including differences
in susceptibility, disease severity, and organ-
specific outcomes such as coagulopathies,
thrombosis, neurological syndromes (e.g., Guillain–
Barré syndrome), autoimmune disease onset or
reactivation, and latent viral reactivation—may reflect
interindividual variation in the tissue distribution
of xenosialylation, while overall disease severity
correlates with the magnitude of the pre-existing
xenosialylation-associated inflammatory state.

Within this framework, post-infectious and post-
vaccination immune-mediated complications differ
in magnitude and clinical manifestations, but share
the same underlying pathophysiological mechanism.
This host-centered model helps explain why identical
immune challenges can produce divergent outcomes
across individuals.

Importantly, it also accounts for the limited effi-
cacy of antiviral therapies once immune dysregulation
predominates, and for the clinical benefit of early anti-
inflammatory interventions such as corticosteroids,
including dexamethasone [250–252].

4.3 Sex as a Modulator of Xenosialylation-Associated
Immune Outcomes

Pronounced sex-related differences characterize
COVID-19 severity, post-infectious complications,
and vaccine-related immune adverse events. Males

more frequently develop severe acute disease,
hyper-inflammatory syndromes, and cardiovascular
complications, whereas females exhibit higher rates
of autoimmune and post-acute immune-mediated
sequelae [58,62,253,254], reflecting intrinsic biological
dimorphisms in immune regulation rather than
epidemiological factors alone.

Females typically mount stronger innate and adap-
tive immune responses, improving pathogen clearance
and vaccine efficacy but increasing susceptibility to
autoimmune disease [83,84,254]. These differences
partly derive from the X chromosome, which is
enriched in immune-related genes and subject to mosaic
expression, providing greater immunological redun-
dancy [255].

Hormonal regulation further shapes these effects.
Estrogens enhance immune responsiveness and support
endothelial homeostasis through modulation of
ACE2, whose sex-dependent regulation contributes
to differential endothelial resilience [18,256,257].
Consequently, males are more prone to endothelial
dysfunction, thrombosis, and acute inflammatory
injury [49,90], whereas females show greater protection
from acute damage but increased susceptibility to
immune escalation.

Within the xenosialylation framework, these
sex-specific immune architectures produce
divergent clinical trajectories. In males, endothelial
xenosialylation combined with a pro-inflammatory
immune bias favors exaggerated innate activation and
acute hyper-inflammatory syndromes. In females,
stronger humoral responses may limit acute tissue
injury but increase immune targeting of xenosialylated
self-structures, predisposing to delayed autoimmune
manifestations [254].

Overall, male-predominant acute severity
and female-predominant autoimmunity represent
complementary outcomes of a shared upstream
condition—xenosialylation—whose clinical expression
is modulated by sex-specific genetic, hormonal,
endothelial, and immunological factors [18,253–255].

5 Prediction and Prevention of Viral, Post-Vaccination,
and Autoimmune Complications

If the xenosialylation hypothesis is correct, it becomes
feasible to identify individuals at increased risk of
severe viral, post-vaccination, and autoimmune com-
plications, and to implement preventive strategies
aimed at reducing both incidence and severity. A cen-
tral predictive tool is the assessment of circulating
anti-Neu5Gc antibodies, which have been implicated
in chronic inflammatory and autoimmune diseases
and proposed as mechanistic biomarkers of immune-
mediated pathology [184,215].

Within this framework, anti-Neu5Gc antibod-
ies could serve as biomarkers to stratify individual
susceptibility to autoimmune diseases, viral comp
lications—including COVID-19—and post- vaccina-
tion adverse immune reactions.

High-resolution glycan microarray technologies
enable quantitative and qualitative profiling of anti-
Neu5Gc and broader anti-glycan antibody repertoires,
allowing assessment of antibody specificity, diversity,
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and binding strength across hundreds of defined glycan
structures [219,258]. Using these platforms, human sera
have been shown to contain heterogeneous IgG and
IgA responses against Neu5Gc epitopes, supporting
the feasibility of antiglycan serology as a biomarker
of immune susceptibility [259,260]. Importantly, these
approaches capture the breadth and polyreactiv-
ity of antiglycan immune responses that are not
detectable with single-antigen assays, as demonstrated
in SARS-CoV-2–infected individuals [57]. Highly sen-
sitive methods for detecting Neu5Gc and anti-Neu5Gc
antibodies in human sera are already available and can
be applied to large-scale clinical and epidemiological
studies. Affinity-based and glycan-array–based plat-
forms allow high-resolution profiling of anti-Neu5Gc,
and broader anti-glycan antibody repertoires, enabling
detection of heterogeneous and poly-reactive immune
responses [216,219].

Recent methodological advances have further
improved the analytical sensitivity and specificity
of anti-Neu5Gc detection, highlighting the need
for standardized, harmonized serological platforms
before clinical implementation [261]. This requirement
is particularly critical given the complexity and
interindividual variability of polyclonal antiglycan
immune repertoires.

Several immunological methods are already avail-
able for detecting Neu5Gc and anti-Neu5Gc antibodies
in biological samples. ELISA and immunohistochem-
istry have been applied to identify Neu5Gc-containing
glycans in tissues [210], competitive or serological
detection [262] or hemagglutination assays to evaluate
anti-Neu5Gc antibody levels [219].

In addition, affinity-based assays capable of
capturing overall anti-Neu5Gc reactivity have been
proposed as screening tools [216] but still new analytical
platforms for anti-Neu5Gc detection have been
described [261].

It would also be of interest to quantify circulating
levels of desialylated and defucosylated IgGs, since
shifts in Fc glycosylation toward pro-inflammatory
profiles are consistently associated with aging and
immune-mediated disease [244]. Such integrated sero-
logical profiling may provide a quantitative readout
of immune imbalance and help operationalize the
concept of xenosialylation-associated immunological
marasmus.

From a preventive perspective, individuals with
autoimmune diseases, chronic inflammatory condi-
tions, or relevant comorbidities could benefit from
adopting a Neu5Gc–free diet to promote gradual
clearance of xenosialylated glycans from cell sur-
faces. Similarly, in subjects at increased risk of
post-vaccination adverse immune reactions, a strict
Neu5Gc–free diet for approximately 2–3 months prior
to vaccination may reduce the burden of incorpo-
rated Neu5Gc and circulating anti-Neu5Gc antibodies.
This proposed clearance window is biologically plau-
sible, as it is consistent with the turnover rates of
erythrocytes, circulating immunoglobulins, endothelial
glycocalyx components, and cell-surface glycoproteins,
which together define the minimal systemic timescale
required for substantial remodeling of the human
sialome in the absence of exogenous Neu5Gc. On

the other hand, the result of reducing the mucosal
incorporation/absorption of Neu5Gc proposed in the
spontaneous canine model of IBD-related colitis,
through the use of specific probiotic supplements [233],
also appears very interesting. This approach involves
the use of appropriately assembled probiotic mixtures,
containing high concentrations of sialidases + probi-
otic bacteria, capable of detaching Neu5Gc from the
glicoconjugates and, through the metabolic mechanism
of the cross-feeding [263,264] using Neu5Gc as a carbon
source, and therefore eliminated from the intestinal
content with a clearance of potentially xenosialyzing
food molecules [265].

If strict long-term adherence to a xenosialic acid–
free diet is not feasible, a more pragmatic strategy
may be to limit Neu5Gc intake at least during
critical immunological windows, particularly in the
period immediately following vaccination and around
seroconversion. This temporal restriction may reduce
the incorporation of high levels of Neu5Gc into
newly synthesized IgG molecules that are rapidly and
abundantly produced in response to vaccine-induced
antigenic stimulation.

Similarly, during periods of active circulation of
highly prevalent viral pathogens (e.g., influenza viruses,
coronaviruses), maintaining a low dietary intake of
Neu5Gc-containing foods could potentially mitigate
post-infectious immune complications and facilitate
immune resolution and convalescence by limiting
xenosialylation of both host tissues and virus-induced
antibody repertoires.

Although causal relationships remain to be
formally demonstrated, this framework enables the
formulation of testable interventional hypotheses.
Individuals with elevated anti-Neu5Gc antibody
levels—particularly those with autoimmune or
chronic inflammatory diseases—could be enrolled
in interventional studies and stratified according
to dietary exposure. Longitudinal monitoring of
anti-Neu5Gc titers and clinical outcomes would
allow evaluation of whether sustained elimination of
Neu5Gc leads to progressive antibody reduction and
clinical improvement.

Diets rich in Neu5Gc-containing foods, such as red
meat and dairy products, may contribute to a pro-
inflammatory immune milieu and should therefore be
reconsidered in high-risk populations. In this context,
nutritional protocols currently adopted in hospital and
metabolic disease settings [266,267] may warrant re-
evaluation in light of xenosialylation.

Although no dietary intervention has been proven
to prevent SARS-CoV-2 infection or fully mitigate
severe COVID-19 outcomes [30], it is plausible that
specific dietary components may exacerbate immune
dysregulation during infection or following vaccina-
tion. Timely reduction of Neu5Gc intake may therefore
contribute to lowering the incidence and severity of
post-viral and post-vaccination immune complications
and improving the clinical course of chronic inflamma-
tory and autoimmune diseases. Importantly, this model
is intended to generate falsifiable and experimentally
testable predictions, rather than to establish definitive
causality at this stage.
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6 Limitations and Controversies: Diet-Derived Neu5Gc
and Human Disease

Despite the growing biological plausibility of Neu5Gc-
mediated immune modulation within the broader
biological roles of sialic acids and glycans in immune
regulation [190,191,195], the contribution of dietary
Neu5Gc to human inflammatory and autoimmune
disease remains debated. Much of the mechanistic
evidence derives from preclinical studies, particu-
larly CMAH-deficient mouse models exposed to high
Neu5Gc loads or passive transfer of anti-Neu5Gc
antibodies [212,214,215,219]. Although these models
clarified pathways linking xenosialylation to chronic
inflammation and vascular pathology, they may not
fully reflect the complexity, dose, and tissue distribu-
tion of Neu5Gc exposure in humans.

In humans, circulating anti-Neu5Gc antibodies
are widely detectable but highly variable, and their
presence does not consistently translate into overt
disease [219,268]. This suggests that Neu5Gc-related
immune effects are conditional and shaped by host
factors such as glycan turnover, endothelial exposure,
microbiome composition, and concurrent inflamma-
tory or infectious stimuli [57,203,215,237].

Epidemiological associations between red meat
consumption and chronic disease are further con-
founded by metabolic, lifestyle, and dietary variables,
complicating isolation of the specific contribution of
Neu5Gc [269]. These limitations were emphasized
by Soulillou et al. 2020 [270], who questioned the
strength of evidence linking dietary Neu5Gc and anti-
Neu5Gc antibodies to specific diseases and highlighted
methodological constraints and the absence of large
prospective interventional studies.

Conversely, multiple experimental and translational
studies support the biological plausibility of
Neu5Gc-driven immune modulation, demonstrating
metabolic incorporation of Neu5Gc into human
tissues and its capacity to induce chronic
inflammatory responses through anti-Neu5Gc
antibodies [212,214,215,219,220]. Current objections
therefore largely reflect limitations in detection and
causal inference rather than a refutation of the
mechanistic relevance of xenosialylation.

Methodological variability across antiglycan detec-
tion platforms has also contributed to inconsistent
findings, underscoring the need for standardized
high-resolution serological assays and glycan profil-
ing technologies [258,260,261,271]. Accordingly, the
present work does not claim definitive causality but
proposes a hypothesis-generating framework in which
dietary Neu5Gc acts as a contextual modifier whose
pathogenic relevance emerges under permissive host
conditions characterized by pre-existing immune dys-
regulation and inflammatory challenges.

7 Conclusions

This work extends our previous hypothesis on
xenosialylation as a host-dependent modulator
of post-infectious and post-vaccination immune
complications [1], integrating convergent evidence
from glycobiology and immunology into a unified

mechanistic framework. The model links tissue-specific
Neu5Gc incorporation, antibody glycosylation,
host variability, and clinical heterogeneity within
a coherent host-centered interpretation of immune
dysregulation, in which xenosialylation establishes
a state of immunological chimerism characterized
by the incorporation of non-human sialic acids into
host glycoconjugates.

Severe immune-mediated complications following
SARS-CoV-2 infection and vaccination resemble those
observed after other viral infections and immunizations
and frequently occur in individuals with autoimmune
or chronic inflammatory comorbidities. Rather than
acting as a direct pathogenic trigger, xenosialylation
is proposed to represent a permissive upstream condi-
tion that lowers the threshold for dysregulated immune
activation in response to antigenic challenges. Within
this framework, immunological chimerism reshapes
immune recognition of host tissues and provides a
biologically grounded explanation for delayed onset,
multisystem involvement, and marked inter-individual
variability of immune-mediated outcomes.

Circulating anti-Neu5Gc antibodies may serve as
practical biomarkers for identifying individuals at
increased risk, while dietary Neu5Gc reduction repre-
sents a testable strategy to attenuate inflammation and
improve clinical outcomes. Longitudinal monitoring of
anti-Neu5Gc repertoires and Fc glycosylation profiles
may further enable individualized risk stratification
and preventive intervention.

Importantly, the model is explicitly falsifiable and
generates measurable predictions that can be tested
in retrospective and prospective studies. By reframing
immune adverse events as conditional outcomes arising
from host-specific molecular susceptibility rather than
stochastic anomalies, this framework links glycobiol-
ogy to clinical heterogeneity and supports predictive
and preventive strategies.

Finally, improved mechanistic understanding of
adverse immune reactions can strengthen public health
strategies by providing a rational basis for enhanc-
ing vaccine safety, trust, and long-term effectiveness.
Identifying biological determinants of immune dysreg-
ulation is therefore essential to the scientific, ethical,
and societal sustainability of vaccination.
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