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Abstract
Purpose of Review  Several environmental contaminants have been implicated as contributors to COVID-19 susceptibility 
and severity. Immunomodulation and epigenetic regulation have been hypothesized as mediators of this relationship, but 
the precise underlying molecular mechanisms are not well-characterized. This review examines the evidence for epigenetic 
modification at the intersection of COVID-19 and environmental chemical exposures.
Recent Findings  Numerous environmental contaminants including air pollutants, toxic metal(loid)s, per- and polyfluori-
nated substances, and endocrine disrupting chemicals are hypothesized to increase susceptibility to the SARS-CoV-2 virus 
and the risk of severe COVID-19, but few studies currently exist. Drawing on evidence that many environmental chemicals 
alter the epigenetic regulation of key immunity genes and pathways, we discuss how exposures likely perturb host antiviral 
responses. Specific mechanisms vary by contaminant but include general immunomodulation as well as regulation of viral 
entry and recognition, inflammation, and immunologic memory pathways, among others.
Summary  Associations between environmental contaminants and COVID-19 are likely mediated, in part, by epigenetic 
regulation of key immune pathways involved in the host response to SARS-CoV-2.
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Introduction

The novel coronavirus SARS-CoV-2 has infected hundreds 
of millions of individuals worldwide, causing coronavirus 
disease 2019 (COVID-19) to become a global pandemic. 
In early 2020, epidemiologic research aimed at identifying 
COVID-19 risk factors began to occur at a rapid pace. Since 
that time, non-pharmaceutical interventions and vaccines 

have been recognized as key to slowing transmission [1, 2]. 
However, despite these measures, new cases and deaths have 
continued to accrue. While still evolving, the current under-
standing of contributors to COVID-19 severity includes 
aging, obesity, hypertension, chronic inflammation, and 
other clinical factors [3–5]. Additionally, there is increas-
ing evidence suggesting that environmental chemicals play 
a role. For example, data from England show air pollution 
exposures may be a risk factor, with nitrogen oxide (NOX) 
and particulate matter (PM) levels associated with 3–12% 
more COVID-19 cases, and NOx levels associated with 3% 
more deaths [6••]. Precisely how environmental chemical 
exposures affect human susceptibility to COVID-19 and 
the course of infection remains uncertain, but undoubtedly 
involve numerous immune pathways.

The fact that environmental factors can influence the 
immune system is well-established. The discipline of immu-
notoxicology dates to the early 1970s [7] and has repeatedly 
demonstrated that many environmental chemicals stimu-
late and/or suppress innate, humoral, and/or cell-mediated 
immune responses [8]. Yet, the clinical sequelae of such 
immunotoxicity are complex and considerable gaps remain 
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in the knowledge of interactions between pathogens, immune 
responses, and environmental exposures. Prior to the current 
pandemic, a workshop held by the National Academies of 
Sciences, Engineering, and Medicine emphasized the need 
for transdisciplinary and translational research to address 
such gaps, especially molecular mechanisms [9]. Disen-
tangling the molecular pathways by which environmental 
chemical exposures increase susceptibility to or exacerbate 
infectious diseases is paramount to identifying causal factors 
and facilitating interventions that prevent or reduce morbid-
ity and mortality.

The aim of this review is to examine the evidence link-
ing environmental chemical exposures with viral infections 
(including COVID-19) and to highlight immune system 
pathways that may be under epigenetic control as poten-
tial intermediates. Of note, the studies compiled here do not 
encompass indirect pathways through which exposures to 
environmental chemicals increase the risk for chronic dis-
eases that predispose individuals to severe COVID-19, as the 
evidence that certain environmental chemicals are endocrine 
disruptors [10] and/or carcinogenic [11] is beyond the scope 
of the current review.

Summary of Immune Pathways Involved 
in COVID‑19 Infection, Progression, 
and Vaccination

SARS-CoV-2 can lead to dysregulation of the innate (non-
specific) and adaptive (specific) arms of the immune sys-
tems, subverting natural defense mechanisms and resulting 
in severe disease [12••, 13••]. A complex inflammatory 
response is a hallmark of COVID-19 hospitalization and 
death [14–16]. Although immunopathology is not the focus 
of this article, a basic summary of the relevant immune path-
ways involved in COVID-19 is critical to understand how 
environmental chemical exposures and epigenetic perturba-
tions may contribute.

SARS‑CoV‑2 Entry to the Cell

The angiotensin converting enzyme 2 (ACE2) is a part of 
the renin-angiotensin system and is a major entry point for 
the SARS-CoV-2 virus [17, 18, 19••, 20]. ACE2 is highly 
expressed in the lung and binds to the spike protein on the 
SARS-CoV-2 virus, creating a biological vulnerability to 
infection [17, 18, 19••]. Higher levels of ACE2 expression 
are correlated with greater susceptibility to SARS-CoV-2 
infection and viral loads [15]. Following attachment to 
the ACE2 receptor, the host protein transmembrane ser-
ine protease 2 (TMPRSS2) activates the spike protein of 
SARS-CoV-2, facilitating membrane fusion that allows 
the virus to spread in lung tissue [20]. As such, greater 

TMPRSS2 expression has also been associated with severe 
COVID-19 [21].

Innate and Adaptive Immune Responses Following 
Infection

Following infection, pattern recognition receptors (PRRs), 
including toll-like receptors (TLRs), play a critical role in 
the early innate immune response [12••, 22]. TLRs recog-
nize pathogens and trigger the release of interferon (IFN) 
proteins that “interfere” with viral replication [12••]. This 
pathway is initially delayed and diminished by SARS-
CoV-2, which is unusually effective at reducing IFN pro-
duction [13••]. The initial innate immune response via 
IFNs can profoundly impact the course of the disease: a 
stronger response can limit viral replication and quickly 
activate the adaptive immune system, whereas a weaker 
response can allow for rapid viral replication, delayed 
recruitment of the adaptive immune system, and hyper-
inflammation [13••, 22]. When adequate signaling occurs 
after infection to activate the adaptive immune system, B 
cells, CD4 + T cells, and CD8 + T cells are recruited to aid 
in controlling disease progression [13••]. Early recruit-
ment typically results in a mild or asymptomatic case 
that does not necessitate hospitalization [13••]. Variation 
in the strength of both the innate and adaptive immune 
responses, therefore, contributes to the disparate outcomes 
observed following infection [13••].

Cytokine Alterations and Inflammatory Cell Death

Severe COVID-19 often involves a “cytokine storm,” an 
overproduction of pro-inflammatory proteins that leads 
to excessive systemic inflammation [12••]. The flood 
of pro-inflammatory cytokines primarily includes IFNs, 
interleukins (ILs), and tumor necrosis factor alpha (TNF-
α) [12••, 23]. It is proposed that the underlying cause of 
cytokine overproduction is a weak or delayed adaptive 
immune response, which forces the body to “catch up” in 
fighting the infection [13••]. SARS-CoV-2 initiates the 
cytokine storm via the combination of tumor necrosis fac-
tor (TNF)-α and IFN-γ, resulting in the coordination of 
three distinct cell death pathways: pyroptosis, apoptosis, 
and necroptosis, together called PANoptosis [12••, 24]. 
PANoptosis induces further cytokine production, exacer-
bating the hyperinflammatory response and, in some cases, 
initiating a runaway cycle that can cause respiratory fail-
ure, exhaustion, and death [12••]. These findings highlight 
the complexity of the inflammatory response to SARS-
CoV-2, demonstrating the vast dysregulation possible [15].
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Changes in Immune Cell Composition

In addition to producing systemic inflammation, COVID-
19 is associated with altered immune cell composition. 
The innate and the adaptive arms of the immune system 
are composed of distinct leukocyte subtypes. Cells of the 
innate immune system include granulocytes, monocytes, 
macrophages, and natural killer cells, among others, whereas 
cells of the adaptive immune system include B and T lym-
phocytes [25]. In severe cases of COVID-19, increased neu-
trophil and decreased lymphocyte counts are often observed, 
suggesting disruption of the immune cell milieu as an addi-
tional contributor to critical symptoms and death [14–16, 
26–28].

Immunologic Memory

Following infection or vaccination, the adaptive immune 
system drives the induction of immunologic memory via 
B and T lymphocytes [13••]. The B cells secrete immu-
noglobulin M (IgM), G (IgG), and A (IgA) antibodies that 
neutralize the virus or viral infected cells [29], while the 
T cells support antibody production in addition to killing 
infected cells [30]. B and T cell responses and the longev-
ity of resulting antibodies and immune memory can vary 
significantly between individuals [13••].

Epigenetic Perturbations of Immune 
Pathways by Environmental Contaminant 
Exposures

Genetics are one potential driver of susceptibility to SARS-
CoV-2 infection. In a 2021 genome-wide association meta-
analysis consisting of nearly 50,000 participants from 
across the globe, 13 loci were identified as being associated 
with SARS-CoV-2 infection, critical illness, or hospitaliza-
tion due to COVID-19 [31]. By contrast, two recent epige-
nome-wide association studies (EWASs) revealed methyla-
tion levels at over 13,000 5’-C-phosphate-G-3’ (CpG) sites 
that were associated with infection status and 44 CpG sites 
that were associated with hospitalization requiring respira-
tory support [32••, 33••, 34], suggesting that epigenetic 
mechanisms also contribute to the immune responses to 
SARS-CoV-2. Epigenetic mechanisms modify gene expres-
sion without changing the underlying DNA sequence [34] 
and, in addition to DNA methylation at CpG sites, include 
modifications to histones (proteins in the cell nucleus 
that DNA is wrapped around) and non-coding microRNA 
(miRNA) [34]. Although each of these mechanisms is criti-
cal to regulating gene expression, histone modifications are 
difficult to characterize at the population-level and there-
fore are not frequently studied, whereas measuring DNA 

methylation and miRNA is feasible and increasingly being 
performed to better understand systems biology. Herein, 
we will focus on research involving DNA methylation and 
miRNA as potential intermediates linking classes of envi-
ronmental chemicals with COVID-19 susceptibility and 
severity (Fig. 1).

Air Pollution

Air pollution is one of the most well-studied environmental 
contaminants in relation to COVID-19, partially because of 
wide data availability and well-known effects on the immune 
and respiratory systems. Air pollution is a general term that 
can include fine particulate matter—often categorized by 
diameter size as less than 2.5 µM (PM2.5) or less than 10 µM 
(PM10)—as well as nitrogen oxide (NOX), ozone (O3), 
polycyclic aromatic hydrocarbons (PAHs), volatile organic 
compounds (VOCs), sulfur oxides (SOX), and other con-
taminants. Epidemiological studies have established broad 
links between air pollutants and COVID-19 infections and 
deaths, particularly for PM and NOX [6••, 35–39]. Mecha-
nistically, air pollution may alter COVID-19 susceptibility 
partially through epigenetic modification of immune system 
pathways.

As described above, it has been established that the 
SARS-CoV-2 virus utilizes the ACE2 receptor and 
TMPRSS2 to enter and infect cells, with greater expression 
of ACE2 and TMPRSS2 associated with increased infec-
tion and viral load [15, 19••, 20, 21]. ACE2 and TMPRSS2 
expressions have been shown to increase following air pol-
lutant exposure, specifically PM [19••, 40]. Additionally, 
ACE2 and TMPRSS2 are genes known to be regulated by 
DNA methylation, histone modification, and miRNAs, indi-
cating that an individual’s epigenome may relate to ACE2 
and TMPRSS2 expression [19••, 41, 42]. Recently, a study 
investigating methylation levels of ACE2 in nasal cells found 
differences between sex, race/ethnicity, and biological aging, 
with study authors indicating that nasal exposures to air-
borne environmental contaminants may be partially respon-
sible for the observed changes [43•]. Nasal cells are exposed 
to air pollutants known to alter methylation signatures, some 
of which may be relevant to COVID-19 susceptibility [43•, 
44]. While no known study has performed a targeted analysis 
on ACE2 and TMPRSS2 epigenetic changes following air 
pollution, EWASs and tangential evidence indicate that this 
connection may be possible [43•, 44].

Air pollutants are also known to alter many of the 
immune pathways involved in COVID-19 development 
after infection, partially explaining the associations observed 
between exposure and COVID-19 severity. A few specific 
pathways and key genes are worthy of further discussion: 
inflammation, TLRs, IFNs, and forkhead box P3 (FOXP3). 
Exposure to air pollutants is associated with the generation 
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of reactive oxygen species (ROS) and pulmonary inflam-
mation, resulting in adverse health effects such as asthma 
and decreased lung function [45, 46]. Chronic exposure to 
air pollutants results in degradation of multiple body sys-
tems, including the respiratory and immune systems that 
are largely involved in COVID-19 response [47, 48]. This 
inflammatory response is partially mediated by TLRs, a key 
portion of the physiological response to SARS-CoV-2 [12••, 
13••, 49]. Exposure to PM has been associated with altered 
methylation levels of TLR genes, potentially altering the 
expression of these important immune receptors [50, 51]. 
Disruption of some TLRs predispose individuals to severe 
COVID-19, highlighting the need for further investigation 
of epigenetic regulation as a potential mechanism. In addi-
tion to inflammation and TLRs, air pollutants interact with 
IFNs, which are also known to play a large role in recruiting 
an effective immune response to COVID-19. Exposure to air 
pollution has been shown to increase methylation of IFN-γ, a 
gene involved in combatting viral replication and triggering 
inflammation [52, 53]. Although IFN-γ (type II) is not as 
robustly associated with COVID-19 development as type I 
and III IFNs, these findings nevertheless present a possibility 
for changes relevant to COVID-19 risk [12••]. Finally, ambi-
ent air pollution is known impair the function of regulatory 
T cells via hypermethylation of the FOXP3 gene. Regulatory 
T cells function to suppress immune response, and impair-
ment of this process may make hyperinflammation more 
likely, a hallmark of severe COVID-19 [54].

Lastly, emerging evidence shows that greater air pollut-
ant exposure is associated with lower titers of neutralizing 
antibodies to the SARS-CoV-2 virus following vaccination 
[55]. Similar associations were observed with other vac-
cines, and it is suggested that air-pollution-induced chronic 
inflammation may mediate associations with vaccine effi-
cacy [55, 56]. We propose that epigenetics may play a role 
in this, regulating the increased inflammatory and decreased 
antibody responses.

Toxic Metal(loid)s

Arsenic (As), cadmium (Cd), mercury (Hg), and lead (Pb) 
are considered among the most significant potential threats 
to human health due to their toxicity and ubiquity [57]. As 
a result of both natural and anthropogenic processes, toxic 
metals and metalloids are widespread throughout the envi-
ronment and are present in the air, water, soil, and food sup-
ply. For most individuals, exposures occur via ingestion of 
contaminated foods and drinking water, but exposure can 
also stem from cigarette smoke, industrial emissions, and 
certain occupations [58].

Lead is among the most well-studied toxic metal with 
respect to immunological effects following chronic expo-
sures. Numerous epidemiologic studies have reported asso-
ciations with increased susceptibility to infections [59, 60] 
and inflammation [61, 62], as well as altered humoral [63] 
and altered cell-mediated immunity [64–67]. Recently, there 

Fig. 1   Visual framework for how associations between environ-
mental contaminants and COVID-19 may be mediated by epige-
netic regulation of immune pathways, with a specific focus on DNA 

methylation and microRNAs. Abbreviations: PFAS = per- and poly-
fluorinated substances; EDCs = endocrine disrupting chemicals; miR-
NAs = microRNAs
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has been evidence to suggest that greater exposures to lead 
increase the risk for severe COVID-19, with severe cases 
excreting more lead in their urine relative to mild-to-mod-
erate cases [68•]. One potential mechanism underlying lead-
associated COVID-19 severity is differential methylation of 
runt-related (RUNX) transcription factor genes. In a 2015 
study of children aged 3 months to 5 years from Detroit, 
blood lead levels were found to correlate with differential 
methylation of RUNX1 and RUNX3 [69]. These genes are 
essential for hematopoiesis (the process of blood cell forma-
tion), especially the development of B and T cells involved 
in the adaptive immune response [70]. Divergent B and T 
cell responses to SARS-CoV-2 have been hypothesized to 
be a key contributor to infection severity, as patients requir-
ing intensive care unit (ICU) admission often exhibit an 
impaired CD4 + T cell response coupled with elevated anti-
body titers as compared to patients with more mild disease 
[71]. COVID-19 patients requiring ICU care are also more 
likely to be male [72], raising questions about sex-based dif-
ferences in molecular pathways linking environmental expo-
sures, epigenetics, and immune responses to SARS-CoV-2. 
Interestingly, the effects of lead exposure on methylation of 
RUNX genes may be sex-specific, with an inverse associa-
tion observed for RUNX1 in males and a positive associa-
tion observed for RUNX3 in females [69]. Future studies 
examining the role of toxic metal exposures in relation to 
COVID-19 severity should consider biologic sex as a poten-
tial modifying factor.

Other research points to the metalloid inorganic arsenic 
as a potent immunotoxicant with relevance for COVID-19. 
While studies have not yet investigated how arsenic is spe-
cifically related to SARS-CoV-2 infections, studies have 
linked higher exposures with other respiratory infections 
[73, 74, 75••]. Exposures that occur while in utero appear 
to be particularly important. In humans, prenatal arsenic 
exposures are associated with an increased risk of develop-
ing respiratory infections during the first year of life [73, 
74]. In animals, the effects of prenatal arsenic exposures 
persist into adulthood, as evidenced by a 2020 study of mice 
exposed to arsenic in utero and later infected with the influ-
enza A virus as adults [75••]. Compared to control mice, the 
arsenic exposed mice had greater lung damage and inflam-
mation [75••]. Interestingly, the investigators noted that the 
exposed mice were not more likely to become infected with 
the influenza A virus [75••], and therefore reason that earlier 
epidemiologic studies may have been capturing respiratory 
infections that were more symptomatic [73, 74]. They pro-
pose that prenatal arsenic exposures influence the course of 
infectious disease progression, rather than susceptibility to 
infection per se. In support of this premise, the 2020 in vivo 
study additionally demonstrated that the hyperinflamma-
tory response to the influenza A virus manifested with dys-
regulation of innate immune function of monocyte-derived 

macrophages, neutrophils, natural killer cells, and alveolar 
macrophages [75••]. This distinct phenotype is consistent 
with observational research showing epigenetic effects of 
prenatal arsenic exposure in human populations. As a spe-
cific example, profiling of cord blood from newborns prena-
tally exposed to arsenic via maternal ingestion of contami-
nated drinking water in Gómez Palacio, Mexico, revealed 
increased expression of 12 miRNAs with known roles in 
inflammatory response [76]. Of the 12 altered miRNAs, 
nine were predicted to target 66 mRNAs involved in TLR, 
nuclear factor kappa B (NF-kB), and IFN signaling pathways 
[76]. Within the context of COVID-19, alterations of such 
pathways are associated with a poorer prognosis, character-
ized by hospitalization and death [77]. Research is needed 
to determine if altered miRNA expression is a mechanism 
interlinking toxic metal exposures with COVID-19 severity 
and whether there are important windows of susceptibility.

The toxic metal cadmium has also been hypothesized to 
contribute to COVID-19 outcomes. Cadmium is a major 
constituent of tobacco smoke and smokers have a mark-
edly increased risk of hospital admission and death from 
COVID-19 [78, 79]. Although cadmium exposure has not 
yet been investigated as a mediator of associations between 
smoking and COVID-19 outcomes, there are data linking 
cadmium to other relevant endpoints. A 2020 analysis of 
the National Health and Nutrition Examination Survey 
(NHANES) participants aged 45 and older found that greater 
cadmium exposures, as measured in urine and blood, were 
prospectively associated greater mortality from influenza 
and pneumonia [80]. Mechanistically, cadmium exposure 
can modify DNA methylation signatures in whole blood 
and alter miRNA expression in peripheral blood leukocytes 
as well as serum [81–83]. Of particular interest is a 2021 
study in which men occupationally exposed to cadmium 
were found to have threefold higher expression of miR-221, 
which was correlated with higher proportions of T helper 
17 (Th17) cells and serum IL-17 levels [83]. Th17 cells are 
a distinct subset of T helper cells that produce the highly 
pro-inflammatory cytokine IL-17 [84]. Recently, the IL-17 
signaling pathway has been shown to become highly acti-
vated by SARS-CoV-2 [85], prompting calls to consider it 
as a possible target for the treatment of COVID-19 [86]. If 
substantiated by longitudinal data, the data presented here 
suggest that reducing cadmium exposure and/or epigenetic 
perturbations could be additional targets for improving 
COVID-19 outcomes.

Finally, there is evidence that mercury is toxic to humans 
with wide-ranging effects on the immune system. Methyl-
mercury is the predominant mercury compound encountered 
in the environment and ingestion of contaminated seafood 
is the most common route and source of exposure [87]. In 
an epidemiologic study of fish consumers from the Ama-
zonian region of Brazil, greater methylmercury exposures 
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were associated with higher levels of pro-inflammatory 
(IL-6, IL-17, and IFN-γ) and anti-inflammatory (IL-4) 
serum cytokines [88]. That methylmercury was positively 
associated with both pro- and anti-inflammatory cytokines 
supports the notion that exposures induce broad immuno-
toxic effects. Suppression of the developing immune system 
appears to be one such consequence of prenatal mercury 
exposure, as evidenced by data from the New Hampshire 
Birth Cohort Study showing greater maternal mercury expo-
sures during pregnancy from fish consumption (reflecting 
methylmercury) and having dental amalgams (reflecting 
elemental mercury) were associated with elevated risks of 
respiratory infections in infants [89]. In another analysis of 
New Hampshire Birth Cohort Study data, prenatal mercury 
exposures were associated with differential DNA methyla-
tion signatures in umbilical cord blood that were related to 
shifts in leukocyte composition [90]. Specifically, cord blood 
DNA methylation measurements were used to infer leuko-
cyte proportions and greater prenatal mercury exposures 
were found to correlate with lower estimated proportions of 
monocytes [90]. Monocytes are a type of leukocyte responsi-
ble for identifying and destroying pathogens and eliminating 
infected cells and individuals with persistently low num-
bers of monocytes (“monocytopenia”) are at increased risk 
of developing severe COVID-19 [91]. Whether the pleio-
tropic effects of mercury are relevant to the development 
and progression of COVID-19 remains to be studied, but 
warrants consideration given the ubiquity of mercury in the 
environment.

Per‑ and Polyfluorinated Substances (PFAS)

PFAS refer to a group of > 4000 toxic chemicals used in 
a variety of manufacturing processes, many of which have 
become environmental contaminants [92]. Within the broad 
class of PFAS, there are numerous chemicals, including 
perfluorooctanoic acid (PFOA), perfluorooctane sulfonate 
(PFOS), perfluorononanoate (PFNA), perfluorodecanoate 
(PFDA), perfluorobutanoic acid (PFBA), perfluorohex-
ane sulfonate (PFHxS), and “alternatives” such as GenX 
[92–94]. PFAS are known to accumulate within the body 
and lead to a variety of outcomes, including immunosup-
pression, reduced vaccine response, and epigenetic changes 
[95, 96••]. Recent research has also shown associations 
between PFAS exposure and COVID-19 severity and mor-
tality [97••, 98]. In particular, elevated plasma concentra-
tions of PFBA have been associated with severe COVID-19 
(odds ratio 2.10 [95% CI, 1.02, 4.33]) and strongly associ-
ated with ICU admission or death (odds ratio 5.18 [95% CI, 
1.29, 20.72]), with effects similarly observed both men and 
women [97••].

In relation to modifying viral entry, PFAS are sus-
pected to increase ACE2 and TMPRSS2 expression through 

hypomethylation, leading to increased vulnerability to 
the SARS-CoV-2 virus [95]. Animal studies support this 
hypothesis: researchers have observed downregulation of 
DNA methylation regulators (DNA methyltransferases and 
Ten Eleven Translocation (TET) enzymes) and upregulated 
expression of ACE2  and TMPRSS2  in mice following 
PFOA exposure, in addition to differential methylation in 
the TMPRSS2 gene promoter [95].

PFAS are also known to alter innate and adaptive 
immune function, with most studies suggesting suppres-
sive effects [99–103]. For instance, in mouse models, PFAS 
exposures have been shown to decrease IgM antibody pro-
duction and levels, a comprehensive measure of general 
immune response [104, 105]. Other research has associ-
ated PFAS with perturbations of T cells [106, 107], B cells 
[105], macrophages [103], and neutrophils [103], along 
with atrophy of the thymus and spleen [102]. Alteration of 
these immune functions may have implications for COVID-
19 progression, as delayed or suppressed immune responses 
are hypothesized to influence disease severity [13••]. How-
ever, existing research examining immunosuppression prior 
to infection has found no significant association with the 
onset of critical COVID-19 symptoms [108, 109]. Never-
theless, previous studies have been limited due to small 
sample sizes [108, 109], and PFAS-associated immunosup-
pression may still predispose an individual to more severe 
COVID-19 outcomes. In addition to immune suppression, 
PFAS have been associated with dysregulation of inflam-
matory responses and chronic inflammation in humans, 
pathways known to play a role in COVID-19 development 
[101, 110]. Specific outcomes and pathways vary by study 
type (rodent, cell culture, epidemiological, etc.), but have 
included peroxisome proliferator-activated receptor alpha 
(PPAR-α), NF-kB, IFNs, and various cytokines [101].

It is plausible that some of the immunomodulatory effects 
associated with PFAS may be under epigenetic regulation. 
In a 2021 study of firefighters, exposures to PFOA, PFOS, 
PFNA, PFDA, and other PFAS were associated with changes 
in DNA methylation for a number of genes associated with 
immune function [96••]. In particular, PFNA was associated 
with differential methylation of the Schlafen family member 
12 (SLFN12) and IL-32 genes that are upregulated during 
viral infection and T cell activation [111, 112], while PFDA 
was associated with differential methylation of dual speci-
ficity phosphatase 19 (DUSP19) and glycerol-3-phosphate 
dehydrogenase 2 (GPD2), two genes involved in regulating 
inflammatory response [96••, 113, 114]. Other research has 
shown hypermethylation following PFOS exposures of the 
genes ring finger protein 39 (RNF39) and major histocom-
patibility complex, class II, DQ beta 1 (HLA-DQB1), both 
associated with autoimmune conditions [115, 116]. Taken 
together, these studies provide evidence that PFAS may alter 
COVID-19 risk via similar epigenetically-regulated immune 
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pathways; further research is necessary to investigate this 
relationship.

Finally, PFAS are associated with decrease effectiveness 
of various vaccines, including tetanus [117, 118], diphthe-
ria [118, 119], measles [120], rubella [121], and influenza 
[122], particularly when immunized following PFAS expo-
sures in early life. Because of this, concerns have been raised 
that PFAS may reduce COVID-19 vaccine effectiveness, 
potentially increasing susceptibility to breakthrough infec-
tions or temporally shortening the duration of protection. 
Although no known research has explored the intersection 
of PFAS, vaccine effectiveness, and epigenetic alterations, 
the epigenetic immune modifications previously discussed 
may provide mechanistic insights into the decreased anti-
body response observed after vaccination.

Other Endocrine Disrupting Chemicals (EDCs)

The broad class of EDCs represent contaminants that 
alter normative hormone function in the body, resulting 
in vast complications. In addition to metals and PFAS 
(each discussed above), EDCs include bisphenol A (BPA), 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), flame retard-
ants, pesticides, phthalates, polychlorinated and polybro-
minated biphenyls (PCBs and PBBs), polycyclic aromatic 
hydrocarbons (PAHs), dichlorodiphenyltrichloroethane 
(DDT), and hundreds more [123]. Not surprisingly, EDC 
exposure has been suggested to increase COVID-19 risk 
through a variety of immune pathways [124••, 125, 126]; 
this section will consider a few examples, but there are hun-
dreds of EDCs that could be discussed [127].

The entry of SARS-CoV-2 into the body depends, at 
least in part, on the expression of ACE2 and TMPRSS2. 
Altered expression of these genes following EDC exposure, 
specifically BPA, has been observed in some, but not all 
studies [19••, 126, 128]. While more research is necessary 
to determine a consistent association, complex epigenetic 
regulation may be involved in altering expression based on 
known epigenetic involvement with ACE2/TMPRSS2 [41] 
and EDCs [127].

EDCs are also known to suppress the immune system, 
potentially conferring COVID-19 risk. TCDD, for example, 
is known as a potent immunosuppressant, altering the aryl 
hydrocarbon receptor [129] and resulting in dysregulated T 
cell differentiation [130•]. TCDD-associated epigenetic reg-
ulation of FOXP3 and IL-17 is understood as a part of this 
immunosuppressive pathway, altering the master regulator 
of regulatory T cells [130•, 131]. As previously discussed, a 
weak initial immune response to the SARS-CoV-2 virus may 
predispose an individual to a more severe course of disease.

EDCs additionally dysregulate numerous facets of the 
immune system, including T cells, natural killer cells, 
dendritic cells, macrophages, and neutrophils [127, 132, 

133]. For example, BPA has been shown to interact with 
cell signaling pathways, dysregulating the innate and adap-
tive immune system by altering chemokine/cytokine levels 
(observed in COVID-19 patients), inducing inflammation 
and related inflammatory diseases [126, 133, 134], and alter-
ing the function of numerous immune cells [133]. TCDD has 
shown similar dysregulation of adaptive immune responses, 
altering T cell function and differentiation [129]. These 
selected examples are not unique; other EDCs have dem-
onstrated similar effects that alter immune function [135, 
136]. Immunomodulation by BPA, TCDD, and other EDCs 
may exacerbate COVID-19 immune dysregulation, increas-
ing susceptibility for severe disease.

Epigenetic dysregulation is a proposed mechanism 
by which EDCs may lead to biological effects, both from 
directly interacting with the epigenome and from perturbing 
hormonal pathways that alter the epigenome [127]. EDC-
associated epigenetic changes in DNA methylation levels, 
miRNAs, and histone acetylation have been observed related 
to the immune system for TCDD [137], BPA [138], DDT 
[138], PCBs [139], PBBs [140], nonylphenol [141], and 
4-octylphenol [141], with many EDCs understudied. Some 
of these epigenetic changes have been linked to transgenera-
tional health effects, increasing the complexity and impor-
tance of EDC exposure [142]. We suggest the examination 
of epigenetically-regulated immune pathways as a recom-
mendation for future study investigating EDC exposure and 
COVID-19 susceptibility.

Potential Implications and Further Study

While direct evidence that environmental chemicals con-
tribute to the current pandemic is still sparse, it is clear that 
exposures to such chemicals may impact host susceptibility 
to SARS-CoV-2 and the clinical course of COVID-19. Given 
the breadth of chemicals in the environment and their known 
impacts on human health, there are several ways to move 
forward. Most broadly, there is a need for continued public 
and private environmental cleanup efforts to reduce human 
exposures to toxic chemicals, mitigating some of the effects 
detailed above. In relation to COVID-19, there is a need to 
weigh environmental contaminant exposures as risk factors 
and to prioritize the following research:

1)	 Quantify the direct impacts of exposures to air pollut-
ants, toxic metal(loid)s, per- and polyfluorinated sub-
stances, other endocrine disrupting chemicals, and their 
mixtures on COVID-19 susceptibility and severity.

2)	 Understand the specific epigenetic mechanisms and 
immune pathways linking environmental chemical 
exposures and adverse COVID-19 outcomes, especially 
whether any are reversible.
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3)	 Identify susceptible widows of exposure and sensitive 
sub-groups, including assessments of early life expo-
sures and differences in exposure-outcome associations 
by biological sex.

4)	 Discover and validate minimally-invasive biomarkers 
that can identify individuals at risk of severe COVID-
19 due to environmental chemical exposures.

5)	 Develop interventions to limit chemicals in the environ-
ment or mitigate adverse health impacts of exposures 
in severe COVID-19 cases (e.g., for metal-associated 
immunotoxicity, interventions could include nutritional 
supplementation or chelation therapy).

6)	 Evaluate the need for boosters to strengthen COVID-19 
vaccine effectiveness among individuals highly exposed 
to immunotoxic environmental chemicals.

7)	 Converge aspects of epidemiologic and experimental 
study design and dissemination of findings that can sup-
port rapid environmental policy making.

Finally, greater collaboration between environmental 
health scientists, molecular epidemiologists, immunolo-
gists, and infectious disease researchers conducting basic 
and translational science is needed to promote increased 
understanding of the interactions between environmental 
chemicals and infectious diseases, including epigenetic con-
tributions. Breaking down disciplinary silos would better 
enable taking adaptive actions to respond to COVID-19 and 
pre-emptive actions to possibly prevent future pandemics.

Conclusion

In conclusion, numerous environmental contaminants are 
associated with epigenetic modification of immunomodula-
tory genes involved in viral entry, viral recognition, cytokine 
production, and immunologic memory. Several of these 
immune pathways overlap with those involved in the host 
response to the SARS-CoV-2 virus. Epigenetic regulation of 
the immune system may be a significant molecular mecha-
nism underpinning associations between environmental 
chemicals and COVID-19 outcomes.
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