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A B S T R A C T   

Background: Perfluoroalkylated substances (PFAS) are man-made, persistent organic compounds with immune- 
modulating potentials. Given that pregnancy itself represents an altered state of immunity, PFAS exposure- 
related immunotoxicity is an important environmental factor to consider in SARS-CoV-2 infection during 
pregnancy as it may further affect humoral immune responses. 
Aim: To investigate the relationship between maternal plasma PFAS concentrations and SARS-CoV-2 antibody 
levels in a NYC-based pregnancy cohort. 
Methods: Maternal plasma was collected from 72 SARS-CoV-2 IgG + participants of the Generation C Study, a 
birth cohort established at the beginning of the COVID-19 pandemic in New York City. Maternal SARS-CoV-2 
anti-spike IgG antibody levels were measured using ELISA. A panel of 16 PFAS congeners were measured in 
maternal plasma using a targeted UHPLC-MS/MS-based assay. Spearman correlations and linear regressions were 
employed to explore associations between maternal IgG antibody levels and plasma PFAS concentrations. 
Weighted quantile sum (WQS) regression was also used to evaluate mixture effects of PFAS. Models were 
adjusted for maternal age, gestational age at which SARS-CoV-2 IgG titer was measured, COVID-19 vaccination 
status prior to IgG titer measurement, maternal race/ethnicity, parity, type of insurance and pre-pregnancy BMI. 
Results: Our study population is ethnically diverse with an average maternal age of 32 years. Of the 16 PFAS 
congeners measured, nine were detected in more than 60% samples. Importantly, all nine congeners were 
negatively correlated with SARS-CoV-2 anti-spike IgG antibody levels; n-PFOA and PFHxS, PFHpS, and PFHxA 
reached statistical significance (p < 0.05) in multivariable analyses. When we examined the mixture effects using 
WQS, a quartile increase in the PFAS mixture-index was significantly associated with lower maternal IgG anti-
body titers (beta [95% CI] = − 0.35 [-0.52, − 0.17]). PFHxA was the top contributor to the overall mixture effect. 
Conclusions: Our study results support the notion that PFAS, including short-chain emerging PFAS, act as im-
munosuppressants during pregnancy. Whether such compromised immune activity leads to downstream health 
effects, such as the severity of COVID-19 symptoms, adverse obstetric outcomes or neonatal immune responses 
remains to be investigated.   

1. Introduction 

Per-/Poly-Fluoroalkyl Substances (PFAS) are persistent organic 
compounds that are resistant to degradation due to their stable structure 

(De Silva et al., 2020; Wang et al., 2017). These man-made compounds 
are ubiquitous in the environment (i.e., soil, groundwater) and in con-
sumer goods (i.e., food packaging, textiles, non-stick cookware). Thus, 
humans are continuously exposed through contaminated drinking water 

* Corresponding author. 
E-mail address: jia.chen@mssm.edu (J. Chen).  

Contents lists available at ScienceDirect 

Environmental Research 

journal homepage: www.elsevier.com/locate/envres 

https://doi.org/10.1016/j.envres.2022.115067 
Received 9 October 2022; Received in revised form 9 December 2022; Accepted 13 December 2022   

mailto:jia.chen@mssm.edu
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2022.115067
https://doi.org/10.1016/j.envres.2022.115067
https://doi.org/10.1016/j.envres.2022.115067
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2022.115067&domain=pdf


Environmental Research 219 (2023) 115067

2

and consumer products (Agency for Toxic Substances and Disease Reg-
istry - ATSDR 2020; Centers for Disease Control – CDC, 2019; Worley 
et al., 2017). Although the long-chain (i.e., congeners with a 
carbon-backbone greater than seven carbons, such as PFOA and PFOS) 
“legacy” PFAS have been voluntarily phased out by industrial manu-
facturers, short-chain or emerging PFAS (i.e., GenX, PFBS) are now 
readily used as replacements (Ateia et al., 2019; Kaboré et al., 2018; 
Wang et al., 2017). Short-chain PFAS are rising in detection frequency in 
drinking water and in human biological samples (Kaboré et al., 2018). 
Despite having shorter half-lives than their legacy counterparts (Xu 
et al., 2020), emerging PFAS still demonstrate deleterious effects to 
human health, ranging from metabolic perturbation to carcinogenic 
potential (Chang et al., 2022; Coperchini et al., 2020; Shearer et al., 
2021). 

Given the influence of the immune system on a myriad of organs and 
tissues, the immunotoxic impact of PFAS exposure is a chief public 
health concern and has been investigated over the past decade 
(Grandjean et al., 2012; Grandjean et al., 2017; Grandjean et al., 2017; 
Meng et al., 2018; National Toxicology Program, 2016; Stein et al., 2016; 
Zhang et al., 2015). These studies have established that elevated PFAS 
exposure reduces humoral immune responses (Smith and 
Cunningham-Rundles, 2019). In the midst of the emerging COVID-19 
pandemic, worsened clinical outcome of Severe Acute Respiratory 
Syndrome Coronavirus-2 (SARS-CoV-2) infection has been linked with 
elevated PFAS exposure in a Danish population-based cohort (Grandjean 
et al., 2020). More recently, two other studies reported that individuals 
from PFAS-polluted regions in China and Italy demonstrated a greater 
risk of COVID-19 infection susceptibility and mortality (Catelan et al., 
2021; Ji et al., 2021). The link between higher PFAS exposure and the 
risk of worsened COVID-19 prognosis is also under investigation by the 
CDC, which published a statement in conjunction with the ATSDR, 
underscoring the need for further research on this topic (ATSDR 2020). 
The statement recognizes that high levels of PFAS exposure may affect 
immune function and antibody responses to vaccines (Looker et al., 
2014; National Toxicology Program, 2016) highlighting the need to 
study COVID-19 severity in this context. 

Pregnancy represents an altered state of immunity and SARS-CoV-2 
infection can further perturb the immune system, therefore PFAS 
exposure is another important factor to consider given that it has been 
shown to suppress immune responses (Granum et al., 2013). Pregnant 
individuals infected with SARS-CoV-2 appear to have compromised 
SARS-CoV-2-specific placental antibody transfer and altered glycosyla-
tion profiles (Ateyo, 2021). Compared to non-pregnant individuals, 
pregnant individuals have lower SARS-CoV-2 antibody titers after the 
first dose of the vaccine (Ateyo, 2021). Pregnant individuals who have 
higher SARS-CoV-2 IgG levels tend to be those who are diagnosed at an 
earlier gestational age and have shorter intervals between diagnosis and 
blood draw (Buckley, 2022). Due to its novel nature, it is currently un-
known if elevated maternal PFAS exposure during the perinatal time 
period may further impact COVID-19-related health outcomes. 

As of the end of September 2022, more than 94 million COVID-19 
cases and upwards of 1 million deaths have been attributed to SARS- 
CoV-2 infection in the US alone, and over 225,000 cases and 300 
deaths were amongst pregnant individuals (CDC Data Tracker, 2022). 
More than two million people have been infected in New York City 
(NYC) by SARS-CoV-2 as of September 2022 (Tracking Coronavirus in 
New York: Latest Map and Case Count, 2022). To explore the impacts of 
gestational SARS-CoV-2 infection in pregnancy, The Generation C (Gen 
C) cohort was established in 2020 at the Mount Sinai Hospital in NYC 
(CDC grant 75D30120C08186). Our pilot study presented here lever-
aged a subset of the on-going Gen C study to investigate possible links 
between PFAS exposure and immune responses to SARS-CoV-2 infection 
in pregnant women. 

2. Methods 

2.1. Study population 

The Gen C cohort study was established in April 2020 to investigate 
the effects of SARS-CoV-2 infection during pregnancy on birth outcomes 
as described in detail previously (Janevic et al., 2022; Lesseur et al., 
2022; Molenaar et al., 2022). This cohort recruited 3121 pregnant 
participants in NYC from the Mount Sinai Health System (MSHS) be-
tween April 20, 2020 and February 24, 2022. As a part of routine 
obstetrical care, enrolled participants provided blood samples in each 
trimester. Maternal plasma samples were collected between April 23, 
2020 and May 21, 2021. Past SARS-CoV-2 infection was confirmed via 
serological SARS-CoV-2 IgG antibody test (described in section 2.3) and 
electronic medical record (EMR) review. Vaccination history was 
ascertained through the EMR of the MSHS, which is linked to the New 
York Citywide Immunization Registry (CIR) and consolidates all im-
munization information across NYC into a centralized database (further 
details can be found in the supplemental section). Pre-pregnancy BMI 
was gathered from EMR review and race/ethnicity were self-reported in 
participant questionnaires. All participants provided written informed 
consent as per the institutional review board (IRB) at the Icahn School of 
Medicine at Mount Sinai (protocol IRB-20-03352, April 15, 2020). This 
pilot study included 72 participants who were SARS-CoV-2 IgG 
anti-spike protein positive (IgG+). These participants were enrolled in 
the early phase of the study, i.e. between April 2020 and May 2021, and 
had plasma samples available for PFAS measurements. Amongst this 
subset, seven individuals received at least one dose of the COVID-19 
vaccine before blood collection. 

2.2. Maternal plasma PFAS measurements 

Maternal plasma, stored at − 80 ◦C, was used to quantify a panel of 16 
PFAS congeners [Supplemental Table 1] at the Icahn School of Medicine 
at Mount Sinai’s Human Health Exposure Analysis Resource (HHEAR) 
Targeted Analysis Laboratory, a continuation of Children’s Health 
Exposure Analysis Resource (CHEAR) (Balshaw et al., 2017). A 
low-volume (100 μL) and high-sensitivity (0.2 ng/mL median Limit of 
Detection - LOD) targeted assay using isotope-dilution liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS) was followed 
based on a CDC method (Kato et al., 2018) with modifications (Coggan 
et al., 2019; Reagen et al., 2008). The assay includes the most widely 
studied PFAS (n-PFOS, Sm-PFOS, n-PFOA, PFHxS, PFDA, PFNA), 
emerging PFAS (PFBS, PFHpS, PFHpA, PFHxA, PFUndA, PFDoDA), and 
replacements (such as N-EtFOSAA, N-MeFOSAA, among others) (Poo-
thong et al., 2017). Additional analytical details are provided in the 
supplementary section. Matrix-based LODs were determined using a 
laboratory QC serum pool (product # BP2525100) from Fisher Scientific 
(Hampton, NH, USA), which ranged from 0.04 to 0.8 ng/mL for the 
study PFAS congeners. Quality controls (QCs) included in this study 
were experimental blanks (reagent-and matrix-based), matrix spikes in 
the range of assay validation, NIST standard reference material (SRM 
1957: Organic Contaminants in Non-Fortified Hu et al., 2019: Organic 
Contaminants in Fortified Human Serum), and archived proficiency 
testing material. HHEAR/CHEAR includes additional internal quality 
assurance and QC protocols, including pooled sample analysis to assess 
analytical precision (Kannan et al., 2021). The Mount Sinai 
HHEAR/CHEAR Network Laboratory Hub has participated and qualified 
in proficiency testing programs for PFAS in serum by G-EQUAS (htt 
p://www.g-equas.de/) (Göen et al., 2012) and CTQ-AMAP (htt 
ps://www.inspq.qc.ca/en/ctq/eqas/amap/description) (CTQ, AMAP: 
AMAP Ring Test for Persistent Organic Pollutants in Hu et al., 2019, CTQ, 
2022). 
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2.3. SARS-CoV-2 IgG antibody quantification 

Serological testing for IgG antibodies against the SARS-CoV-2 spike 
(S) protein, an enzyme-linked immunosorbent assay (ELISA) developed 
at the Icahn School of Medicine at Mount Sinai (Stadlbauer et al., 2020) 
was used. IgG antibodies were measured in the same maternal plasma 
samples in which PFAS were measured during pregnancy. 

2.4. Statistical analyses 

The analyses were conducted in two stages; first, multiple linear 
regression models were used to assess the associations between maternal 
SARS-CoV-2 IgG antibody titers and individual PFAS congener concen-
trations in maternal plasma. Second, weighted quantile sum (WQS) 
regression was implemented to account for the joint mixture effects of 
the individual PFAS pollutants using the “gWQS: generalized Weighted 
Quantile Sum regression” package in R (Carrico et al., 2015; Czarnota 
et al., 2015; Renzetti et al., 2016). Both the linear and WQS regression 
models were adjusted for maternal age, gestational age at which 
SARS-CoV-2 IgG titer was measured, COVID-19 vaccination status prior 
to IgG titer measurement, maternal race/ethnicity, parity, type of in-
surance, and pre-pregnancy BMI. The covariates were selected as they 
have been associated with PFAS exposure in previous studies (Boronow 
et al., 2019; Nelson, 2012). 

PFAS concentrations below LOD were imputed by the formula LOD/ 
(√2). Further, PFAS analytes that were below LOD in more than 40% 
samples were excluded from analyses; thus the final analytical panel 
includes nine PFAS congeners (PFOS, PFHxA, PFHxS, n-PFOA, PFHpS, 
PFDA, PFNA, PFBS, and PFUnDA). Maternal plasma-PFAS concentra-
tions and SARS-CoV-2 spike IgG antibody titer values were log10- 
transformed prior to running statistical analysis models due to skewed 
distributions. Correlations between maternal PFAS concentrations and 
IgG titers were assessed using Spearman correlations. All analyses were 
performed in R version 4.2.0 (R Core Team, 2022). Any two-tailed 
p-value <0.05 is considered statistically significant. 

3. Results 

Sociodemographic and clinical characteristics of the of 72 Gen C 
participants in the current study are shown in Table 1. Our NYC-based 
study population is comprised of 38.9% White, 29.2% Hispanic and 
22.2% Black participants, which is reflective of the catchment area of 
our health system. A large fraction of our study participants had obesity 
(45.8%) prior to pregnancy and were nulliparous (51.4%) with an 
average age of 32.9 years at delivery. On average, blood samples were 
collected at 27 weeks of gestation to measure SARS-CoV-2 spike IgG 
titers, which varied widely with an average titer of 1060 arbitrary 
antibody units (AU) per milliliter (SD: 1480 AU/mL, range: 50–64,000 
AU/mL). 

The summary statistics of plasma-PFAS concentrations from the 72 
participants are shown in Table 2. Out of the 16 total PFAS congeners 
measured, nine were detected in more than 60% of the study samples; 
three of them (i.e., PFOS, PFHxA and PFHxS) were detected in all 
samples. We compared the levels detected in our study population with 
those reported in 977 female participants in 2017–2018 cycle of Na-
tional Health and Nutrition Examination Survey (NHANES) [Table 2]. 
While levels of “legacy” PFAS, such as PFOA and PFOS, in our study 
population were lower than those of NHANES (median: 0.91 vs. 1.27 ng/ 
mL, respectively for PFOA; 0.41 vs. 3.30 ng/mL, respectively for PFOS), 
median levels of the “emerging” PFAS, such as PFHxS (0.23 ng/mL) and 
PFBS (0.38 ng/mL) were higher in comparison to below LOD levels of 
both compounds reported in NHANES. Among the nine congeners 
detected in a majority of our study samples, several of them demon-
strated mostly positive, moderate correlations (rho > |0.20|), as shown 
by the Spearman correlation coefficients in Fig. 1. The only exception is 
between PFNA and PFUnDA, which were negatively correlated. We also 

examined associations between IgG levels and potential confounding 
variables including pre-pregnancy BMI, infant sex and race/ethnicity in 
bivariate analyses. No significant associations were observed for these 
variables [Supplementary Fig. 1]. 

Linear regression models reported in Table 3 demonstrate the rela-
tionship between maternal plasma PFAS levels and SARS-CoV-2 IgG ti-
ters. These models are adjusted for maternal age, gestational age at 
which SARS-CoV-2 IgG titer was measured, COVID-19 vaccination sta-
tus prior to IgG titer measurement, maternal race/ethnicity, parity, type 
of insurance, and pre-pregnancy BMI. The beta estimates for all nine 
PFAS congeners are negative, indicating inverse associations between 
PFAS and IgG levels. For four out of the nine PFAS (n-PFOA, PFHxS, 
PFHpS, and PFHxA), the associations are statistically significance (p <
0.05). 

We also examined the mixture effect of PFAS using a WQS regression 
model to account for simultaneous co-pollutant exposures. This model 
demonstrated that a quartile increase in the plasma PFAS mixture index 
is associated with reduced maternal IgG antibody titer (beta [95% CI] =
− 0.35 [− 0.52, − 0.17]) [Table 3]. Fig. 2 depicts the contribution of in-
dividual PFAS congeners to the overall mixture index, where PFHxA had 
the highest weight among all the other PFAS. 

Table 1 
Sociodemographic and clinical characteristics of our study population.   

n (%) Mean (SD) [Range] 

Maternal characteristics 
Age at delivery (years)  32.9 (4.6) [24–46] 
BMI (kg/m2)  30.4 (7.9) [18.9–59.8] 
SARS-CoV-2 Spike IgG titer  1060 (1408) [50–64,000] 
Gestational age at blood draw 

(weeks)  
27 (10.8) [4.7–39.9] 

BMI category 
Normal 18 (25%)   
Overweight 21 

(29.2%)   
Obese 33 

(45.8%)   
Race ethnicity 
White 28 

(38.9%)   
Hispanic 21 

(29.2%)   
Black 16 

(22.2%)   
Asian 3 (4.2%)   
Other 4 (5.6%)   
Parity 
Multiparous 35 

(48.6%)   
Nulliparous 37 

(51.4%)   
Delivery mode 
C-Section 28 

(38.9%)   
Vaginal 43 

(59.7%)   
Insurance Category 
Private 48 

(66.7%)   
Public 22 

(30.6%)   
No insurance 2 (2.7%)   
Infant characteristics 
Gestational age at delivery (weeks)  38.4 (2.1) [32.1–41.6] 
Birthweight (g)  3138.4 

(539.9) 
[1545–4090] 

Infant sex    
Female 43 

(59.7%)   
Male 29 

(40.3%)   

Categorical variables are frequencies and percentages (%). Continuous variables 
summarized with mean (standard deviation) and [range]. 
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4. Discussion 

PFAS-induced immunotoxicity has been documented for years 
within the literature in both animal and epidemiological studies 
(Gaballah et al., 2020; Granum et al., 2013; Shane et al., 2020; Stein 
et al., 2016; Timmermann et al., 2020). Most recently, studies in human 
populations have demonstrated that COVID-19 may be exacerbated by 
increasing levels of PFAS exposure (Catelan et al., 2021; Grandjean 
et al., 2020; Ji et al., 2021). Although these studies have indicated a link 
between SARS-CoV-2 risk or clinical severity and PFAS exposure, no 
study to date has investigated such an effect in a pregnant population. To 
our best knowledge, this is the first study to examine the relationship 
between maternal plasma-PFAS concentrations and SARS-CoV-2 spike 
IgG antibody titers in pregnant individuals. Since pregnancy is an 
immune-altered state, exposure to immune-altering toxicants (i.e., 
PFAS) may pose a greater threat during gestation. 

The exposure levels of legacy PFAS in our study population are lower 
than the general US population in 2017–2018 as reported in the latest 
NHANES survey data (CDC Data Tracker, 2022). As per the ATSDR, 
blood-PFOA and -PFOS levels have declined by more than 70% and 85%, 
respectively, between 1999 and 2018. This may be attributed to the EPA 
PFOA Stewardship Program to promote voluntary industrial phase-out 
of legacy PFAS (2010/15 PFOA Stewardship Program: Guidance on 
Reporting Emissions and Product Content 2006; Kato et al., 2011). How-
ever, manufacturers have replaced long-chain with short-chain PFAS (i. 
e., GenX, PFBS), and there is a concurrent rise in exposure to these 
new-age PFAS congeners of which toxicity is less known (Calafat et al., 
2019; Hu et al., 2019; Kato et al., 2011). It has been reported that both 
legacy (PFOA) and emerging (PFNA) were detected in tap water samples 
collected from 1989 to 1990 from a nationwide prospective cohort of US 
women and they were significant predictors of plasma PFAS concen-
trations (Hu et al., 2019). In our study population, we have similarly 
observed higher levels of emerging PFAS in maternal plasma when 
compared to historical NHANES levels. 

All nine PFAS congeners (n-PFOA, PFHxS, PFHpS, PFHxA, PFNA, n- 
PFOS, PFUnDA, PFBS, PFDA) measured in our study population 
demonstrate negative associations with SARS-CoV-2 IgG levels. This 
finding is in line with multiple previous studies that have found inverse 
associations between PFAS exposure and IgG antibody level in other 
infectious diseases (Abraham et al., 2020; Goudarzi et al., 2017; Liu 
et al., 2020; Looker et al., 2014; Timmermann et al., 2020) and impli-
cates PFAS as immunomodulators and immunosuppressants. The results 
of our linear regression models also demonstrate similar findings for four 
PFAS congeners, n-PFOA, PFHxS, PFHpS and PFHxA; notably three of 
them are short-chain PFAS that can also impact immune responses. 
Timmermann et al., reported that elevated PFAS serum concentration 
were associated with decrements in measles antibody concentrations 
and higher morbidity, and that a doubling of both serum-PFOS and 

Table 2 
Summary statistics of the levels of PFAS (ng/mL) in maternal plasma (n = 72; 2020–2021) from our study population and in comparison to levels reported in NHANES 
female serum (n = 977, survey years 2017–2018).  

PFAS Congener Gen C Maternal Plasma (n = 72) NHANESc Female Serum (n = 977) 

LOD % <LOD Mean SD Min. Median Max. Median 

PFOSa 0.2 0 1.84 1.13 1.52 0.41 6.15 3.30 
PFHxA 0.1 0 0.32 0.24 0.16 0.23 1.62 < LOD 
PFHxS 0.04 0 0.46 0.28 0.15 0.39 1.29 0.80 
n-PFOA 0.2 1.4 1.10 0.60 0.14 0.91 2.96 1.27 
PFHPS 0.04 5.6 0.10 0.04 0.03 0.10 0.24 0.20 
PFDA 0.1 8.3 0.49 0.22 0.07 0.45 1.02 0.20 
PFNA 0.2 15.3 0.51 0.40 0.14 0.40 1.81 0.40 
PFBS 0.2 20.8 0.39 0.23 0.14 0.38 1.32 < LODb 

PFUnDA 0.3 22.2 0.56 0.38 0.21 0.42 2.03 0.10  

a Sum of linear (n-PFOS) and branched (Sm-PFOS) isomers of PFOS. 
b Data only listed for years 2013–2014, n = 1136 females for PFBS. 
c Data from CDC Exposure Report, 2021 (www.cdc.gov/exposurereport). 

Fig. 1. Spearman correlations between nine PFAS in final analytical panel 
measured in maternal plasma. Spearman coefficient (rho) with p-value <0.05 
are displayed in the corresponding block. 

Table 3 
Associations between maternal SARS-CoV-2 anti-spike IgG titers and PFAS 
exposure.  

PFAS Congener Beta SE p-value 95%CI 

Linear Regression of Individual PFAS 
n-PFOA ¡0.62 0.25 0.017* (-1.11, − 0.12) 
PFHxS ¡0.68 0.25 0.008* (-1.18, − 0.18) 
PFHpS ¡0.81 0.31 0.011* (-1.42, − 0.19) 
PFHxA ¡0.54 0.25 0.037* (-1.04, − 0.04) 
PFNA − 0.22 0.20 0.269 (-0.62, 0.18) 
PFOS − 0.33 0.26 0.209 (-0.85, 0.20) 
PFUnDA − 0.20 0.22 0.388 (-0.63, 0.25) 
PFBS − 0.24 0.25 0.339 (-0.74, 0.26) 
PFDA − 0.15 0.22 0.490 (-0.60, 0.29) 
WQS regression of PFAS Mixture 
PFAS Mixture ¡0.35 0.09 0.0003* (-0.52, − 0.17) 

SE: standard error; CI: confidence intervals. 
*p-value <0.05. 
Linear and WQS regression models are both adjusted for maternal age, gesta-
tional age at which SARS-CoV-2 IgG titer was measured, COVID-19 vaccination 
status prior to IgG titer measurement, maternal race/ethnicity, parity, type of 
insurance and pre-pregnancy BMI. 
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serum-PFDA was associated with lower measles antibody concentrations 
in children who received a measles vaccine (Timmermann et al., 2020). 
Immunosuppressive effects of prenatal exposure to PFOS and PFHxS 
were associated with increased childhood infections (Goudarzi et al., 
2017). It is also important to point out that innate immune responses 
following natural infection are also attenuated by PFAS exposure and 
associated with a higher burden of persistent infections (Bulka et al., 
2021). Both legacy and emerging PFAS demonstrated immunotoxicity in 
these studies. 

Of note, our WQS regression model reveals that PFHxA contributes 
most to the overall mixture effect, which is also significantly associated 
with lower maternal SARS-CoV-2 IgG antibody titers. PFHpS, PFHxS and 
PFOS are lesser contributors to the mixture effect. Within the literature, 
the three PFAS identified in our WQS model have been found to 
potentially impact a myriad of health parameters. Liu et al., found that 
PFHxS and PFHxA perturb human mesenchymal stem cells and adipo-
genic differentiation (Liu et al., 2020). PFHxS has been associated with 
immunosuppression in childhood (Goudarzi et al., 2017) and correlated 
with thyroid autoantibodies in cases of congenital hypothyroidism (Kim 
et al., 2016). Low-dose PFHxS exposure was also found to be associated 
with higher prospective odds of actual infertility (Vélez et al., 2015). 
PFHxA is a persistent short-chain fluorinated organic compound in the 
environment making dietary exposure a concern due to its accumulation 
in fruits and vegetables (Felizeter et al., 2012, 2014; Krippner et al., 
2014). Only two epidemiologic studies report significant associations 
with serum PFHxA, one found an inverse association with testosterone 
levels in teenage boys (Zhou et al., 2016) and a positive association with 

biomarkers of thyroid autoimmune disease in a Chinese population (Li 
et al., 2017). Our results and the aforementioned studies suggest that the 
emerging PFAS can play a varied role in health outcomes and should be 
investigated further, especially when considering the multifaceted 
physiological influence of the immune system. 

Because the current study population consists of Gen C participants 
recruited in the early period of pandemic (April 2020–May 2021) only 
seven of our participants had received any vaccine prior to blood 
collection. While we adjusted for vaccine status in our statistical models, 
we also performed sensitivity analysis by excluding these seven in-
dividuals and observed no significant differences [Supplementary 
Table 2 and Supplementary Fig. 2]. PFAS have been detected in cord 
blood serum as well as breast milk, indicating they are transferred from 
mother to fetus (Chen et al., 2017; Mamsen et al., 2019; Needham et al., 
2011; Sunderland et al., 2019; Wang et al., 2019). Prior cohort studies of 
the Faroese fishery population, where dietary PFAS exposure is higher 
than other populations (Grandjean et al., 2017a, 2017b, 2012; Eriksson 
et al., 2013) have found that antibody titers to routine childhood vac-
cines (i.e., tetanus, diphtheria, measles) fell below the clinical level of 
protection during childhood in association with higher PFAS exposure, 
and these effects persisted into adolescence despite booster shot 
administration (Grandjean et al., 2017b). We plan to investigate the 
effects of PFAS exposure on COVID-19 vaccine efficacy in our full cohort 
where the power is sufficient. 

We acknowledge some notable limitations in this study. First, this is a 
small study of only 72 individuals, thus the power of the study is limited 
and the interpretation of our study results warrants caution until it can 

Fig. 2. WQS regression model weights of each individual PFAS contributing to the overall co-pollutant mixture effect (Beta [95% CI] = − 0.35 [-0.52, − 0.17], p- 
value = 0.0003) in the index. The black dotted line shows the selection threshold (1/9). Adjusted for maternal age, gestational age at which SARS-CoV-2 IgG titer was 
measured, COVID-19 vaccination status prior to IgG titer measurement, maternal race/ethnicity, parity, type of insurance and pre-pregnancy BMI. 
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be validated in a larger population. However, our results are in line with 
the literature indicating PFAS-related immunotoxicity and also reflect 
the increasing exposure to short-chain PFAS. Second, the timing of 
maternal infection during pregnancy was difficult to pinpoint given the 
nature of early pandemic quarantining, testing availability and the 
ambiguity of infection symptoms. Though we do not know the exact 
amount of time elapsed between infection and the collection of the 
plasma sample for IgG titer measurements, we would expect that this 
interval would be randomly distributed over the time-course of IgG 
levels. This would be more likely to drive the PFAS-IgG association to-
wards the null given that IgG levels rise sharply within days after 
infection, reaching peaks in two weeks before waning (Ruggero, 2021). 
Third, plasma-PFAS and IgG were measured cross-sectionally and may 
not precisely depict PFAS exposure at the time of infection. However, 
PFAS are generally stable within the human body, with half-lives 
ranging typically between 3 and 5 years (Olsen et al., 2007). Lastly, 
information on some potential confounders, such asbreastfeeding his-
tory or socioeconomic status, were incomplete within this population. 
However, we did include other covariates such as parity and the type of 
insurance as proxy measures to account for potential confounding. 

5. Conclusion 

This pilot study is the first to demonstrate that maternal PFAS 
exposure may negatively impact maternal SARS-CoV-2 IgG antibody 
titers following SARS-CoV-2 infection during pregnancy. This study adds 
to the weight-of-evidence that PFAS, including the short-chain 
“emerging” congeners, are immunotoxic. Whether such an exposure 
may influence disease progression/severity for the mother or antibody 
transfer in utero upon infection leading to an immunomodulatory impact 
on the offspring warrants further investigation. 
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