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Abstract: Vaccination is a public health cornerstone that protects against numerous infectious diseases.
Despite its benefits, immunization implications on ocular health warrant thorough investigation,
particularly in the context of vaccine-induced ocular inflammation. This review aimed to elucidate the
complex interplay between vaccination and the eye, focusing on the molecular and immunological
pathways implicated in vaccine-associated ocular adverse effects. Through an in-depth analysis
of recent advancements and the existing literature, we explored various mechanisms of vaccine-
induced ocular inflammation, such as direct infection by live attenuated vaccines, immune complex
formation, adjuvant-induced autoimmunity, molecular mimicry, hypersensitivity reactions, PEG-
induced allergic reactions, Type 1 IFN activation, free extracellular RNA, and specific components.
We further examined the specific ocular conditions associated with vaccination, such as uveitis,
optic neuritis, and retinitis, and discussed the potential impact of novel vaccines, including those
against SARS-CoV-2. This review sheds light on the intricate relationships between vaccination, the
immune system, and ocular tissues, offering insights into informed discussions and future research
directions aimed at optimizing vaccine safety and ophthalmological care. Our analysis underscores
the importance of vigilance and further research to understand and mitigate the ocular side effects
of vaccines, thereby ensuring the continued success of vaccination programs, while preserving
ocular health.

Keywords: vaccines; ocular inflammation; molecular; immunomodulation; molecular mimicry;
COVID-19

1. Introduction

At the end of 2019, the global outbreak of the coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) posed an un-
precedented challenge worldwide. With various COVID-19 vaccines proving effective in
clinical trials, the efficacy and safety of such vaccines are weighing on the minds of every
citizen. The development and testing of vaccines are currently hot topics in the fields of
public health, basic research, and clinical studies [1]. Despite the numerous benefits of
vaccines, excessive stimulation of the immune system may become more apparent after
repeated vaccinations or adjuvant use [2]. Given the large number of people vaccinated an-
nually, there is an urgent need to closely monitor and explore adverse reactions to vaccines.
Some scholars believe that research on vaccine administration and autoimmune diseases
is coincidental, and excessive exploration could create “false myths”, leading to vaccine
hesitancy and a reduction in vaccination coverage [3]. However, it must be acknowledged
that a connection exists between the two, albeit rarely [4]. The purpose of investigating
these mechanisms is to improve public health and promote vaccine optimization. Therefore,
the open debate on adverse reactions to vaccines should not be viewed as anti-vaccine
activism [5].

Int. J. Mol. Sci. 2024, 25, 4755. https://doi.org/10.3390/ijms25094755 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25094755
https://doi.org/10.3390/ijms25094755
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-1359-8198
https://doi.org/10.3390/ijms25094755
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25094755?type=check_update&version=2


Int. J. Mol. Sci. 2024, 25, 4755 2 of 20

In recent years, independent clinical practitioners from various parts of the world
have begun to document adverse reactions, encompassing both systemic and localized
symptoms, following vaccine administration. As early as 2013, Salmon et al. published a
large-scale population study in the Lancet, which revealed a significant association between
influenza vaccine administration and Guillain–Barré syndrome [6]. Simultaneously, a
plethora of research on vaccine-related side effects emerged. Some studies have found a
close correlation between the administration of the poliovirus vaccine and neurological com-
plications [7], while others have explored the association between measles–mumps–rubella
(MMR) vaccine administration and immune thrombocytopenic purpura [8].

As a vital organ of the human body, the eyes have consistently garnered the attention
of medical professionals, and vaccine-related ocular side effects have continually been
reported. Research has indicated that uveitis is the most common ocular complication
following hepatitis B vaccine administration [9], and studies have shown that the annual
incidence of postvaccination uveitis ranges from 8 to 13 cases per 100,000 cases/year [10]. A
recent retrospective review of ocular adverse events induced by vaccines between 2010 and
2020 emphasized various vaccine-related ocular reactions, including optic neuritis, uveitis,
and retinitis [11]. Our previous study summarized 61 cases of post-antiviral vaccination
uveitis over a 40-year period [12]. In most cases of these ocular inflammations, they are
self-limiting or recover after treatment with systematic steroids. However, there remains
a subset of patients who, despite receiving steroid treatment and long-term follow-up,
do not improve. They may experience permanent visual impairment, visual field defects,
and require prolonged steroid therapy, which may ultimately develop into lifelong per-
manent complications. Therefore, exploring the mechanisms behind it is crucial to reduce
the occurrence of this situation. Nowadays, numerous speculations exist regarding the
immunological and molecular mechanisms underlying vaccine-related ocular inflamma-
tion. This review summarizes some mainstream mechanisms of vaccine-related ocular
inflammation and provides insights and directions for future foundational research in
this field.

2. Methods of Literature Search

The PubMed, Embase, and Cochrane Library databases (from 1983 to June 2023)
were used to search the relevant publications that included case reports and series, as
mentioned in previous studies [12]. Cited cases featuring relevant mechanisms are included
as examples.

3. Molecular and Immunological Effects
3.1. Direct Inflammation Due to Live Attenuated Vaccines

The first mechanism involves direct infection by viruses from live but attenuated
vaccines such as the VZV Oka strain in Zostavax by Merck [13]. A study on adverse events
after vaccination revealed that, 42 days post-immunization, adverse events related to the
herpes zoster vaccine (of any other type) were significantly more common in vaccinated
people than in placebo recipients (p < 0.05) [14]. In 2017, Grillo et al. conducted a retrospec-
tive study on cases of VZV-related keratitis and identified 24 patients, including 15 children
and 9 adults, with this eye inflammation problem [15]. Though all patients experienced
unilateral symptoms, in most cases, these symptoms improved significantly with the use of
corticosteroids and antiviral drugs.

Our previous retrospective systematic review encompassed 12 cases (among 16 patients)
of VZV-related ocular inflammation [12], with most patients aged 60 years or older having
a history of varying degrees of immunosuppression and metabolic disorders. Importantly,
almost all patients tested positive for VZV DNA, and some even tested positive for the Oka
strain of the VZV vaccine [16,17], strongly suggesting a close association between ocular
inflammation and administration of a still-active VZV vaccine.

Other attenuated live vaccines include the MMR vaccine produced by Merck
(Kenilworth, NJ, USA), the nasal spray influenza vaccine FluMist produced by MedIm-
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mune/AstraZeneca (Gaithersburg, MD, USA), the rotavirus vaccines RotaTeq and Rotarix
produced by Merck and GlaxoSmithKline (Brentford, UK), respectively, and the yellow
fever vaccine YF-Vax produced by Sanofi (Paris, France). One patient, who received the
MMR vaccine at nine months of age, developed unilateral anterior uveitis with iris abnor-
malities and cataracts three months later. A second injection was administered when ocular
symptoms were present. Laboratory tests revealed HLA-B51 positivity. Through aqueous
humor analysis, researchers found a higher concentration of rubella-specific immunoglob-
ulin G in the affected eye than in the unaffected eye. This underscores the potentially
significant role of the attenuated MMR vaccine in ocular inflammation [18].

Multiple evanescent white dot syndrome (MEWDS) is a rare condition characterized by
the presence of multiple small white or yellow lesions in the outer retina and retinal pigment
epithelium, typically unilaterally, with an orange appearance in the central macula [19].
MEWDS cases have been described following vaccinations against hepatitis A, yellow fever,
and influenza [20–22]. Up to half of patients experience viral prodromal symptoms, and
increases in serum immunoglobulin IgG and IgM levels during the acute phase of MEWDS
suggest a possible association with direct infection from attenuated live vaccines.

3.2. Autoimmune/Inflammatory Syndrome Induced by Adjuvants (ASIA)

The second mechanism entails inflammation triggering through one or more adjuvants,
usually aluminum salts. These adjuvants are frequently employed in inactivated vaccines
or subunit/conjugate vaccines that include targeted pathogenic components or fragments,
such as those found in HPV, HBV, and COVID-19 vaccines [23]. ASIA and autoimmune
disorders are collectively known as the Shoenfeld’s syndrome [24,25]. This syndrome
manifests more frequently in individuals with a familial or personal history of autoimmune
diseases. Furthermore, Watad et al. found that, in patients with clearly defined immune
disorders, exposure to adjuvants was more frequently followed by the development of
polygenic autoimmune diseases than of polygenic inflammatory diseases (92.7% vs. 5.8%,
p < 0.001), suggesting a genetic predisposition [1]. Additionally, according to a survey
conducted by the ASIA International Registry Center on 300 individuals with adjuvant-
induced autoimmune inflammatory spectrum, the majority of patients were females with a
median age of 38 years [25]. This gender predominance has been confirmed in subsequent
studies, with females comprising as much as 89% of the affected population [1]. Common
systemic symptoms include chronic fatigue, joint pain, muscle aches, and fever, as well as
conditions such as Sjögren’s syndrome and cognitive neurological disorders.

3.2.1. Inflammation Caused by Adjuvant and Adaptive Immune Component Interactions

Adjuvants can engage with various elements of the immune system, encompassing
both innate and adaptive immunity [26,27]. To facilitate the comprehension of the intricate
interplay between vaccine adjuvants and immune-mediated events, Koenig et al. proposed
the following classification based on the immune elements involved [28]: (1) Pure innate
diseases resulting from inherent immune cell dysregulation, compromised immune bar-
riers, excessive tissue repair, and remodeling processes [29], and (2) adaptive immune
diseases, including innate immune disorders that are characterized by an adjuvant-driven
autoinflammatory phenotype (due to the dysregulation of B and T cells and the activa-
tion of innate immune components, such as neutrophils, macrophages, and inflammatory
mediators) and common autoimmune disorders (due to the activation of adaptive im-
munity, involving antigen-presenting cells and T and B cells that produce antibodies in
response to adjuvants). Common autoimmune disorders include ocular vasculitis, optic
neuritis, neuromyelitis optica, Behçet’s disease, Vogt–Koyanagi–Harada (VKH) syndrome,
and sarcoidosis. Immune cells in the eyes are primarily concentrated in the conjunctiva
and cornea.

Figure 1 shows a schematic representation of the potential mechanisms involved in
postvaccination ocular inflammation, based on Watad et al. [1].
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infectious inflammation is most likely due to the adjuvants (such as aluminum) contained 
in the hepatitis B vaccine, which enhance immunogenic activity through a combination of 
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Figure 1. Potential pathways/mechanisms of ocular inflammation induced by vaccine adjuvants.
(a) After patients carrying genetic susceptibility genes are injected with vaccines containing adjuvants,
the recruitment depot effect of immune cells will be promoted, thereby promoting the activation of
more antigen-presenting cells (APCs). (b) The interaction between APCs and T cells promotes the
production of greater numbers and types of helper T cell, cytokines, inflammatory cells, and B cells.
(c) Among them, Th1 and Th17 cells migrate and infiltrate into eye tissue, and macrophages and
neutrophils can be recruited into the eye and cause damage to eye tissues.

In 2019, Sood et al. reported a case of ‘recurrent postvaccination uveitis’, in which
a patient experienced loss of vision in the right eye after receiving the first dose of the
hepatitis B vaccine. The initial diagnosis was noninfectious panuveitis with choroiditis,
and subsequent occurrences led to increasing deterioration of the eye [24]. This kind
of non-infectious inflammation is most likely due to the adjuvants (such as aluminum)
contained in the hepatitis B vaccine, which enhance immunogenic activity through a
combination of mechanisms, including the sustained release of cytokines, chemokines, and
antigens (depot effect), activation of antigen-presenting cells, and antibody production.
Similarly, Fraunfelder et al. documented the development of uveitis in 32 patients 3 days
after receiving an aluminum-adjuvanted hepatitis B vaccine. Among them, 15 patients
experienced inflammation after the first dose, 3 after the second dose, and 3 more after
the third dose. Notably, two patients experienced recurrent uveitis upon revaccination,
strongly suggesting a potential causal relationship between the vaccine and uveitis [30]
(Figure 1 and Table 1).

Table 1. Vaccine-associated ocular inflammation.

Underlying Mechanism Ocular Inflammation Licensed Vaccine * Reference

Direct infection
ARN, MEWDS,

keratitis, iris
heterochromia, uveitis

MMR vaccine (Priorix, strain Wistar
RA 27/3; GlaxoSmithKline, Brentford,

Middlesex), nasal spray influenza
vaccine ˆ, rotavirus vaccines (RotaTeq®

by Merck & Co., Inc., Kenilworth, NJ,
USA), yellow fever vaccine ˆ, live

attenuated varicella vaccine
(Zostavax® by Merck & Co., Inc.,

Kenilworth, NJ, USA)

[15–18,20–22,31]
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Table 1. Cont.

Underlying Mechanism Ocular Inflammation Licensed Vaccine * Reference

ASIA

Aluminum-related NMO HPV vaccine (Gardasil,
Merck & Co., Inc., USA) [32,33]

Interactions between
adjuvants and adaptive
immune components

Uveitis, VKH HBV vaccine (Recombivax HB
and Engerix-B) [24,30]

AS01B induced
Uveitis, ARN, HZO

reactivation,
stromal keratitis

VZV vaccine (Shingrix by
GlaxoSmithKline, Brentford, UK) [34–38]

Hypersensitivity Optic neuritis, NMOSD,
MEWDS, ERD

Rabies vaccine (Rabipur® by Hoechst
Marion Roussel Ltd, Ankleshwar,
Gujarat), influenza vaccines (split,

inactivated virions of swine influenza
A New Jersey and influenza B Victoria

lineages), MMR vaccine ˆ, HPV
vaccine (Gardasil, Merck & Co., Inc.,

Kenilworth, NJ, USA)

[39–44]

Molecular mimicry
Optic neuritis, uveitis,

APMPPE, TINU
syndrome

HPV vaccine (Gardasil, Merck & Co.,
Inc., Kenilworth, NJ, USA), purified

hepatitis B vaccine ˆ
[41,42,45–47]

PEG-induced allergic reactions Optic neuropathy,
VKH, MEWDS, AMN

COVID-19 vaccines (BNT163b2 by
Pfizer-BioNTech, BioNTech

Manufacturing GmbH, Berlin,
Germany, and mRNA-1273, by

Moderna Biotech, Madrid, Spain)

[48]

Activation of Type 1 IFN and
inflammatory response of RPE cells MEWDS [49]

Free extracellular mRNA CSR [50]

Specific components (thimerosal) Optic neuritis Influenza (Vaxigrip by Sanofi Pasteur,
Lyon, France) [51]

* Trade Names as specified by case report or case series. ˆ Trade names for vaccines unspecified or unknown in case
report or case series. Abbreviations: AMN, acute macular neuroretinopathy; APMPPE, acute posterior multifocal
placoid pigment epitheliopathy; ARN, acute retinal necrosis; CSR, central serous retinopathy; ERD, exudative
retinal detachment; HBV, hepatitis B virus; HPV, human papillomavirus; HZO, herpes zoster ophthalmicus;
MEWDS = multiple evanescent white dot syndrome; MMR, measles–mumps–rubella; NMO, neuromyelitis
optica; NMOSD, neuromyelitis optica spectrum disorder; RPE cells, retinal pigment epithelial cells; TINU,
tubulointerstitial nephritis and uveitis; VKH, Vogt–Koyanagi–Harada syndrome; VZV = varicella zoster virus; YF,
yellow fever; ASIA, autoimmune/inflammatory syndrome induced by adjuvants; PEG, polyethylene glycol; CSR,
central serous retinopathy; RPE, retinal pigment epithelial; IFN, Interferon.

3.2.2. Aluminum Particles That Delay Vaccine Dissolution Are Captured by Immune Cells

In 2019, Gherardi et al. published a study on aluminum and myalgic encephalomyeli-
tis/chronic fatigue syndrome [52]. Using epidemiological, clinical, and experimental
evidence, the authors demonstrated that myalgic encephalomyelitis/chronic fatigue syn-
drome is a major adverse reaction to vaccines. The primary mechanism is as follows:
vaccines containing aluminum adjuvants, especially those with poorly degradable particle
formulations, do not rapidly dissolve in the extracellular space, but accumulate at the
injection site, forming aluminum clusters. This pathology has been experimentally repli-
cated in animals [53,54]. In contrast to the rapid elimination of soluble aluminum through
intravenous injection [55], intramuscular injection of isotope-labeled aluminum hydroxide
results in a significantly slower excretion rate in urine, representing, in rabbits, 6% of the
injected dose after 28 days [56]. In monkeys, aluminum adjuvant-induced macrophagic
myofasciitis develops after administration of the diphtheria, tetanus, pertussis (DTP) vac-
cine, in doses equivalent to 14–21 times the human dose, and it takes up to 6 months to
completely clear this adjuvant from the injected muscle [53]. Similarly, most humans appear
to clear the adjuvant from the injected muscle within a few months [52].
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This delayed dissolution causes immune system cells to quickly capture the injected
aluminum particles and transport them to various organs, including the brain, interfering
with the tricarboxylic acid cycle (TAC) in brain cells and causing metabolic and chronic
neurotoxic effects. Although this mechanism is often considered irrelevant to humans,
reports indicate that sheep (a large animal similar to humans) [57] can develop neurological
diseases, including encephalomyelitis with behavioral changes and subsequent spinal
cord neurodegenerative lesions, after multiple vaccinations with aluminum-containing
adjuvants [58]. While there are currently no reported cases of ocular side effects associated
with this mechanism, it is highly plausible that aluminum particles captured by immune
cells can lead to ocular neurodegeneration through the blood–eye barrier. This hypothesis
lays the foundation for subsequent research on adjuvant retention-related ocular diseases.

3.2.3. Aluminum-Related Dorsal Root Ganglion Injury

The presence of aluminum hydroxide or aluminum phosphate salts in HPV vaccines
is known to enhance their immunogenicity, prompting a more effective production of
antibodies and immune memory. However, cases of neuro-optic inflammation following
HPV vaccination have also been reported. One case involved a 30-year-old female who
experienced visual impairment of the left eye, abnormal eye movement, eye tenderness,
and color blindness after receiving the first dose of the HPV vaccine. While there was
a slight improvement with corticosteroid use, the patient developed recurrent visual
impairment and eye movement pain in the right eye three days after the second dose,
with magnetic resonance imaging (MRI) revealing enhanced contrast of the right optic
nerve, while infectious markers and cerebrospinal fluid levels were normal. Recurrent
optic neuritis following vaccination strongly suggests an association with this vaccine [33].
Moreover, Menge et al. reported a series of four cases of neuromyelitis optica following
HPV vaccination [32].

Some researchers have proposed that this mechanism may be related to the dorsal
root ganglia (DRG). The DRG is a crucial neural site, where various external substances,
including viruses, immune complexes, and vaccines, can induce neuropathic pain and
autonomic nerve disorders. Recent studies in mice have suggested that, after vaccination,
sensory neurons in the DRG can isolate and retain antigen-specific antibodies released by
plasma cells [59]. Captured vaccine-induced antigen-specific antibodies can theoretically
cross-react with DRG epitopes, inducing neuropathic pain and autonomic nerve disorders
in susceptible individuals. Another animal model suggested that aluminum adjuvants may
impair the DRG [60].

3.2.4. AS01B-Induced Ocular Inflammation

The first live attenuated vaccine for herpes zoster, Zostavax (Merck), was approved by
the U.S. Food and Drug Administration (FDA) in 2006 [16]. However, there were reports
of patients experiencing reactivation of herpes zoster ophthalmicus (HZO), including
the development of keratitis, corneal perforation, and acute retinal necrosis, following
Zostavax administration [61,62]. Subsequently, the recombinant subunit vaccine RZV
(Shingrix; GlaxoSmithKline, Research Triangle Park, NC, USA) was introduced. In clinical
trials evaluated by the FDA, Shingrix demonstrated an efficacy of up to 97% in reducing
the incidence of herpes zoster in individuals aged 50 and above [63].

However, cases of vaccine-related ocular inflammation associated with RZV adminis-
tration have also been reported. Jabbour et al. reported the case of a 78-year-old woman
with a history of HZO who experienced pain and photophobia one week after receiving the
RZV vaccine [35]. Slit-lamp examination revealed necrotizing stromal keratitis and diffuse
corneal edema. Another case involved a 53-year-old woman who developed uveitis four
days after vaccination [34]. RZV-induced ocular inflammation may be related to the novel
adjuvant AS01B present in the vaccine [64].

AS01 is an adjuvant system contains 3-O-desacyl-4′-monophosphoryl lipid A (MPL), the
saponin derived QS21, dioleoylphosphatidylcholine (a phospholipid), and cholesterol [64].
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MPL is a modified form of lipopolysaccharide (LPS), primarily derived from that of Salmonella
minnesota. It activates innate immunity by stimulating antigen-presenting cells expressing
Toll-like Receptor 4. Notably, previous studies have used LPS as a mediator to induce
the occurrence of uveitis [65]. QS21 stimulates the innate immune response monocyte
pathway through a specific mechanism [66], and its lipid formulation enhances antigen
presentation [67]. Immunization with AS01 adjuvant, which contains low-dose MPL and
QS21, induces a higher CD4+ T-cell and humoral immune response than immunization with
glycoprotein E without adjuvant or glycoprotein E + AS01 (containing lower doses of MPL
and QS21 than AS01B) [68,69]. So far, there is no basic research to confirm this hypothesis.
Therefore, the safety of this novel adjuvant, AS01B, requires further investigation.

3.3. Type III Hypersensitivity/Immune Complex Disease and Type IV Hypersensitivity/
Delayed-Type Hypersensitivity (DTH)

Vaccine-related neurological disorders, such as optic neuritis, neuromyelitis optica
spectrum disorders (NMOSD), and Guillain–Barré syndrome, were reported as early as
1973 [70]. Previously, researchers believed that this immune response primarily focused on
the cellular immune system attacking the myelin sheath, leading to subsequent demyeli-
nation [71,72]. These explanations were largely based on the high clinical and histopatho-
logical similarities between experimental allergic neuritis (EAN) and experimental allergic
encephalomyelitis (EAE) [73]. Both diseases appeared to be triggered by delayed hypersen-
sitivity reactions (type IV hypersensitivity), and hypotheses were supported by evidence
of sensitized lymphocytes causing demyelination in some neurological disorders, such as
Guillain–Barré syndrome and Bell’s palsy [74].

However, not all patients exhibited sensitized lymphocytes, and some cases pointed
out that immunosuppressed patients may also develop Guillain–Barré syndrome [75].
In 1979, Poser et al. found that patients with neurological infections often exhibited the
histopathological characteristics of vasculitis accompanied by demyelination [73]. Subse-
quent studies detected circulating antigen–antibody complexes in the serum of patients
with post-infectious diseases, proposing an alternative hypothesis to explain primary vas-
cular lesions and secondary demyelination [76,77]. Certain substances in vaccines possess
antigenic properties, leading to the formation of immune complexes through interactions
between antigens and antibodies, triggering a type III hypersensitivity reaction in which
deposited immune complexes activate the complement system and neutrophils. The ac-
tivation of the complement system induces inflammation, leading to tissue damage, the
recruitment of neutrophils and monocytes, and increased vascular permeability. Neu-
trophils release lysosomal enzymes that cause tissue injury and vasculitis. Ultimately, this
causes damage to the blood-brain barrier, leading to demyelinating diseases [40], similar to
the presumed immune complex-mediated vasculitis that occurs in some patients infected
with HBV [78] (Figure 2 and Table 1).

This mechanism has been confirmed in subsequent reports on vaccine-related optic
neuritis. Gupta et al. reported in 2005 the case of a patient who received an anti-rabies
vaccine prepared from sheep brain tissue [43]. On the 11th day postvaccination, the patient
developed headache accompanied by eye movement pain. Fundus fluorescein angiography
revealed retinal vascular tortuosity with disc leakage, and axial T2-weighted MRI scans
showed bilateral optic nerve signal enhancement, which was consistent with the diagnosis
of bilateral optic neuritis. The authors suggested that the antigenicity of sheep brain tissue
allowed lymphocytes to synthesize specific viral antibodies to enter the brain, leading
to inflammation and demyelination. With the introduction of anti-rabies vaccines made
from chicken embryos, the corresponding adverse effects have been reported. Saxena et al.
reported the case of a 56-year-old patient who experienced acute painless vision loss in
the right eye after receiving the chick embryo cell anti-rabies vaccine (Rabipur; Hoechst
Marion Roussel) [39]. Fundus examination revealed optic disc congestion and disc edema,
while MRI showed optic nerve signal enhancement, diagnosed as optic neuritis. Given a
previous case of Guillain–Barré syndrome following the use of a purified chicken embryo
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cell anti-rabies vaccine [79], it was suspected that these alterations in the eye might be
attributable to the chicken embryo antigen.
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reactions. (a) After vaccination with antigenic substances, antigen-antibody immune complexes are
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inflammation. (c) This process can compromise the blood-brain barrier, potentially resulting in
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The mechanisms underlying the hypersensitivity reactions extend beyond neuro-
logical damage, as confirmed in other reported cases of vaccine-related ocular adverse
reactions. One patient, for example, developed uveitis within a typical interval of 3–4 days
post-antigen exposure after receiving the purified HBV vaccine, supporting an immune
complex-mediated disease [41]. Additionally, the results of lymphocyte stimulation tests
also raised the suspicion of a cell-mediated immune response. Furthermore, Yang et al.
reported a patient who developed MEWDS after receiving an embryonated egg anti-
rabies vaccine [44]. Visual field examination revealed enlargement of the blind spots,
and fundus fluorescein angiography indicated choroidal background hyperfluorescence
with diffuse fluorescein leakage. Considering that MEWDS is generally believed to be
associated with immune mechanisms, and that the patient showed significant relief after
steroid therapy, the occurrence of MEWDS may be explained by autoimmune-mediated
inflammatory mechanisms.

3.4. Molecular Mimicry

Molecular mimicry is an autoimmune reaction triggered when a host is exposed to
antigens that share amino acid homology with the amino acid chains of the organs of
the host, which may lead to a host’s immune system response against these organs [80].
Molecular mimicry is an important mechanism in the acquisition of autoimmunity and
this hypothesis has been proven in animal experiments [81,82]. Westall and Root-Bernstein
hypothesized that the basis for the occurrence of acquired autoimmune responses lies in
the presence of dual antigens under the influence of immunological adjuvants [83]. They
proposed the following additional requirements for the occurrence of acquired autoimmu-
nity: (1) One antigen must exhibit molecular mimicry with human tissues, while two other
antigens must demonstrate chemical complementarity, and (2) immunological adjuvants
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should be present. The resulting syndrome was named multiple antigen-mediated autoim-
munity (MAMA).

Foundational research on uveitis, experimentally induced through molecular simula-
tion of immune mechanisms, began quite early [84–88]. Researchers initiated the immune
system by subcutaneous injection of bacterial products, such as LPS and lipoteichoic acid
(LTA), which are unrelated to the retinal or uveal tissues. Activation involved the retinal S
antigen and interphotoreceptor retinoid binding protein (IRBP), which triggered T cells
and caused inflammation of the uvea. Both bacterial and viral products were able to induce
inflammation. Furthermore, during the immune response, viral antigens or cultured viral
products may initiate early events in the immune activation pathway via antigen mimicry,
thereby inducing uveitis [31].

Computer-assisted analyses have indicated that the HPV 16 type E7 oncoprotein
exhibits extensive similarity to several human proteins involved in key regulatory processes,
and different E7 peptide sequences are present in the same human proteins [89]. While the
shared motifs between viral proteins and normal cellular molecules could contribute to a
lack of immunogenicity in HPV infections, mimicry between HPV4 and human proteins
could cause uveitis or other autoimmune reactions induced by HPV4. Additionally, it has
been confirmed that molecular mimicry and antigenic similarity between Mycobacterium
tuberculosis proteins and retinal antigens are potentially responsible for the uveitis caused
by Bacillus Calmette–Guérin (BCG) vaccination [90]. Chen et al. described the case of a
27-year-old woman who developed acute panuveitis rapidly (4 days) after receiving the
third dose of the quadrivalent HPV vaccine; analysis of skin samples of the patient showed
intimal hyperplasia and vessel wall hyalinization accompanied by the infiltration of a
large number of monocytes, macrophages, and lymphocytes, consistent with the vasculitis
diagnosis, and suggesting that HPV vaccination might be related to immune-reactive
vasculitis [45]. In addition, the cases of choroiditis described by Khalifa et al. lacked viral
prodromal symptoms, thus favoring molecular mimicry rather than nonspecific immune
responses when considering the underlying mechanisms [46] (Figure 3 and Table 1).
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3.4.1. Acute Posterior Multifocal Lamellar Pigment (APMPPE) and Molecular Mimicry

APMPPE is a self-limiting syndrome-driven uveitis classified as a heterogeneous white
spot syndrome [91]. VZV, HAV, HBV, Neisseria meningitidis, yellow fever, typhoid fever,
and influenza vaccines appear to be associated with the occurrence of APMPPE [47,92,93].
Some studies have suggested that APMPPE is caused by ischemic damage to the chorio-
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capillaris and retinal pigment epithelium due to obstructive vasculitis. The triggers include
immunization and congenital autoimmune diseases. Some studies on the MHC (HLA)
class I (MHC-I) and class II (MHC-II) cell surface antigen receptors responsible for immune
regulation in patients with APMPPE have pointed out that those patients in which MHC-I
HLA-B7 and MHC-II HLA-DR2 antigens were present had relative risks of 3.38 and 3.34 of
developing APMPPE, respectively [94]. MHC-I and MHC-II are antigenic peptides that
bind to CD4+ and CD8+ T cells, respectively, to mediate immune responses. MHC-I class
molecules are widely present in nucleated cells, including the vascular endothelial cells
of the iris, retina, ciliary body, and choroid. The MHC-II class molecule distribution is
more restricted; they are mainly found in the cells of the limbus and uvea, including the
choroid, of the eye. When exposed to foreign infections, specific HLA genotypes present
exogenous peptide fragments to T cells to induce antibodies. This exogenous fragment
may cross-react with a homologous self-antigen peptide present in the related HLA gene
product, producing autoantibodies. This immune response hypothesis, a hypothesis based
on molecular mimicry and cross-reactivity, is similar to that for HLA-B27-positive uveitis
and ankylosing spondylitis [95]. Notably, several HLA receptor subtypes have been identi-
fied in some reports of APMPPE cases, including HLA-DR2, HLA-B7, HLA-B27, HLA-A3,
and HLA-C7 [47,96,97]. Therefore, it is likely that these receptors act synergistically with
live infectious vaccine epitopes to induce this chorioretinopathy.

3.4.2. Tubulointerstitial Nephritis and Uveitis (TINU) Syndrome and Molecular Mimicry

Sawai et al. reported the cases of two patients who developed TINU following
vaccination with the HPV vaccine [42]. Both patients, who were previously in good
health, exhibited slight elevations in serum creatinine, hemoglobin, C-reactive protein, and
erythrocyte sedimentation rate, and corticosteroid therapy proved effective. TINU is an
autoimmune disease that is mediated by both cellular and humoral responses [98]. Human
leukocyte antigen class II (HLA class II) molecules, such as HLA-DRB1*0102, play a role in
presenting exogenous antigens to CD4+ helper T cells during the early stages of cellular
immunity. Specific subtypes within HLA class II may influence the immune response,
rendering individuals sensitive to otherwise harmless antigens [99]. The involvement of
both the kidney tubules and uvea in the disease may be explained by the presence of shared
or similar antigens in these organs [100]. The significance of T-cell-mediated immunity
is supported by kidney histology, demonstrating tubulointerstitial infiltrates primarily
composed of helper/inducer T-cell subsets [101,102]. FOXP3+ T regulatory lymphocytes
(T-regs) are crucial for maintaining self-tolerance and tissue homeostasis, and aberrant T-reg
function has been implicated in various autoimmune diseases and malignancies [103]. T-reg
cells were identified in kidney biopsies from pediatric patients with TINU. Interestingly, in
those cases of TINU with chronic uveitis, the density of T-regs was lower, suggesting that
an autoimmune mechanism was contributing to a persistent inflammatory response [104].

In addition, the presence of autoantibodies against modified C-reactive protein (mCRP)
in the kidney and eye tissues suggests the involvement of humoral immunity [105]. It
was determined that the prevalence of serum anti-mCRP autoantibodies was significantly
higher in patients with TINU syndrome than in those with other renal autoimmune diseases
or healthy controls, suggesting a possible disease-specific association [106]. Furthermore,
in patients with acute interstitial nephritis, elevated anti-mCRP antibodies may predict
the subsequent development of uveitis [107]. This is consistent with clinical evidence,
as the two patients reported by Sawai et al. had interstitial nephritis and subsequently
developed uveitis [42]. Therefore, the kidneys may be the primary target of a sequential
process that triggers an inflammatory cascade with secondary effects on the eye. The
etiology of TINU may be associated with drug use and infections. Moreover, studies
have reported associations with VZV vaccines, nonsteroidal anti-inflammatory drugs, and
antibiotics [108,109]. Although cases of vaccine-related TINU are relatively rare, based
on the aforementioned findings, vaccine-induced hypersensitivity reactions are likely
contributors to this condition.
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3.5. PEG-Induced Allergic Reactions

Coronaviruses are a group of single-stranded positive-sense RNA viruses that mainly
bind to the angiotensin-converting enzyme 2 (ACE2) in host cells through its spike protein
(S protein) [110]. Mutations in S protein affect viral phagocytosis and have a significant
impact on infectivity and mortality [111]. A variety of COVID-19 vaccines received emer-
gency use authorizations; they can be classified into four main types: (1) mRNA vaccines,
represented by BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna); (2) adenovirus
vector-based vaccines, represented by Ad26COVS1 (Johnson and Johnson); (3) protein
subunit vaccines, represented by NVX-CoV2373 (Novavax); and (4) whole virus vaccines,
including inactivated vaccines—such as CoronaVac from Sinovac Biotech—and live atten-
uated vaccines—such as COVI-VAC from Codagenix [112,113]. As of 26 February 2024,
a total of 13.59 billion doses of the COVID-19 vaccines have been administered [114];
therefore, they constitute a powerful tool for effectively reducing mortality and severe
illness. However, there have been multiple reports of adverse ocular reactions following
administration of COVID-19 vaccines and booster doses [113,115,116]. Ocular side effects
include neuropathy [111,117], uveitis [118], primary inflammatory choriocapillaropathy
(PICCP) [119,120], frosted branch angiitis [121], and other immune-related eye diseases.
Ocular side effects have mainly been observed after mRNA vaccine (BNT162b2 and mRNA-
1273) application.

One hypothesis for eye disease associated with mRNA vaccines is due to allergic
reactions triggered by PEG. mRNA vaccines primarily consist of mRNA fragments coding
for a single SARS-CoV-2 antigen (such as the S protein antigen) enclosed in a shell and
delivered through lipid nanoparticles. The mRNA in the BNT162b2 and mRNA-1273
vaccines was encapsulated in two novel types of polyethylene glycol (PEG) nanoparticles.
Noteworthily, several studies have reported the potential of PEG to induce allergic reactions,
indicating that patients with a history of PEG-induced allergic reactions [48] and PEG-
induced complement activation [122] have IgE antibodies in their bodies, which may
subsequently trigger ocular inflammation.

Although the precise mechanisms underlying PEG-induced hypersensitivity reactions
have not been fully elucidated, an increasing body of evidence suggests that complement
activation plays a crucial role in the development of such hypersensitivity reactions [123].
The complement system plays a significant role in the innate immune defense against
foreign antigens [124], and its activation is tightly regulated by the assembly of surface
proteins to prevent harm to normal tissues. However, excessive complement activation, ob-
served in certain autoimmune diseases, can lead to severe damage to multiple organs [125].
In recent years, numerous studies have indicated that in healthy individuals frequently
exposed to PEG-containing cleansers or cosmetics, PEG molecules can penetrate inflamma-
tory sites and come into contact with inflammatory cells, thereby triggering the formation
of anti-PEG antibodies [126–129]. The presence of PEG antibodies is closely linked to
complement reactions. In the case of PEGylated liposomes and PEG-G-CSF, anti-PEG
antibodies play a crucial role in PEG-induced complement activation-related pseudoallergy
(CARPA) through the classical complement pathway [130,131]. Additionally, the dual-hit
theory provides another mechanism to explain PEG-induced hypersensitivity reactions,
suggesting that PEGylated nanocarrier surfaces interact with immune-regulatory cells,
such as macrophages and mast cells, through specific surface receptors, stimulating signal
transduction networks that mediate secretion responses [122,132] (Table 1).

3.6. Type 1 IFN Activation and the Inflammatory Response of Retinal Pigment Epithelial
(RPE) Cells

An alternative hypothesis for ocular disease associated with mRNA vaccines is that
RNA triggers Type 1 IFN activation, which subsequently leads to a validation response
in retinal pigment epithelial (RPE) cells. The role of Type 1 IFN in host defense is well
established. An increasing body of evidence suggests that Type 1 IFN plays a crucial role
not only in host defense against infections but also in sterile inflammation, particularly in



Int. J. Mol. Sci. 2024, 25, 4755 12 of 20

autoimmune diseases, such as systemic lupus erythematosus, multiple sclerosis Type 1 IFN,
Sjogren’s syndrome [133], atherosclerosis [134], and Alzheimer’s disease [135]. Interestingly,
studies have shown that Type 1 IFN also plays an important role in age-related diseases
such as age-related macular degeneration (AMD) [136]

Following mRNA vaccine administration, inflammatory cells, including neutrophils,
dendritic cells (DCs), and macrophages, are recruited to the injection site [112]. These
inflammatory cells activate the secretion of Type 1 IFN, which in turn activates hundreds
of IFN-stimulated genes, thereby blocking viral transcription and degrading viral RNA.
Simultaneously, antigen-presenting cells are activated, transmitting viral signals to T cells,
thereby activating inflammation and cytotoxic mediators associated with CD4+ and CD8+
T-cell differentiation. CD4+ helper T cells can promote B-cell differentiation into antibody-
secreting plasma cells, leading to the production of specific antibodies against the novel
coronavirus [137].

However, the activation of Type 1 IFN may also be implicated in the inflammatory
response of RPE cells, leading to the occurrence of vaccine-related ocular side effects
(Figure 4). RIG-I (DExD/H-box helicase 58, DDX58) is a dsRNA helicase that plays a
crucial role in RNA sensing [138]. Numerous studies have confirmed that RIG-I is widely
expressed in most cells, including the RPE cells [139], and RNA can directly activate the
Type 1 IFN response in RPE cells through RIG-I [140,141]. In addition, studies have shown
that in RPE cells of patients with AMD accompanied by geographic atrophy (GA), Type 1
IFN is activated and enriched [139]. In 2021, a study by Schustak et al. [136] on the nucleic
acid-sensing mechanism in RPE cells validated this hypothesis [127]. They utilized the
A549 RIG-I KO cell line to explore the expression of RIG-I in the RPE cells of patients with
AMD. The results revealed a significant increase in RIG-I mRNA expression in patients
with AMD and GA compared to the control group, particularly in the retinal ganglion
cells (RGCs), outer nuclear layer (ONL), inner nuclear layer (INL), and RPE cell layers.
Therefore, it can be inferred that RPE cells can respond to intracellular RNA through
the RNA sensor RIG-I (DDX58), enhancing the Type 1 IFN response. This is primarily
manifested by an increase in IFN-β levels in patient RPE cells. Type 1 IFN activation may
initiate cell death pathways by upregulating a spectrum of IFN-stimulated genes, including
mixed lineage kinase domain-like pseudokinase (MLKL), CASP7/8 (involved in apoptosis),
tumor necrosis factor (TNF) superfamily member 10 (TNFSF10, also known as TRAIL), and
gasdermin-D (GSDMD; involved in pyroptosis) [136,142–146]. This activation can further
induce cell degeneration/death in the retina, rendering cells sensitive to secondary damage,
and ultimately leading to the loss of RPE cell barrier function and triggering inflammatory
changes in the eye [119] (Figure 4 and Table 1).
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3.7. Free Extracellular RNA

Extracellular free RNA is also one of the hypothesized contributors to ocular inflam-
mation after RNA vaccination. Fowler et al. reported the case of a 33-year-old male who
experienced blurred vision and color vision loss in the right eye 69 h after receiving the
first dose of the BNT162b2 mRNA COVID-19 vaccine [50]. OCT angiography revealed a
decreased choroidal flow signal, leading to a diagnosis of central serous retinopathy (CSR)
following comprehensive assessment. Given the rapid onset of ocular symptoms post-
immunization and the absence of typical CSR risk factors, such as a history of exogenous
steroid use, psychological stress, or Type A personality, a potential association between
patient presentation and vaccine administration may be suspected.

It has been demonstrated that naked extracellular RNA can increase endothelial cell
permeability, leading to increased choroidal vascular permeability [147]. Additionally,
extracellular RNA, exposed to blood components, can promote blood coagulation and
thrombus formation [148]. The pathophysiology of CSR is closely associated with choroidal
hyperpermeability and thickening. Studies have indicated that choroidal staining in the
retinal areas correlates with delayed choroidal perfusion, suggesting choroidal lobular
ischemia with associated venous dilation [149], which is consistent with the OCT an-
giography findings reported by Fowler et al. and other case studies [149]. Furthermore,
elevated plasminogen activator inhibitor-1 levels in patients with CSR provide a basis for
the thrombotic mechanism underlying these vascular changes [150] (Table 1).

3.8. Specific Components
Thimerosal

Influenza vaccine-induced eye inflammation has been widely reported, with most
studies attributing it to the addition of adjuvants and direct infection from inactivated
vaccines. However, the H1N1 vaccine (Vaxigrip, by Sanofi Pasteur) does not contain
any adjuvants. It contains only trace amounts of thimerosal, formaldehyde, and Triton
X-100, and minute amounts of neomycin [51]. Mutter et al. found that, in the United States,
routine vaccination of 6-month-old infants with vaccines containing thimerosal (49.6% ethyl
mercury) was associated with a tenfold increase in the incidence of Kawasaki disease [151].
Since 1990, the Centers for Disease Control and Prevention (CDC) has received reports from
88 patients diagnosed with Kawasaki disease shortly after vaccination. The mechanisms
underlying this phenomenon may be related to the effects of mercury on the immune
system. Mercury can tightly bind to thiols in tissues and alter their molecular structures.
T lymphocytes may erroneously identify metal-modified cells as foreign, triggering an
autoimmune response that attacks the body tissues [152] (Table 1).

4. Conclusions

Vaccines play an indispensable role in preventing infectious diseases and are distinct
from the antimicrobial drugs used to treat infections, as vaccines primarily target healthy
individuals. Consequently, adverse reactions following vaccination are closely correlated,
with particular attention being focused on vaccine-related ocular side effects. Through
in-depth research on the immunological and molecular mechanisms of vaccines, we can
gain a better understanding of the occurrence and development of these side effects.

First, the ocular side effects triggered by vaccines may be linked to the activation of
the immune system. Attenuated yet active vaccines typically contain antigens capable of
directly infecting the body, leading to the corresponding side effects. Some attenuated live
vaccines and adjuvants in inactivated vaccines may induce autoimmune diseases known as
Shoenfeld’s syndrome. Type III and IV hypersensitivity reactions may play a role in post-
vaccination ocular inflammation, where excessive or aberrant immune system activation
may result in ocular tissue damage, leading to a variety of ocular side effects. Additionally,
molecular mimicry triggered by certain vaccine components that share homology with
human tissues may explain some instances of ocular inflammation.
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Second, with the global impact of SARS-CoV-2 on human health, numerous reports
on COVID-19 vaccine-related ocular side effects have been published. The underlying
mechanisms might be different from the aforementioned and be related to the constituent
PEG in mRNA vaccines; alternatively, it could be due to RNA directly activating the RIG-I
sensor, inducing a Type 1 IFN response in RPE cells, thereby upregulating a cascade of
interferon-stimulated reaction, ultimately initiating the death pathway in these RPE cells.

It is important to note that the exact mechanisms of ocular-related diseases induced by
vaccines have not been fully elucidated. The mechanisms reported in this study, including
AS01B-induced ocular inflammation, PEG-induced allergic reactions, Type 1 IFN activation,
and the inflammatory response of retinal pigment epithelial (RPE) cells, free extracellular
RNA, and specific compounds like thimerosal, are still in the hypothesis stage and require
further basic research for confirmation.

Building on a deeper understanding of the potential immunological and molecu-
lar mechanisms of vaccines is crucial to enhance monitoring and assessment to ensure
vaccine safety and efficacy. We suggest implementing personalized medical monitoring
and intervention, especially for those who are susceptible to ocular side effects, including
but not limited to individuals with specific genetic backgrounds, known immune system
abnormalities or medical histories, those already experiencing eye health issues, as well
as individuals who may exhibit different responses to vaccines due to factors such as
elderly people, women, or those with other health considerations. Furthermore, individ-
uals who have experienced ocular side effects from vaccination in the past should also
undergo personalized monitoring and intervention. Through further research and scientific
collaboration, we can better comprehend the impact of vaccines on ocular health and
provide comprehensive guidance for the future development and application of vaccines.
However, it is noteworthy that vaccine side effects do not outweigh their advantages in
preventing economically, socially, and domestically burdensome diseases. Overall, main-
taining a balanced perspective on vaccines, while considering their potential side effects,
is imperative.
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