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A B S T R A C T   

Background: Widespread environmental contamination can directly interact with human immune system func
tions. Environmental effects on the immune system may influence human susceptibility to respiratory infections 
as well as the severity of infectious diseases, such as the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2). Furthermore, the efficacy of vaccines to respiratory diseases may be impacted by environmental expo
sures through immune perturbations. Given the quick pace of research about COVID-19 and associated risk 
factors, it is critical to identify and curate the streams of evidence quickly and effectively. 
Objective: We developed this systematic evidence map protocol to identify and organize existing human and 
animal literature on high-priority environmental chemical classes (Per- and polyfluoroalkyl substances, pesti
cides, phthalates, quaternary ammonium compounds, and air pollutants) and their potential to influence three 
key outcomes: (1) susceptibility to respiratory infection, including SARS-CoV-2 (2) severity of the resultant 
disease progression, and (3) impact on vaccine efficacy. The result of this project will be an online, interactive 
database which will show what evidence is currently available between involuntary exposures to select envi
ronmental chemicals and immune health effects, data gaps that require further research, and data rich areas that 
may support further analysis. 
Search and study eligibility: We will search PubMed for epidemiological or toxicological literature on select tox
icants from each of the chemical classes and each of the three outcomes listed above. 
Study appraisal and synthesis of methods: For each study, two independent reviewers will conduct title and abstract 
screening as well as full text review for data extraction of study characteristics. Study quality will not be eval
uated in this evidence mapping. The main findings from the systematic evidence map will be visualized using a 
publicly available and interactive database hosted on Tableau Public.   

1. Introduction 

1.1. Rationale 

Exposures to environmental contaminants can adversely impact the 
immune system, which can subsequently increase susceptibility to viral 

infection and disease progression (Forrest 2011). Recently, the World 
Health Organization released estimates showing that two million lives 
and fifty-three million disability-adjusted-life-years were lost in 2019 
due to chemical exposures (World Health Organization 2021). This 
highlights that chronic environmental exposures to industrial chemicals 
may be an important consideration in the management of the Severe 
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Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2 or coronavi
rus) pandemic. A study of the 2002 SARS epidemic found associations 
between higher exposure to air pollution and increased risk of death (Cui 
et al. 2003; Pozzer et al. 2020). Further, studies of environmental con
taminants have shown that common contaminant exposures, such as 
polyfluoroalkyl substances (PFAS) and methylmercury, can decrease the 
effectiveness of vaccines (Environmental Working Group 2019; Grand
jean et al. 2017). Thus, it is critical to identify environmental and 
chemical risk factors of: (1) susceptibility to coronavirus infection, (2) 
severity of the resultant disease progression for coronavirus disease 
2019 (COVID-19), and (3) impaired COVID-19 vaccine efficacy. 

Although the general public experiences widespread exposure to 
multiple environmental contaminants, the data and evidence on their 
potential to influence specific health effects is not well identified, 
organized, and curated (Ferguson et al. 2017). Systematic evidence 
maps are an emerging tool to support decision-making by identifying, 
organizing, and presenting the available health and toxicology related 
literature, and have been used to better understand the evidence base 
around environmental contaminants of emerging and growing concern 
(Ferguson et al. 2017; Pelch et al. 2019; Walker et al. 2018; Wolffe et al. 
2020; Wolffe et al. 2019). Systematic evidence maps provide an acces
sible summary of available literature that can be easily updated. The 
best maps are interactive, taking the form of a database of references 
with associated meta-data that can be sorted, filtered, or searched on key 
aspects like exposures, research model, financial conflict of interest 
(COI), or health effects. These methods have been used by the Integra
tive Health Assessment Branch (IHAB) in the Division of the National 
Toxicology Program (DNTP) to develop interactive maps of the available 
human and animal evidence evaluating several exposures – health effect 
questions, including health effects of neonicotinoid pesticide exposures 
(Boyd et al. 2020). These maps have also been tested and demonstrated 
by The Endocrine Disruption Exchange (TEDX) to map the human, an
imal, and in vitro streams of evidence on PFAS (per- and poly- fluorinated 
alkyl substances) (Pelch et al. 2019). Systematic evidence maps are 
excellent at identifying the breadth of information along with areas that 
are data rich or data poor to direct further research or analysis activities. 
Unlike systematic reviews, these maps do not attempt to synthesize or 
integrate evidence to answer a detailed research question, but rather 
remove barriers associated with full systematic reviews, provide users 
with a tool to explore their own research questions, and identify 
emerging trends using a broad evidence base (James et al. 2016). 

Given the rapid pace of research about COVID-19 and associated risk 
factors, it is critical to curate the streams of evidence quickly and 
effectively. Thus, in collaboration with the California Office of Envi
ronmental Health and Hazard Assessment (OEHHA) and DNTP, we 
propose systematically and transparently searching, curating, and 
mapping the evidence base around the impact of select chemical expo
sures on the respiratory and immune systems as it relates to direct and 
proxy measures of susceptibility to coronavirus infection, severity of 
COVID-19, and COVID-19 vaccine efficacy. 

This primary objective of this systematic evidence map is to char
acterize the respiratory and immune impacts of select chemicals with 
the following exposure: chemicals commonly emitted from high 
polluting plants in the State of California and designated as high priority 
under CA AB2588 (California Air Resources Board 2021a; b), chemicals 
currently considered high priority by the United States Environmental 
Protection Agency (US EPA) under the 2016 Toxic Substances Control 
Act (TSCA) (US Environmental Protection Agency 2021b), Quaternary 
Ammonium Compounds (QACs) (Biomonitoring California 2019), 
fluorinated chemicals, air pollutants, and high production volume pes
ticides (Pellizzari et al. 2019). The final list of chemicals was identified 
and prioritized through collaborative discussions between OEHHA, 
PRHE, and DNTP in order to address salient policy questions for the 
State of California. 

The secondary objectives of this systematic evidence map are to 
identify indicators in studies such as assessment of early-life exposures, 

COI , analysis of chemical mixtures, and potential to inform health eq
uity (including worker exposures). It is critical to understand the 
breadth of research on not just our primary objective of environmental 
contaminants and respiratory/immune system impacts, but with regard 
to populations or issues of interest. 

1.1.1. Early-Life exposures 
Biological factors such as age can significantly affect health impacts 

from chemical exposure. Fetuses, infants, and children are especially 
susceptible to reproductive and developmental toxicants because of 
critical windows of vulnerability during important stages of develop
ment. For example, the prenatal life stage can be the most sensitive to 
developmental and reproductive toxicants. (Bennett et al. 2016; Lan
phear et al. 2005; US Environmental Protection Agency 2017). 

1.1.2. Conflict of Interest 
Across several research areas, including tobacco, pharmaceutical, 

nutrition and chemical health effects research, even when controlling 
for methodological biases, studies with the presence of industry spon
sorship or with authors with a financial COI are more likely to have 
study outcomes, including results and conclusions that favor the spon
sor’s product than studies with no or other sources of sponsorship and 
COI.(Barnes and Bero 1998; Bero et al. 2016; Huss et al. 2007; Lundh 
et al. 2017; Mandrioli et al. 2016; Yank et al. 2007) Thus, highlighting 
the impact of financial incentives on research. (Chartres et al. 2020; 
Lundh et al. 2017; Mandrioli et al. 2016). 

1.1.3. Chemical mixtures 
At present in the United States, chemicals are assessed for their risk 

and addressed through public policy using a chemical-by-chemical 
approach; however, assessing chemicals one at a time may lead to an 
underestimation of risk. As the U.S. population is not exposed to single 
chemicals through individual pathways, but instead to mixtures of 
multiple chemicals through multiple aggregate pathways, it is critical to 
understand how these chemicals may present human health hazards 
both individually as well as collectively (via compounding health haz
ards) (National Research Council 2008). Current scientific evidence 
shows that multiple chemical exposures acting collectively can elicit a 
wide range of toxic effects (e.g., endocrine disruption, developmental/ 
neurological toxicity, and immune dysregulation). (National Research 
Council 2008). For example, endocrine disrupting chemicals such as 
phthalates may elevate risk of negative reproductive and developmental 
outcomes, and a recent study found that “elevated plasma-PFBA con
centrations were associated with an increased risk of more severe course 
of COVID-19” (Grandjean et al. 2020). These chemicals directly inter
face with the circulating immune system upon human exposure; there
fore, the downstream consequences of immune dysregulation remain an 
important research gap. 

1.1.4. Health equity 
Across a population, typically the highest environmental contami

nant exposures, and subsequent health hazards, are to workers and 
communities near industrial facilities or contaminated sites (Mohai and 
Saha 2015; National Research Council 2009; US Environmental Pro
tection Agency 1999). There is substantial evidence that communities 
that experience higher levels of exposure to environmental contami
nants as a result of industrial pollution (Schintler et al. 2020), are the 
same communities that must be prioritized due to their increased like
lihood of susceptibility to coronavirus infection and severity of COVID- 
19. These are also the same communities that are impacted by funda
mental causes of health disparities such as structural racism (Phelan and 
Link 2015; Wilson et al. 2020). Current research on COVID-19 health 
disparities has found disproportionate impacts on Black communities, 
farmworkers, people experiencing homelessness, and incarcerated 
populations (Lee and Choi 2020; Lewer et al. 2020; Millett et al. 2020; 
National Academies of Sciences 2020; Rabin 2020; Shen et al. 2018). 
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Due to systemic racism and labor exploitation, workers from these 
communities are also overrepresented in low-wage essential work set
tings such as factories, grocery stores, and public transportation, putting 
them at increased risk of exposure to COVID-19 and other occupational 
hazards (McClure et al. 2020; US Centers for Disease Control and Pre
vention 2021b). 

The result of this project will be an online, interactive database 
which will show (1) what evidence is currently available between 
involuntary exposures to select environmental chemicals and immune 
impacts (susceptibility, severity, and vaccine efficacy) as well as impacts 
around populations of interest (the very young, communities that 
experience higher levels of exposure to environmental contaminants, 
workers) or issues of concern (chemical mixtures, conflict of interest), 
(2) data gaps which require further research, and (3) data rich areas that 
may support further analysis. Understanding and characterizing the 
impact of involuntary exposures to environmental contaminants is 
critical for policymakers designing public health interventions with re
gard to COVID-19. This systematic evidence map will be of immense use 
to environmental health researchers, funding agencies, and community 
groups as it will be accessible, interrogable, and can be updated as new 
studies are available. 

1.2. Objectives 

The objectives of this systematic evidence map are to: 

1. Identify and organize the available scientific research on the rela
tionship between environmental contaminants and direct and proxy 
measures of coronavirus susceptibility, COVID-19 severity, and 
COVID-19 vaccine efficacy, as measured in human and animal 
studies. Further curate this information based on impacts to pop
ulations of interest (the very young, communities that experience 
higher levels of exposure to environmental contaminants, workers) 
or on issues of concern (chemical mixtures, conflict of interest).  

2. Present the literature in an interactive, web-based database which 
will directly connect users to the referenced studies.  

3. Identify data gaps and research or policy needs around COVID-19 
and environmental contaminants.  

4. Publish a narrative summary of the systematic evidence map. 

The protocol described here serves to document decisions made a 
priori regarding the conduct of the systematic evidence mapping. Any 
protocol updates or modifications will be documented as amendments to 
the original protocol as they take place. 

2. Methods 

This protocol has been prepared in accordance with the ENVINT 
PRISMA-SM-P report (available at (Environment International 2017)) 
and based on expert guidance from the developers of TEDX, including 
CK. We attempted to register the protocol in PROSPERO, however, it 
was not currently accepting registrations for scoping reviews, literature 
reviews, or mapping reviews. 

2.1. Search strategy 

We used the below outcome definitions to refine the search logic 
used in a recent NTP monograph on PFAS and immunotoxicity (US 
National Toxicology Program 2016). We will identify the relevant 
published peer-reviewed literature through searching the PubMed 
electronic database. The PubMed search will include chemical names 
and common synonyms as found through ChemIDPlus (including 
CASRN) (US National Institutes of Health 2021), Wikipedia (Wikipedia 
2021), Common Chemistry (American Chemical Society 2021), EPA’s 
CompTox Database (US Environmental Protection Agency 2021c), and 
InChiKey (InChI Trust 2021), for the select contaminants as well as the 

key immune endpoints. Additional PFAS terms were added by incor
porating terms from the search strings in the TEDX evidence map pro
tocol (Pelch et al. 2019). Additional phthalate terms were added by 
including common secondary metabolites of our phthalates of interest 
and repeating the search as described above. We generated our final list 
of synonyms by removing duplicate terms, terms not found in PubMed, 
and terms that were overly broad. Searches were run on July 27, 2021, 
producing 9,951 studies (after de-duplication) and the final search 
strings can be found in Appendix 1. Given that the goals of the project 
are to develop a systematic evidence map that supports decision making 
on further research or analysis activities, the search was only conducted 
in PubMed as it has import compatibility within DistillerSR. Further
more, PubMed is the database with the strongest biomedical focus for 
human and animal research that was judged most likely to have studies 
that address the project objectives. We recognize a single database is a 
limitation of this project. However, the choice of a single database was 
made based on the goals and timeline of the project to provide a cate
gorized evidence base that can be used in inform decisions in the rela
tively short term (i.e., 12 months) as the impacts of SARS-CoV-2 and 
COVID-19 vaccination continue to change rapidly. The addition of other 
databases such as Scopus and Web of Science will be considered in po
tential future updates or expansions. 

2.2. Eligibility criteria 

A study’s eligibility is determined based on the PECO statement 
(Table 1). Eligible studies will contain primary research that investigates 
links between the listed chemicals and one of the specified immune 
outcomes. We will include human and animal evidence as defined 
below. We will tag mechanistic studies for future use. Studies that do not 
consider toxicological, health, or mechanistic information on a given 
chemical will be excluded after the title/abstract stage. 

For human studies we will include primary experimental and 
observational studies including randomized controlled trials, cohort, 
case-control, cross-sectional, , case cross over, panel or case studies, time 
series analaysis, or other relevant designs that quantitatively examine 
the association of our selected exposures on the related selected immune 
outcomes, in children and/or adults. For animal studies we will include 
whole organism studies, including experimental and observational 
studies and ex vivo immune assays. 

We will attempt to look for translated manuscripts of non-English 
studies if the title and abstract fit the PECO but will not include non- 
English language studies if there is no available translated manuscript. 
Conference abstracts, presentations, posters, and theses/dissertations 
will not be included. 

2.3. Exposures 

The chemicals prioritized for inclusion in this systematic evidence 
map were based on criteria determined with input from topic experts 
from OEHHA, PRHE, DNTP, and CK, in an effort to capture a diverse 
group of policy-relevant chemicals to the State of California, with a focus 
on substances with greater potential impact on the respiratory and im
mune systems. The final list represents priority chemicals to OEHHA 
such as: chemicals commonly emitted from high polluting plants in the 
State of California and designated as high priority under CA AB2588 
(California Air Resources Board 2021a; b), chemicals currently consid
ered high priority by the US EPA under the 2016 TSCA (US Environ
mental Protection Agency 2021b), QACs (Biomonitoring California 
2019), fluorinated chemicals, air pollutants, and high production vol
ume pesticides (Pellizzari et al. 2019) (Table 1). Prioritization for 
chemical exposures of interest was determined by OEHHA and in 
collaboration with the authors to ensure that the map could be 
completed within the 1-year grant timeline. Ample studies have docu
mented how particulate matter (PM2.5) is associated with various res
piratory virus infections (Ciencewicki and Jaspers 2007; Cohen et al. 
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2005; Mehta et al. 2013) and can modulate a person’s susceptibility to 
respiratory infections (Harrod et al. 2003; Michielsen et al. 2002). As 
this evidence map is focused on chemicals with less robust databases, we 
determined that PM2.5 is not currently a priority but will be assessed at a 
later date. 

We conducted an initial search of priority chemicals identified by 
OEHHA using a single database (PubMed) on February 1, 2021, to 
determine the scale of studies. We generated a preliminary list of search 
terms for each chemical using the National Institutes of Health/National 
Library of Medicine (NIH/NLM) database ChemIDplus (US National In
stitutes of Health 2021), which was then used to inform conversations 
with OEHHA and ultimately determine a group of high priority chem
icals with high exposures and high production volumes. Based on our 
preliminary search output, our systematic evidence map will be 

informative and yield many studies for multiple chemicals. (Appendix 1) 
The present map contains a balance of chemicals and will be well 
equipped to address research and policy gaps. The classes of our priority 
chemicals are below, and details of our final search strategy can be 
found in Section 2.1. 

2.3.1. Per- and polyfluoroalkyl substances (PFAS) 
Associations between PFAS and health outcomes have been mapped 

previously, particularly for long-chain PFAS such as PFOA and PFOS, 
which were reviewed by the US EPA, Agency for Toxic Substances and 
Disease Registry (ATSDR) and NTP (Agency for Toxic Substances and 
Disease Registry 2021; US Environmental Protection Agency 2021d; US 
National Toxicology Program 2016). Additionally, TEDX mapped the 
human, animal, and in vitro streams of evidence for understudied PFAS 
(Pelch et al. 2019). This evidence map will also focus on understudied 
PFAS such as: Perfluorohexanoic acid (PFHxA), Perfluorohexanesulfonic 
acid (PFHxS), Perfluorobutanesulfonic acid (PFBS), Perfluorobutyric 
acid (PFBA), Perfluorononanoic acid (PFNA), Perfluorodecanoic acid 
(PFDA), and 8:2 fluorotelomer (Table 2). These chemicals are priority 
due to being detected in Biomonitoring California’s California Regional 
Exposure (CARE) cohort in Los Angeles (Biomonitoring California 
2021), and their designation as chemicals of concern to OEHHA. 

2.3.2. Pesticides 
Imidacloprid (IMI) is a neonicotinoid pesticide prioritized by 

OEHHA and was chosen from a list of chemicals identified in a review 
from the National Institute of Health’s Environmental influences on 
Child Health Outcomes (ECHO) initiative (Pellizzari et al. 2019). This 
list was generated in order to prioritize chemicals which may adversely 
impact children’s health but have not been biomonitored nationwide. 
While there is a paucity of recent literature regarding IMI and our out
comes of interest in human epidemiological studies. Evidence of adverse 
immune effects in pigs and partridges through dietary IMI exposure has 
been demonstrated (Hernandez et al. 2018; Lopez-Antia et al. 2015). 
Further, other noenicitinoid insecticides have demonstrated negative 
impacts on lymphocyte production and macrophage function in rats and 
immune signaling in an in vitro model using a human monocytic cell line 
(Di Prisco et al. 2017; Shakthi Devan et al. 2015). 

Table 1 
Populations, Exposures, Comparators, and Outcomes (PECO) Statement.  

PECO 
Element 

Evidence 

Population Human: 
Primary studies that quantitatively examine the association of our 
selected exposures on the related selected immune outcomes, in 
children and/or adults. 
Animal: 
Whole organism studies, including experimental and observational 
studies.  

Exposure Exposure to at least one of the priority chemicals listed in Table 2 
below. Exposures may include, for example: biomarkers of 
exposure (e.g., urine, blood, or other specimens), modeling of 
potential exposures, and/or administered exposures. There are no 
limitations on the timing, route, level, or determination of 
estimated exposure.  

Comparator Humans, animals, organs, tissues, cell lines, or cellular components 
exposed to a lower level of the chemical/pollutant than the more 
highly exposed subjects or treatment groups, or vehicle-only 
treatment.  

Outcome Characteristics of immune impacts such as coronavirus 
susceptibility, COVID-19 severity, and COVID-19 vaccine efficacy.  

Primary outcomes: 
Humans:COVID-19 infection and diagnosis of or medication use for 
respiratory infections, diseases, and conditions that may increase 
coronavirus susceptibility to COVID-19  
(influenza, severe acute respiratory syndrome, middle east 
respiratory syndrome, asthma, bronchitis, pneumonia, rhinitis, 
sinusitis, chronic obstructive pulmonary disease, cystic fibrosis, and 
lung function parameters). Cardiovascular conditions arising from 
the search will be included only into full text screening as a 
conservative measure for identifying potential respiratory 
outcomes not identified in the screening step. Upon full text review, 
studies with only cardiovascular outcomes (lacking respiratory 
outcomes) will be excluded. 
Prognosis and severity of known respiratory infections to COVID- 
19, influenza, severe acute respiratory syndrome, middle east 
respiratory syndrome, and accompanying cytokine storm. 
Indicators influencing vaccine efficacy (immunoglobulins/ 
antibodies, and clinically confirmed immune modulation or 
immune suppression).   

Animals: 
Lung and lymph tissue histopathology and bioassays following 
experimental chemical exposures in animal models and validated 
animal models of respiratory conditions (pneumonia, chronic 
obstructive pulmonary disease, cystic fibrosis, and asthma). 
Co-exposure to chemicals and respiratory pathogen challenge; 
accompanying lung and lymph tissue histopathology and bioassays. 
Pathogen challenge, chemical co-exposures, and antibody 
production/response.Other applicable immune function assays  
(e.g., antibody response, natural killer cell activity).  

Table 2 
List of Chemicals prioritized* by the California Office of Environmental Health 
Hazard Assessment and included in the systematic evidence map.  

Priority Abbreviation Chemical Name (CASRN) 

1 BBP + MBzP +
MBP 

Butyl benzyl phthalate (85–68-7) + Monobenzyl 
phthalate (2528–16-7) +Monobutyl phthalate  
(131–70-4)  

PFBS Perfluorobutanesulfonic acid (375–73-5)  
IMI Imidacloprid (138261–41-3)  
CTAC Hexadecyltrimethyl ammonium chloride (112–02-7)  
O3 Ozone (10028–15-6)  
NO2 Nitrogen Dioxide (10102–44-0)  

2 DBP + MBP Dibutyl phthalate (84–74-2) + Monobutyl phthalate 
(131–70-4)  

DEHP + MEHP Diethylhexyl phthalate (117–81-7) +
Monoethylhexyl phthalate(4376–20-9)  

PFHxS Perfluorohexanesulfonic acid (355–46-4)  
PFNA Perfluorononanoic acid (375–95-1)  

3 DiBP + MiBP Diisobutyl phthalate (84–69-5) + Monoisobutyl 
phthalate (30833–53-5)  

DCHP + MCHP Dicyclohexyl phthalate (84–61-7) + Monocyclohexyl 
phthalate (7517–36-4)  

PFHxA Perfluorohexanoic acid (307–24-4)  
PFDA Perfluorodecanoic acid (335–76-2)  
8:2 FT 8:2 fluorotelomer (678–39-7)  

* prioritization based on multiple factors, including high-volume production, 
knowledge gaps, and urgency for policy action. 
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2.3.3. Phthalates 
Phthalates are widely found in food, consumer products, and air and 

dust in the indoor environment. There is limited research on the possible 
associations among phthalates and SARS-CoV2, however, there exists 
evidence that prenatal phthalate exposure can increase allergies, infec
tious disease, and airway inflammation (Ait Bamai et al. 2018; Jahreis 
et al. 2018). Additionally, participants exposed to dibutyl phthalate had 
an increased early allergic response (Maestre-Batlle et al. 2020). 
Further, facemask use during the pandemic has also been demonstrated 
to result in increased phthalate esters exposure, such as di(2-ethylhexyl) 
phthalate (Jin et al. 2021). Phthalates need to be prioritized for un
derstanding their ability to alter COVID-19 pathology, especially since 
there is an increase in exposure directly related to the pandemic. 

Dibutyl phthalate (DBP), Diethylhexyl phthalate (DEHP), Diisobutyl 
phthalate (DIBP), Butyl benzyl phthalate (BBP), and Dicyclohexyl 
phthalate (DCHP) were chosen due to their designation as priority 
chemicals under AB 2588 or The Air Toxics “Hot Spots” Information and 
Assessment Act of 1987 (California Air Resources Board 2021a). This 
Act established a statewide program for the inventory of air toxics 
emissions from individual facilities and addresses public concerns that 
emissions from individual facilities might cause a local concentration of 
air toxics “Hot Spots” or an elevated risk of adverse health effects. They 
are also listed as high priority chemicals for consideration under TSCA, 
and are monitored by Biomonitoring CA The half-lives of phthalates are 
relatively short (<24 h) because of their rapid metabolism in humans 
(Hoppin et al. 2002). Modern epidemiology studies, therefore, pre
dominantly assess the aforementioned phthalates through urinary 
excretion products for exposure assessment. As such, we will also focus 
on the major secondary monoester metabolites of each of these phtha
lates, which includes monobenzyl phthalate (MBzP), monobutyl 
phthalate (MBP), mono(2-ethylhexyl) phthalate (MEHP), mono-isobutyl 
phthalate (MiBP), and mono-cyclohexyl phthalate (MCHP). 

2.3.4. Quaternary ammonium compounds (QACs) 
The QAC hexadecyltrimethyl ammonium chloride (CTAC) was cho

sen based on its active usage in antimicrobials and disinfectants (US 
Environmental Protection Agency 2021e), as well as its statewide and 
national aggregate production volumes (Biomonitoring California 
2019). QACs are a broad and diverse class of chemicals and chemical 
mixtures, and these compounds have a wide range of uses, including as 
pesticides, antimicrobials, disinfectants, antistatic agents, and corrosion 
inhibitors. As disinfectant use has increased due to the COVID-19 
pandemic, concerns are rising about the impacts of widespread human 
exposure to QACs, and OEHHA has designated CTAC as a priority 
chemical (Biomonitoring California 2020). A recent comprehensive re
view was conducted to explore existing evidence of associations be
tween QACs and respiratory effects in cleaning personnel (Clausen et al. 
2020). This review reported evidence between QAC exposure and 
asthma while also highlighting animal and mechanistic evidence of 
potential inflammatory reaction and bronchoconstriction in response to 
inhalation (Clausen et al. 2020). A recent large cohort study in the 
Nurses’ Health Study II also reported that occupational exposure to 
QACs was associated with chronic obstructive pulmonary disease inci
dence among female nurses (Dumas et al. 2019). Based on these previ
ous reviewed studies, QACs may be important chemicals for our COVID- 
19 related outcomes of interests via respiratory effects. 

2.3.5. Air pollutants 
Air pollution directly sensitizes the respiratory system and can cause 

inflammatory responses from immune and peripheral tissue (Grunig 
et al. 2014). Some highly common criteria air pollutants arising from 
industrial manufacturing sources and vehicle emissions include ozone 
(O3) and nitrogen dioxide (NO2) (US Centers for Disease Control and 
Prevention 2021a; US Environmental Protection Agency 2021a). 
Notably, these contaminants are also elevated directly as a result of 
wildfires or produced as secondary products through atmospheric 

reactions (Lipsett and Materna 2008). 

2.4. Outcomes 

The categorization effort of this systematic evidence map will cluster 
outcomes into three key health effect domains (direct and proxy mea
sures of susceptibility to coronavirus and other respiratory pathogen 
infection, COVID-19 and other respiratory disease severity, and COVID- 
19 and other vaccine efficacy) and across two streams of evidence 
(human and animal). If studies address multiple outcomes, such as 
susceptibility and severity or severity and vaccine efficacy, they will be 
tagged under those outcomes in the final map. While we will collect 
mechanistic studies in our search, we do not have capacity to analyze 
them within the short-time frame and will tag them during title/abstract 
stage and analyze them at a later date. 

Within each of these domains, we will contextualize data extraction 
based on the definitions outlined below. We limited our use of non- 
specific immunology terms (such as cytokines, chemokines, and other 
immune biomarkers) as they may result in an overly broad literature 
search output. We recognize the narrowness of the search as a potential 
limitation of this project; however, we specifically chose immune terms 
that were associated with the objectives of the review (coronavirus 
susceptibility, COVID-19 severity, and vaccine efficacy). A full list of 
search terms can be found in Appendix 1. 

2.4.1. Human studies 

2.4.1.1. Susceptibility to coronavirus and other respiratory pathogens. 
Given that coronavirus predominantly impacts the respiratory system in 
humans, in addition to assessing studies that directly evaluate suscep
tibility to coronavirus infection, we will leverage studies of other path
ogens with similar physiological endpoints as a proxy for coronavirus 
susceptibility. We will evaluate literature on associations between 
selected environmental contaminants and the diagnosis of the following 
infectious diseases: Influenza, Severe Acute Respiratory Syndrome 
(SARS) and Middle East Respiratory Syndrome (MERS). We will eval
uate the literature for other pulmonary and respiratory system condi
tions which lead to increased susceptibility to coronavirus or higher risk 
for severe illness from COVID-19 as described by the Centers for Disease 
Control and Prevention (US Centers for Disease Control Prevention 
2020), such as pneumonia, chronic obstructive pulmonary disease 
(COPD), cystic fibrosis, and asthma. We will also include studies of 
relevant pathogens that cause respective respiratory conditions. Across 
each of these outcomes, we will be inclusive of studies that assess 
medication use for a given phenotype related to these outcomes as a 
proxy measure. Additionally, while we are not explicitly searching for 
cardiovascular outcomes in our protocol, we recognize that many 
epidemiologic studies may couple cardiorespiratory outcomes together. 
Therefore, in the initial abstract screening phase, studies of cardiovas
cular outcomes that appear from our search string output will be 
included as a conservative approach to capture potential studies that 
focus on cardiorespiratory outcomes collectively. 

2.4.1.2. COVID-19 or other respiratory disease severity. Upon confirmed 
diagnosis of coronavirus or the aforementioned proxy respiratory con
ditions, another outcome of interest is disease prognosis and severity in 
association with environmental contaminants. This encompasses tissue 
specific and peripheral immune biomarkers following known infection, 
comorbidities across the duration of the infection (e.g., chronic kidney 
disease, chronic obstructive pulmonary disease, heart disease, and dia
betes), and risk of mortality from infection. 

2.4.1.3. COVID-19 and other vaccine efficacy. We will evaluate proxy 
measures of vaccine efficacy by focusing directly on studies that have 
tested for differences in vaccine efficacy for previous vaccines used for 
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our proxy respiratory pathogens. Additionally, we will explore studies 
which look at the impact of selected environmental contaminants on 
vaccine efficacy using proxies, such as perturbations in antibody con
centrations, and immune modulations, such as alterations in the pro
portions of present immune cells. 

In the present protocol, in vitro studies of human samples that are 
identified through the search will be tagged for future potential analysis 
and incorporation. 

2.4.2. Animal models 
The outcome domains defined above remain the foci for animal 

models. However, adjustments in the definitions of each domain are 
made for animal models, given that exposure and outcome assessments 
often occur experimentally rather than purely observationally or pro
spectively as in human studies. 

2.4.2.1. Susceptibility to coronavirus and other respiratory pathogen 
infections. Following direct exposure to environmental contaminants, 
we will focus on studies that assess tissue specific histopathology (e.g., 
lung and lymph tissue). This encompasses immune specific bioassays (e. 
g., cytokines and immune cell surface markers) in target tissues. In in
stances where there are existing validated animal models of respiratory 
conditions (pneumonia, COPD, cystic fibrosis, and asthma), we will 
include studies that investigate environmental exposures in these model 
systems. We recognize that focusing on lung and lymph tissue limits 
inference on other organs potentially affected by the coronavirus. The 
final systematic evidence map will state this limitation so that users 
interpret findings appropriately and may build on this scope of work to 
explore additional tissues to address knowledge gaps that are not 
addressed in our systematic evidence map. 

2.4.2.2. COVID-19 or other respiratory disease severity. In this outcome 
domain, we will focus on studies that specifically evaluate co-exposure 
to respiratory pathogen and antigen challenge and chemical expo
sures. We will focus on histopathology and bioassays at target tissues, in 
addition to the progression of the infection. 

2.4.2.3. COVID-19 and other vaccine efficacy. We will include studies of 

animal models that directly evaluate vaccine injection and co-exposure 
to environmental contaminants. We will also focus on studies of chem
ical exposures and antibody production resulting from pathogen chal
lenge or stimulation with antigen. 

2.5. Data management 

2.5.1. Management of literature updates and study flow diagram 
A study flow diagram will track the number of studies retrieved and 

processed in the review (Fig. 1). If for any reason the search needs to be 
updated, it will be repeated but limited by the date of the last search 
using the PubMed Advanced Search Builder’s “date-create” field. Any 
protocol updates or modifications will be documented on PROSPERO as 
amendments to the original registered protocol if PROSPERO begins 
accepting reviews. 

The PubMed literature results will be imported to Endnote X9 
(Clarivate Analytics; Philadelphia, Pennsylvania). Duplicate records will 
be resolved based on title and author fields, using the “Find Duplicates” 
feature. The updated literature records will all have a unique identifi
cation number that will carry through until the end of the project. These 
records will be uploaded to DistillerSR (Evidence Partners; Ottawa, 
Ontario, Canada). After upload, these records will be manually reviewed 
by multiple screeners at the title/abstract stage (SR, MA, NC, CC). 
Mechanistic studies will be tagged as such at the full text stage and 
extracted at a later date. The records that pass this level will then pass 
through the full-text data extraction screening phrase for human and 
animal studies. The DistillerSR extraction codes that form the founda
tion of our database will be exported into a.csv file. These database 
visualization will be built using TableauPrep (Tableau; Seattle, WA) and 
uploaded to Tableau Desktop Professional Edition vs 2018.3 (Tableau; 
Seattle, WA) for visualization and public use. 

The final systematic evidence map, alongside supplementary back
ground information, will be hosted on the Program on Reproductive 
Health and the Environment, University of California, San Francisco 
(PRHE, UCSF) website (prhe.ucsf.edu). 

Fig. 1. Example study flow diagram to show how studies will proceed through the review.  
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2.6. Selection and data collection processes 

Title and abstract screening will be carried out in DistillerSR by four 
researchers (CC, MA, NC, SR). DistillerSR’s artificial intelligence (AI) 
machine learning functionalities may be utilized to prioritize studies for 
title and abstract screening and full-text review, respectively. Title and 
abstract screening in DistillerSR will require one reviewer for inclusion 
to the next level and two independent reviewers for exclusion. In the 
event that an abstract is missing or there are discrepancies between the 
two reviewers which cannot be resolved by discussion, the default will 
be to move the reference forward for full text review. After abstract 
screening, there will be a full text screening step conducted by one 
reviewer and then quality control checked by a second reviewer. Data 
extraction and coding will be conducted by a single reviewer with a 
second reviewer confirming the accuracy and completeness of extracted 
and coded data. In the event of discrepancies between the two reviewers 
which cannot be resolved by discussion, a third reviewer will adjudicate 
the decision. In parallel with the previous step, AR and VW will use a 
subset of the human epidemiological data to develop, train, and pilot the 
semi-automated data extraction tool or Dexter that may be used to gain 
efficiencies in tagging or categorization for potential future updates or 
expansions. QA/QC of this model will be conducted by AR and VW using 
manual screening. As much of the extracted data collected will be free 
text, the final set of data will undergo a normalization step to ensure a 
level of coding control and data consistency. 

In the case of missing information, we will attempt to contact the 
study author to request additional information. However, if unable to 
acquire it, missing information will be noted. 

2.7. Data coding strategy 

Data extraction from full-text studies will use structured forms in 
DistillerSR. Prior to commencing the extraction, DistillerSR structured 
forms will be piloted by the reviewers on a small set of studies to ensure 
the accuracy of the data extraction and potential compatibility with 
visualization in Tableau. In addition to basic study information and 
exposure and outcomes assessment, data extraction will be performed 
for the following information: authors, journal, reference information, 
year of publication, evidence streams (human, animal), conflict of in
terest statement (COI), funding statement, acknowledgements state
ment, author affiliations, contaminants(s) evaluated, the health 
outcome category/categories, if the study considered multiple contam
inants, if a study considered mixtures of contaminants, if a study 
considered early life impacts, and if a study would be useful to health 
equity scholarship pursuant to California’s Statewide Plan to Promote 
Health Equity (Appendix 2) (California Department of Public Health 
2015). 

2.8. Data mapping method 

Studies will be grouped and presented in a tiered manner collated by 
contaminant studied, evidence stream, and health outcome. The Dis
tillerSR extraction codes that form the foundation of our database will be 
exported into a.csv file. These database visualization flows will be built 
using TableauPrep (Tableau; Seattle, WA) and extracted using Tableau 
Desktop Professional Edition vs 2018.3 (Tableau; Seattle, WA) for 
visualization. Finally, we will upload the database to Tableau Public for 
public use. 

The systematic evidence map will additionally be hosted on PRHE’s 
website (prhe.ucsf.edu) via embedding Tableau Public. The systematic 
evidence map in Tableau Public will be interactive, list the final included 
studies, and contain adjustable filters to display information based on 
evidence streams, health outcomes, or environmental contaminants. 
Based on their search requirements, users can modify the interactive 
map to present only the papers relevant to their search. Users will be 
able to retrieve additional study details, including abstracts and be able 

to navigate externally to access the full PubMed article. 

2.9. Study quality assessment 

Study quality will not be assessed in this systematic evidence map. 

2.10. Summary of results 

The output of this project will be an interactive systematic evidence 
map and a narrative summary manuscript for peer review. The main 
goals of this manuscript will be to provide the overall results of the 
literature search, and to analyze the overall trends for these publications 
by year. The human evidence stream will be summarized by environ
mental contaminants evaluated, the frequency of different study types 
and locations of studies, the ranges of reported exposures as well as their 
different health outcomes. The animal evidence stream will be similarly 
summarized, but for observational and experimental studies. Addition
ally, the animal evidence stream will address the frequency of different 
species studied, as well as the different experimental facets around the 
timing, route, level of exposure and outcomes. 

2.11. Conclusion 

2.11.1. Implication for research 
This online, interactive systematic evidence map will help identify 

what evidence is currently available between involuntary exposures to 
select environmental chemicals and our immune impacts (susceptibility, 
severity, and vaccine efficacy), data gaps which require further research, 
and data rich areas. This systematic evidence map will be of immense 
use to environmental health researchers, funding agencies, and com
munity groups as it will be accessible, interrogable, and can be updated 
as new studies are available and with additional exposures of interest. 

2.11.2. Implication for Policy/Management 
Understanding and characterizing the impact of involuntary expo

sures to environmental contaminants is critical for policymakers 
designing public health interventions with regard to COVID-19. The 
creation of this systematic evidence map will support policymakers in 
identifying data gaps and working to fill them as well as data rich areas 
that would support current action and analysis. This map will also 
support policymakers in identifying health equity concerns pursuant to 
California’s Statewide Plan to Promote Health Equity (California 
Department of Public Health 2015). Finally, the approach from this 
systematic evidence map will inform prioritization for cumulative risk 
assessments of chemical mixtures in the future. 
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