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Abstract: The cytokine-producing nucleotide-binding domain leucine-rich repeat and pyrin-containing
receptor 3 (NLRP3) inflammasome is generally recognized to play a central role in the immune response to
vaccination and NLRP3 activity is known to be increased by both aluminum adjuvants and by oxidative stress.
Thus, the presence of oxidative stress may place individuals at higher risk for exaggerated or prolonged
inflammatory responses and related side effects from vaccination. We here examine the relationship between
oxidative stress and NLRP3 inflammasome activity, particularly in the context of aluminum-adjuvanted
vaccines, and its implications for subpopulations of individuals with restricted antioxidant capacity.
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1. Introduction

Population-wide vaccination programs aim to improve the well-being of the general population
and play a vital role in public health by providing individual immunity and decreasing the spread of
communicable diseases. While this approach has proved safe and effective for a large majority of
individuals, both beneficial and adverse consequences of immune activation are not shared equally
among different subpopulations and the overall health impact of population-wide vaccination
programs could be improved if the factors leading to adverse outcomes were better understood.
Recent advances in understanding redox regulation of the nucleotide-binding domain leucine-rich
repeat [LRR] and pyrin-containing receptor 3 (NLRP3) inflammasome allows a mechanistic
examination of how variations in its activation in response to vaccination might lead to adverse
outcomes, including in asthmatic and autistic populations.

Effective production of neutralizing antibodies in a high proportion of the public (i.e. herd
immunity) takes priority when formulating public health policies for high-risk infectious diseases,
especially under pandemic circumstances such as the COVID-19 outbreak. Therefore, despite the
substantial benefit/risk assessments from clinical trial data during vaccine development, it is
important to investigate mechanisms of unwanted side effects from vaccination and the potential
impact on specifically affected subpopulations. Thus, while it is critical to define subpopulations at
higher risk of serious disease from a threatening virus (e.g. the elderly, persons with diabetes etc.), it
is equally critical to define subpopulations with an elevated risk of vaccination side effects.

Recognition of specific factors contributing to side effect risk could identify these at-risk
subpopulations, leading to more optimal targeting of vaccine interventions. Notably, there have been
relatively few in depth studies of vaccination side effects, partly because the focus of vaccine
administration programs is to increase uptake by the general public and partly because the
occurrence of serious side effects from vaccination has become a controversial issue.

Notably, a recent Center for Disease Control (CDC)-sponsored study! showed that aluminum
adjuvants are associated with a dose-related increased risk of developing asthma, indicating
induction of a T-helper 2 cell (Th2)-biased immune response in a vulnerable subpopulation. While
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inflammation is a normal and unavoidable component of an effective immune response to
vaccination, this study raises important questions, including: 1. What factors are responsible for the
hyperinflammatory response of this vulnerable subpopulation? 2. Are there other adverse outcomes,
such as autism, which may result from adjuvant-containing vaccinations? 3. What risk mitigation
steps can be taken to support safer vaccination of vulnerable subpopulation?

Here we focus on some of the mechanisms through which specific side effects of vaccination
may potentially originate, the interaction of adjuvants with the immune system and the implications
for inflammation-vulnerable children.

2. NLRP3, oxidative stress and inflammation

Inflammation and formation of cytokine-generating inflammasome complexes are crucial
components of the defense mechanism against pathogens and a key event in the innate immune
response to vaccination??. Activation of the NLRP3 inflammasome has been identified as an early
component of the immune response to vaccination*¢ and has also been implicated as an important
contributor to SARS-CoV-2 morbidity and mortality”!!. As illustrated in Figure 1, initial priming of
the NLRP3 response upon antigen exposure involves Toll-like receptor (TLR) recognition and NF-
kB-mediated transcription of genes coding for inflammasome components, including NLRP3, ASC
(apoptosis-associated speck-like protein containing a caspase recruitment domain), procaspase-1,
pro-IL-1B and pro-IL-18. NLRP3 activity involves caspase 1-mediated release of active cytokines IL-
1$ and IL-18'2. Multiple signals promote NLRP3 activity, including potassium efflux, which can be
triggered by the ATP-activated P2X7 purinergic receptor'® and oxidative stress¥, a metabolic
condition commonly associated with inadequate levels of the antioxidant glutathione (GSH).
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Figure 1. NLRP3 Inflammasome activation. Pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs) prime the gene expression of NLRP3 components,
including ASC, caspase 1 and caspase substrates pro-IL1-f3, pro-IL-18 and gasdermin. Inflammasome
activity is promoted by multiple signals, including oxidative stress, K+-efflux and the ATP-dependent
P2X7 channel. .

NLRP3 activity is also subject to regulation by post-translational modifications, including
ubiquitination and phosphorylation’>. Of note, S-glutathionylation of cysteine residues in NLRP3
itself!s or in inflammasome-associated components caspase-1'7, NEK-7 (NIMA-related kinase-7)'8 and
the linker protein ASCY, serves to suppress NLRP3 activity. Intracellular levels of GSH dramatically
decrease upon P2X7 activation by extracellular ATP and this decrease is essential for NLRP3
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activation, while higher extracellular GSH decreases NLRP3 activation'2. Decreased activity of
thioredoxin and glutaredoxin also promotes oxidative stress and NLRP3 activation oxidative
stress?0. Thus, multiple redox-related mechanisms combine to initiate and maintain NLRP3-mediated
inflammation.

An examination of cysteine residues in the leucine-rich repeat (LRR) domain of NLRP3 reveals
a potential molecular mechanism by which redox status can regulate its activity. As illustrated for
mouse, human and bat sequences in Figure 2A, highly conserved LRR cysteine residues exist in a
regular pattern, corresponding to the sequences of multiple repeats, which are approximately 56
amino acids in length. Within the structure of the NLRP3 LRR these repetitive cysteine residues form
four bands, with multiple residues exposed on the protein surface (Figure 2B). This structural motif
is poised to interact with cysteine residues from other inflammasome proteins to form disulfide
linkages, whose stability will depend upon the local redox environment as well as redox-active
proteins such as thioredoxin and glutaredoxin, which reversibly reduce/oxidize disulfide bonds.
Notably, the LRR of NLRP3 contains multiple vicinal cysteine pairs (five in the human sequence),
which are uncommon in proteins and exhibit unique redox-dependent reactivity.

Bat xp_024896314.
Human xr 001073289.
Mouse wp_001346567.
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Figure 2. Cysteine-based redox dependence of NLRP3 inflammasome activity. (A) Conserved

cysteine residues in the leucine-rich repeat region (LRR) of bat, human and mouse NLRP3, including
multiple vicinal pairs. The extended C-terminal of the bat protein contains three additional cysteine
residues. (B) Location of cysteine residues (magenta) in the published structure of the NLRP3 LRR
domain?'. (C) Redox regulation of NLRP3 activity by cysteine residues, their modification by S-
glutathionylation or persulfidation and reversible reduction/oxidation by thioredoxin and
glutaredoxin.

Formation and stability of disulfide linkages, including persulfides (-S5-X), are redox-sensitive,
being favored under more oxidizing conditions (i.e. oxidative stress) and less favored under reducing
conditions, and they are reversibly catalyzed by oxidoreductase proteins, including thioredoxin,
glutaredoxin and protein disulfide isomerase?>. Modification of these protein thiol residues by S-
glutathionylation, persulfidation or other moieties interferes with their ability to participate in
intermolecular disulfide bond formation, providing an opportunity for inflammasome regulation.
Based upon this analysis, we propose that oxidizing conditions increase NLRP3 inflammasome
activity in part by promoting disulfide bond formation, which stabilizes formation of large
heteromeric protein complexes (Figure 2C). Thus, oxidative stress can promote assembly of active
inflammasomes via disulfide-stabilized complexes with ASC, NEK?7 or caspase-1, consistent with the
requirement that these proteins must be de-glutathionylated for NLRP3 to be active44-47. This
proposed mechanism is also consistent with the observation that the dramatic GSH decrease upon
ATP activation is essential for NLRP3 inflammasome activation'?, and other redox-related metabolic
changes that promote inflammation®. As described below, differences in NLRP3 LRR cysteine
residues may contribute to the greater virulence of SARS-CoV-2 in humans vs. bats.

3. Nrf2 and resolution of inflammation

In addition to cytokine production, acute inflammasome activation initiates a broad metabolic
reprogramming, leading to significant changes in DNA methylation and gene expression. Notably,
in a study of the humoral immune response to influenza vaccination, the strongest correlations
between DNA methylation and gene expression were observed for immune system-related gene
ontogeny (GO) pathways including glutathione regulation pathways?.

Post-vaccination changes in gene expression are normally associated with resolution of the acute
inflammatory process, including the activation of NFE2L2, which codes for the antioxidant
transcription factor Nrf2 (Nuclear factor erythroid 2-related factor 2). Nrf2 activity increases in
response to oxidative stress and exerts a broad range of actions that serve to normalize redox status
and decrease inflammation. Nrf2 augments expression of the cysteine uptake transporter EAAT3
(excitatory amino acid transporter 3) and the cystine-glutamate antiporter xCT, as well as
transsulfuration pathway enzymes cystathionine beta synthase (CBS) and cystathionine gamma lyase,
also known as cystathionase (CSE)?®?. These actions combine to increase intracellular cysteine
availability for both GSH synthesis and for CBS and CSE-mediated production of hydrogen sulfide
(H2S), which promotes persulfide formation at protein thiols, and several studies have reported
inhibitory effects of H2S on NLRP3 activity??!. Indeed, a recent study demonstrated the importance
of Nrf2, cysteine, and persulfide formation in suppressing prolonged inflammation after LPS-
induced NLRP3 activation®. They found that early activation of Nrf2 by oxidative stress up-regulated
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xCT expression and cystine uptake, leading to increased formation of persulfide metabolites, which
terminated IL-1P production. Additional studies are needed to determine if Nrf2-induced xCT
activity leads to increased persulfidation of NLRP3 cysteine residues or other proteins in the
inflammasome cascade.

Based upon these recent insights, it is apparent that NLRP3 inflammasome activity may be more
prominent and incompletely suppressed in individuals exhibiting low Nrf2 activity and low cysteine
levels, which can lead to a state of chronic inflammation. Thus, recognition of the influence of
oxidative stress in promoting NLRP3 activity provides a framework for a better understanding of
factors that can contribute to excessive activation of inflammation following vaccination.

4. Aluminum-containing vaccine adjuvants

Aluminum salts have been widely used as adjuvants since the 1930s and may include
amorphous aluminum hydroxyphosphate sulfate (AAHS), aluminum hydroxide, aluminum
phosphate, or potassium aluminum sulfate (Alum)®. As a major component of the innate immune
system targeted by adjuvants, the NLRP3 inflammasome is widely acknowledged to initiate cytokine
production upon vaccination3. Attempts have been made to investigate the efficacy and safety of
these adjuvants in humans using reviews and meta-analyses of clinical data’. However, conclusions
from vaccine studies are complicated because most clinical trials use adjuvants in both the
experimental and control groups®%. In addition, vaccine clinical trials normally recruit volunteers
from the general healthy populations and lack focus on specific potentially vulnerable populations.
Such focused studies are becoming even more crucial given the increasing impact of infectious
diseases and the subsequent increase in the frequency and the variety of vaccinations as exemplified
by the latest emergence of Covid-19 varieties and its vaccinations.

Unlike older vaccines that were initially made from whole microorganisms, many modern
vaccines contain refined DNA, RNA, or proteins as the antigen or antigen-producing elements to
generate an immune response and immunity. These modifications, aiming to improve the safety
profile and ease of manufacture, have resulted in reduced immunogenicity. Therefore, vaccines are
frequently formulated with the addition of immunogenic adjuvants of various inorganic and organic
natures that mimic pathogen-associated molecular patterns and thereby induce the innate immune
response to enhance the activation of adaptive immunity.

As noted above, a recent Center for Disease Control (CDC)-sponsored study found a dose-
dependent relationship between vaccination-derived aluminum and persistent asthma risk in a
pediatric population’, reporting an adjusted hazard ratio (aHR) of 1.26/mg of aluminum for subjects
with eczema (a Th2-related condition) and 1.19/mg for non-eczema subjects, with the average total
aluminum dosage being about 4 mg for both groups. Thus vaccination-derived aluminum provides
a dose-dependent asthma risk for a vulnerable subpopulation, consistent with the ability of
aluminum adjuvants to activate the NLRP3 inflammatory response.

We previously reviewed how genetic variants affecting the NLRP3-mediated inflammatory
response might be associated with the risk of atopy and asthma from vaccine-derived aluminum in
a vulnerable subpopulation®# 28. Since a multitude of environmental toxins and insults cause
oxidative stress and lower GSH levels, it is likely that both genetic and environmental factors
contribute to the risk of excessive inflammation in response to vaccination. In light of the now well-
established role of oxidative stress in promoting NLRP3 activity, we now propose that individuals
with lower antioxidant capacity and lower GSH levels may also represent a vulnerable subpopulation
for a range of untoward inflammatory responses upon immune stimulation with adjuvanted (e.g.
aluminum-containing) vaccines. These adverse consequences may be manifested as either an
excessive acute response upon vaccination or an inability to fully suppress NLRP3 activity following
vaccination, resulting in a chronic inflammatory state. Notably, the antigen component of vaccines is
the primary stimulus for the immune/inflammatory response, which is augmented by adjuvants such
as aluminum. Thus, even non-adjuvanted vaccines carry an intrinsic risk of adverse inflammatory
responses, which is increased to a varying degree by adjuvants, as well as by the innate and adaptive
immune system characteristics of individuals receiving vaccination.
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Aluminum is well-recognized for its ability to promote oxidative stress, even at low
concentrations*#2, and aluminum-containing adjuvants are widely employed to augment the efficacy
of vaccines to induce antibody production. Numerous studies have documented activation of NLRP3
by aluminum in various tissues, including lung, liver and brain tissue*#. A variety of aluminum-
containing and non-aluminum-containing vaccine adjuvants promote NLRP3 activity“+. Notably,
aluminum adjuvants are commonly used to induce T helper type 2 (Th2)-mediated inflammation in
murine allergy/asthma models?*.

A 2016 study examined the effects of several aluminum-based adjuvant formulations on
lipopolysaccharide (LPS)-induced IL-1B production in THP-1 cells differentiated to a macrophage
phenotype®. The nano- and micro-particulate aluminum adjuvants augmented LPS-induced IL-1f3
production by several fold, while soluble aluminum ion (AICls) was without effect, indicating the
importance of particulate formulations for adjuvant action. The adjuvant-induced increase in IL-1f3
was significantly lower in THP-1 cells with decreased NLRP3 expression and was associated with a
25-30% reduction in cellular GSH levels®. Moreover, pretreatment of cells with N-acetylcysteine,
which promotes GSH synthesis, significantly decreased the ability of the aluminum adjuvants to
augment IL-1p production. Thus, activation of NLRP3 activity by aluminum-containing vaccine
adjuvants is promoted by GSH depletion and inhibited by increased provision of the GSH precursor
cysteine.

Aluminum and aluminum-containing vaccines have been suggested to play a role in
neurological disorders. Evidence indicating a role for vaccine-derived aluminum in ASD was
reviewed by Shaw and Tomljenovic®. Their analysis included comparisons of ASD prevalence in
different countries vs. total vaccine-derived aluminum dose. In an animal study, they also showed
that administration of aluminum adjuvant to neonatal mice at doses relevant to the U.S. vaccine
schedule was associated with behavioral deficits®’. A link between aluminum and Alzheimer’s
disease (AD), as well as other brain disorders, has long been the subject of debate and aluminum
levels are significantly elevated in serum, CSF, and brain tissue of both autism and AD subjects25.
NLRP3 activation has been reported in postmortem AD brain®%, in an aluminum-based mouse
model of ADY, and in cultured human neuronal cells’. Moreover, NLRP3 inhibition has been
proposed as a novel treatment approach for AD treatment®. It must be noted that while the main
source of systemic aluminum intake is considered to be through dietary and inhalation routes, and
the vaccine content of aluminum is considered negligible in comparison, its NLRP3-related adjuvant
role is a local mechanism.

In certain populations the inflammatory response to vaccine-derived aluminum may persist
longer than ideal, depending upon the individual’s ability to terminate ongoing NLRP3 activity, with
Nrf2 activity and GSH levels playing an important role. Alternative adjuvants have been developed
that might minimize aluminum-related oxidative stress disorders, which are primarily non-metals
and therefore subject to metabolism. However, most of these adjuvants have been proven to be too
toxic and have shorter periods of activity because of their fast metabolism and therefore not as
efficient or as cost-effective as the use of aluminum#*#. Thus, further research is needed to develop
vaccine adjuvants with a more ideal profile.

5. Vulnerable subpopulations: Asthma, atopy and vaccination

Asthma is an inflammatory disorder involving complex multifactorial interactions arising from
the contribution of genetic and environmental risk factors. The T-helper 2 (Th2-high) asthma
endotype, as its name suggests, is a Th2-cell-mediated disease, and occurs often in patients who have
atopy, the genetic tendency to develop allergic diseases such as allergic rhinitis, asthma and atopic
dermatitis (eczema). A subpopulation of children exists who are vulnerable to asthma because of
epigenetic modifications and single-nucleotide polymorphisms (SNPs). SNPs in IL-33 and IL-18
genes have been implicated in atopic diseases®-¢*, and SNPs affecting the IL-4/IL-13 (Th2) pathway
can strongly influence serum IgE levels as well as the risk of developing childhood asthma and
atopy®®. Production of Th2-cell-associated cytokines by CD4+ T cells is under both genetic and
epigenetic control. For example, a SNP in a gene locus at position 5q31.3 (rs7705042), which contains
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the IL4 and IL13 genes, has been associated with increased susceptibility to asthma and atopy®. This
locus is also hypomethylated in peripheral blood mononuclear cells, which may provide an
epigenetic link to environmental exposures®. Furthermore, the glutathione S-transferase (GST)
gene has variants that can contribute to a state of oxidative stress, which can affect NLRP3 activity
(as discussed below) and trigger the onset of asthma”. In general, the inhibitory influence of oxidative
stress over methylation reactions, including DNA and histone methylation, regulates gene expression
via epigenetic mechanisms”'. In mouse models of asthma that genetically lacked IL-4, IL-5, and/or IL-
13, key aspects of asthma were absent’>7%. On the other hand, administration of the pro-Th1 cell
cytokine IL-12 can suppress asthma in mice via the production of interferon (IFN)-y by Th1 cells?>7.
Thus, both genetic and environmental factors affecting Th1/Th2 both contribute to asthma and atopy
risk.

Genetic factors play a crucial role in the regulation of immune responses to vaccines in early life
through, for example, cytokine gene expression””. These include genes associated with atopy such as
IL-4 and IL-137%%. Within vaccine formulations, aluminum adjuvants, along with promoting
oxidative stress, induce a cytokine context characterized by the absence of the important regulatory
cytokine IL-1281. This cytokine context is driven by inflammasome activation, most notably through
NLRP3, and the subsequent release of IL-18, IL-33, and PGE2, which, in turn, drives a Th2 response
and the production of cytokines such as IL-4, IL-5, and IL-13%". It follows then, that genetic factors can
influence the response to vaccines in children, including expression of cytokine genes associated with
atopy such as IL-4 and IL-13, and that aluminum-containing vaccines have the potential to induce a
vigorous Th2 immune response in a genetically vulnerable sub-population, such as children with a
family history of atopy, who inherently display strong Th2 cytokine profiles characterized by
increased levels of IL-4, as well as IL-5, and IL-13.

In present times, with changing immune regulatory factors indicated by the hygiene and
microbiome hypotheses (e.g. diminished exposure to commensal bacteria), young immune systems,
especially those in a genetically predisposed subpopulation, may be more vulnerable to the risk of
immune dysfunction from environmental factors such as adjuvanted vaccination. Indeed, adjuvant-
containing vaccination may be an amplifier of the hygiene hypothesis and microbiome theory, and
thus a contributing factor to the increase in allergic diseases such as asthma, especially in a genetically
predisposed young subpopulation.

A family health history can help identify the individual child’s risk of developing unusual
adverse effects to vaccination in the setting of pediatric care and routine vaccinations. Atopy has a
strong hereditary component such that if both parents are atopic, offspring have a 40-60% risk of
developing atopy, while if one parent is affected there is a 20-40% risk®. A review of family history
concluded that atopic diseases, major depression, and other mood disorders can be predicted based
on familial risks with sensitivities of ~50% and positive predictive values of 25% to 50%%. However,
this research was conducted outside of a primary care setting, potentially limiting its utility in such
a setting. Regardless, a family health history is an invaluable record of health information when
considering the risk of atopy. Thus, the increased risk of childhood asthma associated with the dose
of vaccine adjuvant aluminumé may reflect familial/genetic hyperresponsiveness to inflammation in
a vulnerable subpopulation, and a deeper understanding of factors controlling inflammatory
responsiveness may illuminate underlying mechanisms.

6. Vulnerable subpopulations: Autism spectrum disorder (ASD) and vaccination

As outlined in a “White Paper on Studying the Safety of the Childhood Immunization
Schedule”#, asthma was the first of 30 adverse outcomes of vaccination to be investigated by the CDC
utilizing the Vaccine Safety Datalink (VSD). Asthma was chosen first based on “feasibility, public
health significance, and public concern”. Notably, the CDC stated: “Autism, in contrast, was moved
off the priority list because it has been extensively studied relative to the vaccination schedule, despite
its high public concern ranking.” However, there are several reasons calling for a renewed focus on
autism research with respect to the possible role of vaccination. Firstly, there are new developments
in the underlying areas of science such as immunology, genetics and toxicology, especially following
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Covid-19 with a surge of scientific research on various aspects of the infection, vaccine, immune
system, and long COVID. One specific development is the recognition of the central role of the NLRP3
inflammasome in vaccine response, which now allows a re-examination of a possible link to autism.

The remarkable increase in ASD prevalence over the past three decades, recently reported as 1
in 36 among children aged 8 yrs. in the U.5.%, can only be attributed to the vital role of non-genetic
factors, broadly described as environmental factors. While many causation theories have been put
forward, the most robustly recognized ASD finding is the occurrence of systemic oxidative stress,
which has been reported in many studies from across the world without apparent contradiction (for
a meta-analysis of 87 studies see ref. 86). Thus, circulating levels of GSH and cysteine in ASD are 20-
35% below control levels, accompanied by a significantly lower ratio of reduced GSH to oxidized
GSSG?#7. Moreover, protein thiol status is also abnormal in ASD (i.e., increased oxidized disulfide vs.
reduced thiol)®, which has particular relevance for inflammasome activity and complex formation.
Brain tissue studies have documented region-specific deficits of GSH and oxidative stress in ASD
subjects®*?!, as well as evidence of neuroinflammation®>-%, particularly involving astrocytes and
microglia, as summarized in a recent meta-analysis of postmortem studies”.

The NLRP3 inflammasome is activated in ASD, in association with elevated cytokine levels.
Thus, multiple studies have found significantly elevated plasma levels of IL-1f3, IL-18, and other
cytokines in ASD subjects, and increasing levels are associated with more severe communication and
behavioral abnormalities®*1°. Notably, the increase was particularly prominent in children who had
regressive autism (i.e. a loss of previously acquired abilities)®. A 2016 study found markedly elevated
gene expression of NLRP3, caspase-1, IL-1f3, and IL-18 in baseline and LPS/ATP-stimulated
monocytes of ASD subjects, along with elevated serum levels of IL-1(3 and IL-18 and elevated caspase-
1 activity'®. Production of IL-1§3 in response to LPS and the environmental toxin polybrominated
diphenyl ether was significantly higher in peripheral blood monocytic cells (PBMCs) from ASD
subjects!®. It is also notable that plasma levels of both thioredoxin!®* and peroxiredoxin'® are elevated
in ASD, consistent with NLRP3 activation and their cellular extrusion, which may even serve as
biomarkers. Thus, oxidative stress in ASD is accompanied by a persistent increase in NLRP3
inflammasome activation.

Since oxidative stress and activation of the NLRP3 inflammasome are features of ASD and
adjuvants such as aluminum promote oxidative stress and NLRP3 activation, it is logical to ask if
ASD presents a special vulnerability. In other words: Are individuals with pre-existing elevated
oxidative stress more prone to suffer greater inflammation-related side effects from vaccination with
aluminum-containing adjuvants? Do these individuals represent a vulnerable subpopulation at
higher risk of persistent inflammation after vaccination? Are genetically predisposed individuals to
ASD more at risk of neurodevelopmental disorders as a result of exposure to antigens such as
vaccines and vaccine adjuvants?

As noted above, Nrf2 activation is crucial for the resolution and restoration of homeostasis after
an acute inflammatory response and serves to limit the intensity and duration of NLRP3-mediated
inflammatory responses, including those elicited by SARS-Co-V21%7 and vaccination'®. However,
Nrf2 gene expression was found to be > 50% lower in granulocytes from ASD subjects, in association
with significantly lower rates of oxygen consumption and other indicators of mitochondrial
respiration'®. Similarly, we found Nrf2 mRNA expression to be significantly lower in the frontal
cortex of ASD subjects!!?. In vitro, aluminum hydroxide increases Nrf2 expression in conjunction with
its induction of oxidative stress!'’. Moreover, aluminum citrate inhibits, as well as downregulates the
expression of the xCT cystine/glutamate antiporter 2. This is the primary pathway for the transport
of cystine across the blood-brain barrier and it is crucial for cysteine availability in astrocytes and
neurons. As noted above, xCT activity is essential for termination of NLRP3-mediated inflammation32.
Together, these observations suggest that aluminum may interfere with the ability of Nrf2 to activate
xCT-mediated cystine uptake, resulting in excessive and prolonged activation of the NLRP3
inflammasome, particularly in ASD subjects, who exhibit lower expression of Nrf2.

An important role for activation of the NLRP3 inflammasome in ASD is further supported by
animal studies. Thus, both prenatal maternal immune activation (MIA)'314 and early postnatal
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immune activation (PIA)"5 with either LPS or poly(IC) gives rise to ASD-like behaviors and
neurological effects involving both NLRP3 and the P2X7 receptor, creating a now widely employed
animal model of ASD6120. Notably, P2X7 inhibitors, including suramin (see Figure 1), which was
originally used to treat African sleeping sickness and river blindness, showed effectiveness in MIA
and PIA animal models''®!? and low-dose suramin showed benefits in mitigating ASD symptoms in
a preliminary human clinical trial?".

7. NLRP3 and COVID-19

The ongoing COVID-19 pandemic has provided a grim illustration of differential vulnerability
among different subpopulations to activation of the NLRP3 inflammasome. As noted above, NLRP3
activation plays a central role in the cytokine storm initiated by SARS-CoV-2 infection, leading in
some cases to severe life-threatening cardiopulmonary dysfunction. In fact, multiple postmortem
studies of these individuals have provided direct evidence of NLRP3 inflammasome activation in the
lung and other tissues”!!. Factors that increase the likelihood of severe COVID-19, include old age,
type 2 diabetes, obesity, asthma, and cardiovascular disease, all of which are associated with
oxidative stress and increased NLRP3 activation'?13. Additionally, deficits of GSH, cysteine,
hydrogen sulfide, selenium and vitamin D bring a higher risk of severe COVID321, while these
factors normally serve to suppress NLRP3 activity'#-143. Thus, a higher risk for severe COVID-19 is
linked to NLRP3 activation and diminished antioxidant resources.

Interestingly, a study published in May 2019 by researchers at the Wuhan Institute of Virology
showed that cytokine production in response to coronavirus infection was dampened in the immune
cells of bats, as compared to humans, allowing bats to serve as a viral reservoir'#. Their studies
identified differences in the molecular composition of NLRP3 that were specifically responsible for
higher cytokine production by human cells and, by extension, the higher virulence of coronavirus
infection in humans vs. bats. Specifically, they attributed this species difference to the leucine-rich
repeat (LRR) portion of the NLRP3 molecule, which may be involved in oxidative stress-induced
activation (see Figure 2). This intriguing observation strongly suggests that the severity of cytokine-
mediated inflammation may be influenced by the redox status of NLRP3 LRR cysteine residues.

The COVID-19 vaccination program spurred generally unfounded safety concerns that have
contributed to vaccination hesitancy in the general public®’, particularly since RN A-based vaccines
represent a relatively new approach. Since the immune response to COVID-19 vaccines is based upon
antigenicity of spike protein!%, it is reasonable to expect that immune activation responses from
vaccination would parallel those observed for COVID-19 infection. Indeed, NLRP3 was identified as
an important determinant of antibody titer in both initial and booster responses to the
Pfizer/BioNTech vaccine, with two genetic variants each having a significant impact'¥’. The relatively
rare occurrences of COVID vaccine-induced myopericarditis™*, and vaccine-induced thrombotic
thrombocytopenia'#® have both been linked to NLRP3 activation. Strong NLRP3 activation was also
associated with rare occurrences of anaphylaxis following COVID vaccination'®. Notably, spike
protein exclusively elicited long-lived NLRP3 and caspase-1 expression in peripheral blood
monocytic cells (PBMCs) of COVID-19 patients but not in uninfected controls, including epigenetic
changes'>!. NLRP3-mediated inflammation can therefore be expected to play a significant role in long
COVID and will be an ongoing concern with the transition to endemic COVID-19.

8. Implications and recommendations

Recognition of the relationship between oxidative stress, NLRP3-mediated inflammation, and
autism provides a useful mechanistic insight to understand the interrelation between immune system
disorders, the everchanging nature of modern day inflammatory/ immunogenic insults (including
vaccinations and the changing microbiome) and the progressive increase in autism prevalence over
recent decades. A wide range of contemporary environmental factors (food and air quality, toxic
exposures etc.) can converge to deplete antioxidant resources within and across generations,
progressively increasing the prevalence of individuals with oxidative stress. As summarized in
Figure 3, we propose that while vaccination-induced inflammation is normally mild and self-limiting
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(Figure 3A), individuals with abnormally low antioxidant resources (i.e. low cysteine and/or low
GSH) exhibit a higher level of NLRP3-mediated inflammasome activation in response to provocative
stimuli and particularly in response to adjuvanted vaccines, which are known to promote NLRP3
activity (Figure 3B). We also propose that augmented acute responses in this vulnerable subgroup
are also accompanied by an inability to fully suppress cytokine production to below threshold levels,
due to deficient antioxidant resources and low Nrf2 activity, leading to a chronic inflammatory state
(Figure 3C), which is well-documented in autism. Thus, activation of inflammation by vaccine
antigens provides an acute triggering event for a metabolically vulnerable subgroup of individuals,
and the inclusion of oxidative stress-promoting aluminum adjuvants further augments their risk of
chronic inflammation.

A Antigen B Antigen
Priming (TLR4, NFkB) Priming (TLR4, NFKB)
Gene, protein expression Gene, protein expression
NLRP3 inflammasome formation NLRP3 inflammasome formation
P2x7 @ NLRP3 @ Oxidative Aluminium P2X7 MNLRP3 Oxidative Aluminium
Activity Activity =—> stress adjuvants Activity Activit > stresse, adjuvants;
to L S
. *
ATP i GSH ATP ’ VGSH 4
Cytokines Cytokines
?/Nrfz $<-- U Nrf2
Transient Cysteine Chronic YCysteine
Inflammation Normal GSH/Nrf2 Inflammation ~ Low Nrf2/GSH/Cysteine
limits NLRP3 activity . / 1 \ promotes h'|g.her
cg\'I‘IBD Asthma Autism NLRP3 activity

C
X Nrf2 activation:
Antigen Normal
exposure Impaired

l l TIME

= Resolution of inflammation

Chronic inflammation

Oxidative
stress

Figure 3. Nrf2 and redox status regulate vaccination-induced NLRP3 inflammasome activity. (A)
NLRP3 activity induced by vaccine-derived antigens is amplified by oxidative stress effects of
aluminum adjuvants. Nrf2 activation normally augments cysteine and GSH in response to oxidative
stress, limiting the magnitude of inflammation. (B) Low Nrf2 activity restricts cysteine and GSH
availability, potentiating NLRP3/P2X7-associated oxidative stress and synergizing with the adjuvant
effects of aluminum. (C) While the inflammatory response to vaccination is normally self-limiting,
impaired Nrf2 activity can increase the intensity of the acute phase response and a failure to restore
redox homeostasis can lead to chronic inflammation.

The increasing prevalence of asthma, atopy, allergy and/or other manifestations of inflammation
and autoimmunity reflects an urgent need to investigate their underlying precipitating factors.
Moreover, NLRP3 activation and inflammation are associated with numerous disorders, suggesting
an important underlying role for environmental factors such as oxidative stress which interact with
genetic factors to determine individual risk. It is also crucial to appreciate that the immune system of
infants and young children differs from that of adults, although in many cases the difference in their
vaccines is simply a reduction in dose. In early life, the immune response is shifted toward a Th2
pattern associated with hypersensitivity and allergic responses!>2.

The molecular composition of NLRP3 is well-suited to be a sensor of intracellular redox status,
as is its glutathionylation-dependent complexation of ASC and NEK-7. In the latter case, NEK-7
binding to NLRP3 is mutually exclusive with its crucial role in mitosis'®3, and restriction of cell
division during inflammation may be viewed as a compensatory response to limited antioxidant
resources. These events appear to also apply to neural stem cell division during early brain
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development!™, which could restrict the formation of neural networks, especially fast-firing
parvalbumin-expressing interneuron networks, which have a high metabolic demand and are
prominently depleted in postmortem autism brains!515,

So, in light of the link between oxidative stress, NLRP3-mediated inflammation and autism, is it
possible and/or feasible to identify higher-risk individuals with low antioxidant resources prior to
vaccination and/or to reduce their risk of excessive inflammation? Identification of risk-related SNPs
in Nrf2, NLRP3 or other inflammasome-related genes may be possible as genome sequencing/
genotyping becomes more generally accessible. Unfortunately, laboratory measurement of plasma
cysteine/GSH redox status is not a routine clinical assay and currently is largely restricted to research
studies. However, Jones and colleagues demonstrated a direct relationship between plasma levels of
IL-1B and TNF-a in healthy human subjects and the cysteine redox potential, as determined by the
concentration of reduced cysteine to cystine, its oxidized disulfide form'¥”. Moreover, in animal
studies they showed that dietary supplementation of sulfur amino acids cystine and methionine
decreased IL-1f3 and TNF-« levels after LPS treatment. These findings, illustrate a potential metabolic
approach to mitigate the risk of excessive inflammation in susceptible individuals and/or effectively
treat their inflammation-related sequelae by supplementing thiol resources. Additional approaches
could include promotion of Nrf2 activity or decreasing levels of reactive oxygen species (ROS).

Further research is needed to confirm and delineate the role of oxidative stress in determining
the magnitude and duration of NLRP3 activation following vaccination with and without adjuvanted
vaccines and the types of adjuvants. Such research should include adequately powered prospective
studies to examine the benefits and limitations of supplementing antioxidant resources before and/or
after vaccine administration for at-risk populations. Family history of long-lasting inflammatory
states (such as long Covid) and prior vaccination experience provide an opportunity to identify and
prioritize at-risk individuals for testing and/or intervention, along with other factors such as
hypersensitivity/allergy, gastrointestinal dysfunction, casein/gluten intolerance, etc.

Promotion of NLRP3 activity by oxidative stress is likely to play a prominent role in a wide
range of poorly understood inflammation-related conditions, such as myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS), long COVID, Alzheimer’s disease, and other
disorders associated with aging. Indeed, a progressive age-dependent decrease in cysteine/cystine
and GSH/GSSG redox potentials forms the basis for a “Redox Theory of Aging”15. While epigenetic-
based metabolic adaptations triggered by oxidative stress and decreased methylation may serve to
maintain redox status within a desirable homeostatic range over the lifespan, exhaustion of these
compensatory mechanisms can result in pathological consequences, including activation of
inflammation.

The perspective we present herein is subject to a number of limitations. First and foremost, it is
a hypothesis that must be subject to testing and verification. For example, studies could evaluate the
magnitude and duration of vaccination-induced inflammasome activation and inflammation in
animals with normal vs. depleted thiol resources, including a comparison of aluminum-adjuvanted
and non-adjuvanted vaccines. These studies could be conducted in animal models of autism, such as
maternal immune activation or the BTBR mouse strain. Similarly, human studies could prospectively
evaluate the relationship between inflammatory response to vaccination and plasma/PBMC thiol
levels. Such studies would be of particular importance for autism families. While multiple studies
have reported no link between vaccinations and autism'#1%, none have specifically investigated the
potential role of thiol status as a determinant of vaccination response and the vulnerability of a
metabolically-defined subpopulation could be readily masked by the larger population.

In summary, recent advances in our understanding of NLRP3 inflammasome regulation require
re-examination of the relationship between autism, neuroinflammation and vaccination. Moreover,
it is important to recognize that medical interventions such as vaccination do not impact everyone in
the same way. By acknowledging and addressing this concern, population-wide public health
measures, including vaccinations, could be optimized to better support vulnerable subgroups, while
preserving their benefit for the general population. A thorough mechanism-based understanding of
the potential adverse consequences of vaccinations in stratified populations could facilitate fine-
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tuning and personalization of this crucial public health measure that will increase public confidence
while optimizing the risk vs. benefit profile.
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