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Background: Ascaris infections, with a worldwide prevalence
above 10%, can cause respiratory pathology. However, long-
term effects on lung function in humans are largely unknown.
Objective: We investigated the associations of Ascaris exposure
with lung function, asthma, and DNA methylation.

Methods: Serum Ascaris IgG antibodies were measured in 671
adults aged 18 to 47 years (46% women) from Aarhus, Bergen,
and Tartu RHINESSA study centers. Seropositivity was defined
as IgG above the 90th percentile. Linear and logistic regressions
were used to analyze Ascaris seropositivity as associated with
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lung function and asthma, adjusted for age, height, and smoking
and clustered by center. DNA methylation in blood was profiled
by a commercial methylation assay.

Results: Ascaris seropositivity was associated with lower FEV,
(—247 mL; 95% CI, —460, —34) and higher odds for asthma
(adjusted odds ratio, 5.84; 95% CI, 1.67, 20.37) among men but
not women, also after further adjusting for house dust mite
sensitivity, consistent across study centers. At a genome-wide
level, Ascaris exposure was associated with 23 differentially
methylated sites in men and 3 in women. We identified
hypermethylation of the MYBPCI gene, which can regulate
airway muscle contraction. We also identified genes linked to
asthma pathogenesis such as CRHRI and GRKI, as well as a
differentially methylated region in the PRSS22 gene linked to
nematode infection.

Conclusion: Ascaris exposure was associated with substantially
lower lung function and increased asthma risk among men.
Seropositive participants had sex-specific differences in DNA
methylation compared to the unexposed, thus suggesting that
exposure may lead to sex-specific epigenetic changes associated
with lung pathology. (J Allergy Clin Immunol 2021 ;mmm:mun-
EER,)
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Ascaris lumbricoides infection is estimated to affect at least
800 million people worldwide." Seropositivity to Ascaris is
high in low-income countries, but it is believed to have decreased
over time in affluent countries as a result of improved sanitary
conditions.” Reports of Ascaris seroprevalence and infection rates
are scarce in Europe. However, studies suggest unexpectedly high
seroprevalence, with 42%3 reported in the Netherlands, 29% re-
ported in our analysis of a Norwegian cohort (parents of the cur-
rent study population),” and 13% reported in a general population
in Estonia.’ There are no standardized assays for assessing
Ascaris exposure; mostly in-house end-point titration ELISAs
are used. Stool sampling is the reference standard for determina-
tion of current Ascaris infections but is unsuitable for assessing
previous exposure to Ascaris. Evidence for infective Ascaris
life cycles in Europe have been presented in a study of sewage
treatment plants, where 95% of sewage sludge contained viable
Ascaris eggs.® Thus, the potential risk for acquiring helminth in-
fections in affluent countries could be higher than previously
recognized.

Respiratory pathology caused by Ascaris infections is well
known. The natural life cycle of Ascaris includes migration


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:Nils.Jogi@uib.no
mailto:wghorsnell@gmail.com
https://doi.org/10.1016/j.jaci.2021.11.013

2 JOGI ET AL

Abbreviations used
aOR: Adjusted odds ratio
CpG: 5'-C-phosphate-G-3’
dmCpG: Differentially methylated CpG
DMR: Differentially methylated region
EWAS: Epigenome-wide association study
HDM: House dust mite
NTU: NovaTec units
RHINESSA: Respiratory Health in Northern Europe, Spain, and
Australia
SPT: Skin prick test

through the lungs,” which has been demonstrated to cause eosin-
ophilic pneumonitis and related alterations on computed tomog-
raphy.*'" Ascaris infection is also associated with increased
risk of asthma symptoms,'®'’ especially among children in
endemic regions.'>'*'> Importantly, detection of anti—A lumbri-
coides IgE antibodies, rather than current A lumbricoides infec-
tion, is associated with wheezing in atopic children.'* Elevated
IgE levels toward Ascaris have been associated with current
infection,'” and higher levels are in particular observed in chil-
dren with chronic infections.'® One study suggests that increased
levels of Ascaris-specific IgE reflects protection from infection
rather than exposure.'” Measuring Ascaris-specific IgE as marker
for ever exposure can be therefore questionable. On the other
hand, Ascaris-specific IgG may overestimate the prevalence of
infection as a result of the persistence of antibodies long after pa-
tients undergo deworming therapy.'® Thus, IgG is assumed to be
more suitable for assessing previous exposure.

The potential for long-term effects on lung function have been
highlighted in murine studies. Recurrent infection with Ascaris
suum increases lung cytokine responses, promoting severe
impairment of respiratory function and a polarized systemic
Tu2/Tx17 immune response.“) Furthermore, infection with the
murine parasitic nematode Nippostrongylus brasiliensis, which,
like Ascaris in humans, transits the lungs of mice, has demon-
strated long-term effects on lung cellular and physiologic charac-
teristics.”” The infection has also been associated with
development of fibrosis and emphysema-like changes.?' Infection
with gut-restricted helminths can also result in immunologic and
structural changes in the lung.”” Sex differences in parasite infec-
tions are described in animal models,> with a different response
to infection between male and female mice.”* In humans, infec-
tion rates have been reported to be higher among women,””"*
and one of our previous studies revealed sex-specific patterns in
the associations of parental helminth exposure with the allergic
outcomes of their offspring.” This body of work suggests that
parasite infection could be an important predictor of long-term
respiratory health in humans and that there might be substantial
sex differences.

Further, viral, bacterial, and parasitic infections in humans
have been shown to cause long-lasting changes in DNA
methylation,27’3() some of which have been linked to altered
host immunity.”’ In addition to the potential direct damage and
subsequent changes in the airways, epigenetic changes due to
infection might contribute to the pathogenesis of allergic diseases
related to helminth infections.
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The role of exposure to Ascaris in determining lung function in
humans has not yet been addressed, but Ascaris infection has pre-
viously been associated with asthma severity.'” The aim of our
study was to explore the association between Ascaris exposure
and lung function, the potential sex differences in such associa-
tions, and whether Ascaris exposure was associated with differen-
tially methylated DNA.

METHODS

Study population

The study population included 671 adults from Aarhus (Denmark) (n =
53), Bergen (Norway) (n = 474), and Tartu (Estonia) (n = 144), investigated
in 2014-15 as part of the RHINESSA study (Respiratory Health In Northern
Europe, Spain and Australia study; www.rhinessa.net). The RHINESSA clin-
ical study included all adult offspring of the participants of the population-
based European Community Respiratory Health Survey study in 10 study cen-
ters. Helminth serology was performed in Danish, Estonian, and Norwegian
study centers. The present analysis included RHINESSA study participants
from these study centers with available lung function and serum samples
(86% of the total population). Protocols for questionnaires and clinical exam-
ination were standardized across study centers.

Approval was obtained from the local ethics committees for each center. On
the basis of cross-sectional data, the main objective of the study was to
investigate the association of Ascaris exposure with lung function and
genome-wide DNA methylation profiles in blood.

Lung function, asthma symptoms, and sensitization

Lung function was measured using a standard spirometry method with a
NDD EasyOne spirometer following American Thoracic Society/European
Respiratory Society criteria.’” Interview data were used to define ever having
asthma, wheeze, and >3 asthma symptoms (wheeze, nocturnal chest tightness,
nocturnal breathlessness, nocturnal cough, any asthma attack, or use of asthma
medication) during the last 12 months before the study. Further details are pro-
vided in the Online Repository available at www.jacionline.org, and question-
naire forms are available at www.rhinessa.net. In order to account for lung
function in a wide age range, we calculated the percentage of predicted values
for FVC and FEV, using the Global Lung Initiative reference values™ using
the online calculator. Bronchodilator reversibility was defined according to
2019 Global Initiative for Asthma guidelines: increase in FEV; of >12%
and >200 mL from baseline 15 minutes after inhalation of 200 g salbutamol.
Allergic sensitization was determined by skin prick test (SPT) to 12 allergens
(ALK-Abelld, Hgrsholm, Denmark) including Dermatophagoides pteronyssi-
nus and Dermatophagoides farinae; 0.9% saline and 10 mg/mL histamine so-
lution were used for negative and positive controls. The house dust mite
(HDM) allergens used were Der p 1 (9.8 nug/100,000 Standardized Quality
Units [SQ-U]) 19.6 pg/mL in 10 HEP Soluprick) and Der p 2 (0.7 pg/
100,000 SQ-U 1.4 pg/mL in Soluprick). Reactions to the allergens were
read after 15 minutes. Reactivity was considered positive if the mean wheal
size was 3 mm greater than the negative control. The mean diameter of positive
histamine wheals was 4.3 mm. “Any positive HDM SPT” was defined as pos-
itive SPT reactivity toward D pteronyssinus and/or D farinae. SPTs were car-
ried out by trained nurses following a standardized protocol, similar in all
study centers.

Ascaris IgG antibodies

Ascaris 1gG antibodies levels were measured by ImmunoCAP (Thermo
Fisher Scientific, Waltham, Mass). Additionally, in a subsample of the Bergen
cohort, Ascaris 1gG, antibodies were measured using an indirect end-point
titration (in 4 dilutions) ELISA (n = 265) with Ascaris lumbricoides crude
worm antigen preincubated with Toxocara somatic antigen to reduce cross-
reactivity.* On the basis of previous findings from Europe as well as from
our previous study,” we assume IgG seropositivity toward Ascaris to be around
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10%, and therefore seropositivity was defined as values above the 90th percen-
tile (cutoff, 4.53 mg/L).

Epigenome-wide association studies

Methylation data were profiled from peripheral blood using Human-
MethylationEPIC (Illumina, San Diego, Calif). Methylation input data
(IDAT files) (n = 551) were processed using the R/Bioconductor package
minfi.** The batch effect was adjusted using COMBAT from SVA.* Normal-
ization was carried out using BMIQ.® Probes with a detection P value above
.01 in 1 or more samples, probes with a bead count of <3 in at least 5% of sam-
ples, non-CG probes, cross-reactive probes, and probes on the X or Y chromo-
some were excluded from the analysis, resulting in a total of 747,053 probes
used for downstream analysis. To identify differentially methylated 5'-C-phos-
phate-G-3" (CpG), a robust multiple regression model was applied using
limma®’ on methylation beta value stratified by sex, adjusting for age, personal
smoking status, and estimated cell type proportions (B, CD4T, CDS8T, natural
killer, monocytes, and granulocytes).*® Multiple test correction was applied us-
ing the Benjamini-Hochberg false discovery rate at a significance level of .05.
Manhattan plots were generated using the R package qqman.”” Differential
methylated regions were predicted using DMRcate."’ Functional enrichment
was identified using Enrichr in R.*' Transcription factor enrichment was car-
ried using eFORGE. "

Potential cross-reactivity with other helminths

In order to account for potential cross-reactivity with helminths, 446
Bergen center samples were tested using NovaLisa IgG ELISA (NovaTec
Immunodiagnostica, Dietzenbach, Germany) for the presence of IgG
antibodies against Ascaris lumbricoides, Echinococcus spp, Taenia solium,
Toxocara canis, and Trichinella spiralis according to the manufacturer’s in-
structions. A result of >11 NovaTec units (NTU) was considered positive.
A result of 9 to 11 NTU was considered a gray zone and <9 NTU negative.

Sensitivity analyses

For sensitivity analyses, we applied a separate 90th percentile cutoff for
men and women that was additionally adjusted for pet ownership, occupation,
body mass index, and education. To account for differences in lung function in
different age groups, a percentage of predicted spirometry values was used. In
a subsample of Ascaris IgG measurements obtained via 3 different methods,
we selected the samples that were negative according to both NovaTec ELISA
and in-house ELISA, then used the mean concentration of these negative sam-
ples +3.3 SD* as an alternative cutoff for the InmunoCAP results. In a sub-
sample of 98 participants with the highest IgG values, we also measured
Ascaris-specific IgE serum concentrations (ImmunoCAP) and its relation to
lung function and asthma.

Statistical analyses

Descriptive statistics for the study population are reported as means and
SDs for normally distributed data and otherwise as median and interquartile
range.

Logistic regression was used to model the association between
Ascaris seropositivity and asthma status, wheeze, and >3 asthma symp-
toms (dichotomous) 12 months before the study. FVC and FEV,; were
included as continuous outcomes. Linear regression was used to model
the association between anti-Ascaris 1gG concentration and FVC and
FEV, values.

All models were adjusted for age, sex, height (measured before
spirometry), and smoking (interview data) and clustered within study
center. For sensitivity analyses, we applied a separate 90th percentile
cutoff for men and women, adjusted for pet ownership, occupation, body
mass index, and education. To account for differences in lung function in
different age groups, the percentage of predicted spirometry values were
used. Stata 16.0 (StataCorp, College Station, Tex) was used for regression
analyses.
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RESULTS
Population characteristics

The study participants were aged 18 to 47 years (median, 28
years) (Table I). A total of 14.9% were current smokers (Bergen
12%, Aarhus and Tartu 22%). Ever asthma was higher among
Aarhus participants (21%) compared to Bergen and Tartu (15%
and 7%, respectively), while 3 or more asthma symptoms during
the last 12 months showed a similar prevalence in all study centers
(6%). Sensitization to D pteronyssinus and/or D farinae by SPTs
was lower in Tartu (11%) compared to Aarhus and Bergen (21%
and 24%, respectively).

Ascaris seropositivity was present in 6.9% of participants from
Tartu and in 11% of participants from Aarhus and Bergen (Table
I). Women were more often seropositive than men (15.5%
vs 5.5%, respectively). We compared the characteristics of
Ascaris-seropositive and -seronegative participants and found
that women were more often seropositive (Table II).

In a Norwegian subpopulation (n = 446), 5 helminths were
measured using a NovaLisa ELISA with Ascaris seroprevalence
of 5.6% (additionally 9.1% including gray zone) Echinococcus
0.7% (+3.6% including gray zone), Taenia 2.5% (+4.7%
including gray zone), Toxocara 0.7% (+1.6% including gray
zone), and Trichinella 1.3% (+0.9% including gray zone) (see
Fig El, A, in the Online Repository available at www.
jacionline.org). When stratified by sex, women accounted for
most of the seropositive samples (Fig E1, B).

Ascaris IgG antibody levels and HDM SPT
sensitivity

There was a statistically significant difference in Ascaris 1gG
antibody level between HDM SPT-positive and -negative study
participants (Wilcoxon Mann-Whitney U test, P =.04) with a me-
dian difference of 0.33 mg/L higher IgG antibody levels among
the HDM SPT positive results (see Fig E2 in the Online Reposi-
tory available at www.jacionline.org). Overall, 129 participants
(19%) were sensitized to any HDM, and 68 (10%) were, accord-
ing to our definition, Ascaris 1gG positive, with 14 (2%) positive
toward both (see Fig E3 in the Online Repository).

Ascaris IgG antibody serum level, lung function,
and asthma symptoms

Among men, Ascaris 1gG seropositivity (according to Immu-
noCAP results) was associated with lower FEV, (—247 mL;
95% CI, —460, —34) (Table III) with an effect size larger than
that of current smoking (—151 mL; 95% CI, —501, 199). There
was a clear dose—response pattern, with subsequently decreasing
FEV, with increasing Ascaris IgG antibody levels (see Fig E4 in
the Online Repository available at www.jacionline.org). In a
linear regression model, a 1 mg/L rise in Ascaris IgG concentra-
tion was associated with 40 mL lower FEV| among men (95% CI,
—60, —21). Seropositive men had 5% lower predicted FEV, and
4% lower FEV,/FVC ratio compared to seronegative men; this
pattern was not seen for women (see Fig E5, A and B, in the Online
Repository). These associations remained after adjusting for
allergic sensitization to HDM (Table III) and when using an in-
house ELISA method for detection anti-Ascaris IgG,4 antibodies
(see Fig E6 in the Online Repository). No association was seen
for FVC among men. For women, no clear pattern was seen for
FEV, or FVC (Fig E4), apart from a slightly lower FVC for
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TABLE I. Characteristics of study populations
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Characteristic

Total (n = 671)

Aarhus (n = 53) Bergen (n = 474) Tartu (n = 144)

Female (%) 46.2
Age (years), mean (range; SD)
Height (cm), median (range; IQR)
FVC (mL), median (range; IQR)
FEV; (mL), median (range; IQR)
FEV,/FVC ratio, median (range; IQR)
Smoking

Never smokers (%) 63.4
Ex-smokers (at least 1 year) (%) 21.7
Current smoking (%) 14.9
Asthma, ever (%) 13.9
Wheeze, ever (%) 13.1
Asthma symptoms, last 12 months (%) 6.2
D pteronyssinus—specific IgE positive (%) 24.3
Any HDM SPT positivity (%)* 20.9
Atopic (any SPT or sIgE positive) (%) 45.1

Anti-Ascaris 1gG (mg/L) median (range; IQR)
Ascaris seropositive at 90th percentile (cutoff, 4.53 mg/L) (%) 10

Ascaris seropositive (cutoff at mean * 3.3 SD of negative 3.9
samples at 6.1 mg/L) (%)

Anti-Ascaris 1gG levels (%)
<2 mg/L 422
2-4 mg/L 434
4-6 mg/L 10.3
6-8 mg/L 2.1
>8 mg/L 2.1

28 (18-47; 6.6)

175 (146-200; 14)
4.77 (1.52-8.28; 1.61) 4.64 (3.13-6.61; 1.07) 4.75 (1.52-8.28; 1.59) 4.86 (2.84-7.62; 1.72)
3.86 (1.18-6.79; 1.2) 3.79 (2.36-5.25; 0.99) 3.82 (1.18-6.79; 1.23) 3.94 (2.25-5.86; 1.22)
0.82 (0.49-1.26; 0.08) 0.81 (0.68-0.93; 0.07) 0.82 (0.58-0.98; 0.07) 0.83 (0.49-1.26; 0.08)

50.9 46
28 (19-47; 17.7) 28 (18-47; 10)
176 (159-191; 15) 175 (146-200; 13)

45.1
29 (18-42; 5.6)
177 (149-197; 16)

66.7 63.7 61
11.1 24.1 17.1
222 12.2 22
20.5 15.3 6.5
20 12.8 11.8
6.7 6.1 6.4
359 25.1 17.5
20.8 23.8 11.1
442 49.3 31.5
2.21 (0.03-23.3; 1.62) 2.31 (0.73-6.6; 1.78) 2.18 (0.03-23.3; 1.73) 2.24 (0.69-6.66; 1.32)
11.3 11 6.9
3.8 4.4 2.1
359 439 39.2
472 41.1 49.0
13.2 10.3 9.2
3.8 1.7 2.6
0 3.0 0

*SPT positive to Dermatophagoides pteronyssinus and/or Dermatophagoides farinae.

TABLE Il. Characteristics of study population stratified by
Ascaris seropositivity

Ascaris seropositive (>90th
percentile, 4.53 mg/L)

Variable Seronegative Seropositive
Sex*
Female (%) 84.5 15.5
Male (%) 94.5 5.5
Age (years), mean (range; SD) 28 (18-47; 6.6) 29 (18-43; 6.9)

176
(146-200; 20)

170
(152-195; 12)

Height (cm), median (range; IQR)

Smoking (%)

Never smokers 64.2 56.1

Ex-smokers (at least 1 year) 21.3 25.8

Current smoking 14.5 18.2
Asthma, ever (%) 134 18.2
Wheeze, ever (%) 12.7 16.7
Asthma symptoms, last 12 months (%) 6.2 6.1
Mother’s education (%)

Primary 9.5 18.2

Secondary 38.4 34.9

University or college 52.1 47
Father’s education (%)

Primary 8.6 10.8

Secondary 38.6 41.5

University or college 52.8 47.7

*Difference between groups P <.05.

Ascaris 1gG antibody level of 6-8 mg/L. compared to Ascaris IgG
level <2 mg/L.

Among men, Ascaris seropositivity was associated with
increased odds of ever having asthma (adjusted odds ratio

[aOR], 5.84; 95% CI, 1.67, 20.37), ever wheezing (aOR, 3.78;
95% CI, 1.85, 7.74), and having >3 asthma symptoms during
the last 12 months (aOR, 3.59; 95% CI, 2.01, 6.47) compared
to seronegative men (Table IV). Among women, Ascaris seropos-
itivity was associated with decreased odds of ever having asthma
(aOR, 0.42; 95% CI, 0.18, 0.96), ever wheezing (aOR, 0.63; 95%
CI, 0.16, 2.44), and >3 asthma symptoms during the last 12
months before the study (aOR, 0.24; 95% CI, 0.15, 0.40). These
associations for men and women did not change when adjusting
for HDM sensitivity (Table IV) and were consistent for men
across study centers (Fig 1) and with different methods for detec-
tion of antibodies against Ascaris among the Bergen cohort
(Fig ES; Fig E6). For women, the number of Ascaris-seropositive
participants was too low in Aarhus (n = 2) for us to perform a
meta-analysis by study center. There was no statistically signifi-
cant difference in FEV; reversibility between the seropositive
and seronegative participants (3% vs 3.5%, respectively).

Sensitivity analyses

The results did not change when we used the 90th percentile
cutoff separately for men and women. When adjusting for pet
ownership, occupation, body mass index, smoking, and parental
or own education in the models, the effect size remained
significant. Analyses of postbronchodilator lung function mea-
sures (n = 352) gave comparable results as for prebronchodila-
tor measures (association with postbronchodilator FEV,; 191
[95% CI,—434, 43] mL). For men, Ascaris seropositivity was
associated with 6% lower predicted FEV,; (95% CI, 11.8,
—0.2) (Table IIT). The associations with percentages predicting
FVC in men or with percentages predicting FEV; or FVC in
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TABLE lll. Associations of Ascaris seropositivity with lung function

Male sex (n = 361)

Female sex (n = 310)

Characteristic AD (95% Cl) AD-HDM (95% Cl) AD (95% Cl) AD-HDM (95% Cl)
FVC (mL) —97 (=535, 340) —87 (=501, 324) —42 (—174, 89) —42 (=179, 95)
FEV, (mL) —247 (—460, —34) —232 (—408, —56) —29 (—80, 21) —30 (=76, 16)

FEV,/FVC ratio
FVC % predicted*
FEV, % predicted*

—3.2% (9.3, 2.9)
—1.9% (—13.2,9.4)
—6% (—11.8, —0.2)

—3% (—9.3, 3.3)
—1.7% (—11.2, 8.6)
—5.7% (—10.5, —0.8)

+0.1% (—2.6, 3.5)
—0.3% (—2.9, 2.3)
—1.7% (—=2.9, 0.4)

+0.5% (—2.4, 3.3)
—0.3% (—3.1, 2.4)
—0.5% (—2.1, 1.1)

Shown are the adjusted differences (AD) as well as the AD with adjustment for HDM sensitivity (AD-HDM). AD are adjusted for height and age, clustered by study center; in

addition to these, AD-HDM are adjusted for any HDM SPT positivity.
*Not adjusted for age or height.

TABLE IV. Adjusted odds ratio (95% Cl), stratified by sex, for Ascaris seropositivity as associated with respiratory symptoms in a

logistic regression model

Male sex (n = 361)

Female sex (n = 310)

Characteristic AD

AD-HDM AD AD-HDM

Asthma, ever
Wheeze, ever
Combined asthma symptoms*

5.84 (1.67, 20.37)
3.78 (1.85, 7.74)
3.59 (2.01, 6.47)

5.44 (1.71, 17.34)
3.4 (1.99, 6.81)
3.8 (1.96, 7.34)

0.42 (0.18, 0.96)
0.63 (0.16, 2.44)
0.24 (0.15, 0.40)

0.38 (0.23, 0.65)
0.61 (0.18, 2.07)
0.24 (0.12, 0.47)

*More than 2 asthma symptoms (wheeze, tightness of breath, nocturnal breathlessness, nocturnal cough, asthma attack, use of asthma medication) during the last 12 months.

women were not significant. Serum concentrations of Ascaris-
specific IgG and IgE were not correlated. Elevated Ascaris-
specific IgE levels were not associated with increased odds of
having asthma, asthma symptoms, or lower spirometry measure-
ments (among the 98 participants with IgE measurements).
Seven subjects had a serum IgE concentration of >0.35 kU/L.
Only 2 participants had an IgE response in radioallergosorbent
test (RAST) class 3 or higher, and these participants also had
a highly elevated IgG response (7.5 and 9.3 mg/L), which could
be indicative of current or chronic infection.

DNA methylation as related to Ascaris exposure

We identified 5 differentially methylated CpGs (dmCpGs)
associated with Ascaris exposure that achieved genome-wide sig-
nificance (at adjusted P value of .05 and inflation of 1.17) when
analyzing men and women together. Two of these dmCpGs
were mapped to known genes: MYBPC2 (myosin-binding protein
C) and NAV3 (neuron navigator 3). Three dmCpGs were mapped
to intergenic regions. CpG cg20041612 showed association at
adjusted P = .056 (borderline) mapped to EGFR (epidermal
growth factor receptor). The dmCpG cg04671734 (adjusted
P = .046) was significantly enriched in proximity to the binding
site of transcription factor DEAF1 (deformed epidermal autore-
gulatory factor 1 homolog) at a g value of 0.003.

By analysis of sex-stratified epigenome-wide association study
(EWAS) results, 23 dmCpGs were identified as genome-wide
significantly associated with Ascaris exposure in men that were
mapped to 19 known genes (see Table E1 in this article’s Online
Repository at www.jacionline.org; Fig 2, A). Three dmCpGs
(close to RADIL, NAV3, and ACSLS5) were significantly associated
in women (false discovery rate, <0.05) (Fig 2, B). RADIL and
NAV3 were hypomethylated while ACSL5 was hypermethylated
in the Ascaris-exposed group. The effect size and direction of as-
sociation between exposed and unexposed groups for the top
dmCpGs are shown in Fig 3. The regression coefficient of
NAV3 (—0.06) shows the strongest association in female subjects,

while CRHR1 (0.097) and cg04671734 (—0.079) show the stron-
gest association in male subjects. Sex differences in relation to
Ascaris exposure are illustrated in Fig 4.

Ascaris exposure and its association with
differentially methylated regions

Five differentially methylated regions (DMRs) significantly
associated with Ascaris seropositivity were identified in male sub-
jects and 4 DMRs in female subjects. One DMR was identified in
subjects of both sexes in the locus of PRSS22 (brain-specific
serine protease 4) (17 CpGs within 2016 bp) at Stouffer = 0.01;
this was hypomethylated in the Ascaris-exposed group.

EWAS Atlas enrichment showing genes linked to
lung function and asthma pathogenesis

To gain pathophysiologic insight into these CpGs, the signif-
icant genes were compared against the EWAS Atlas repository
(https://ngdc.cncb.ac.cn/ewas/index). The methylation status of
the genes GOTI, TPD52L2, RAPGEF4, GRKI, DLEU7,
CRHRI, DCAF17, SUMF1, PROCR, CLECI16A, and MYBPCI
was found to be linked to asthma pathogenesis44 (see Table E2
in this article’s Online Repository at www.jacionline.org).

Functional enrichment

To gain further biological insight, the significant genes (19
from men and 3 from women) were used for functional
enrichment with Enrichr. In men, the top enriched biological
processes include fatty acid homeostasis (GO:0055089) (GOT1,
GPAM), amide transport (GO:0042886) (SLC38A7, CRHRI,
RAPGEF4), peptide hormone secretion (GO:0030072)
(CRHRI, RAPGEF4), and lipid homeostasis (GO:0055088;
GOTI, GPAM). In women, the top enriched biological pathway
was triglyceride biosynthesis (GO:0019432; ACSL5, AGPAT3)
(Table E2).


http://www.jacionline.org
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FIG 1. Meta-analysis of study centers specific associations among men of Ascaris seropositivity (>90th
percentile) with (A) FEV, (adjusted difference in mL) and (B) wheeze (aOR).
DISCUSSION methylation analyses, suggest that the lower lung function and

Seropositivity to Ascaris lumbricoides consistently showed an
association with substantially lower lung function in young adult
men from a population-based study in Northern Europe. Men who
were seropositive to Ascaris had lower FEV, unaltered FVC, and
more asthma symptoms. A dose-response pattern was found:
FEV, decreased with increased concentration of anti-Ascaris
IgG. In women, no association was found with lung function,
but asthma symptoms were significantly less common in seropos-
itive women. Genome-wide analyses uncovered DNA methyl-
ation characteristics associated with Ascaris seropositivity,
including differentially methylated sites related to lung pathol-
ogy, such as regulation of airway muscle contraction and asthma
pathogenesis, and to immune regulation and specifically to nem-
atode infection. The associations of Ascaris seropositivity with
differentially methylated DNA sites were different in men and
women, supporting a sex-specific role of Ascaris exposure. The
findings from epidemiologic analyses, supported by DNA

higher asthma risk observed in Ascaris-exposed individuals
may be mediated by infection-driven epigenetic changes.

Identification of a hypomethylated CpG close to DEAF1
binding site and the differential methylation in Ascaris-exposed
individuals of genes associated with helminth infection, namely
NAV3 and EGFR* suggests that Ascaris-associated changes
have the potential to alter the function of genes involved in type
2 immunity and therefore lung function. Hypermethylation of de-
oxyhypusine hydroxylase linked to immune regulation,46 chronic
lung disease progression,”’ being a putative antiparasitic drug
‘[arget,48 and respiratory muscle contraction modulating MYBPC1
(myosin-binding protein C, slow-type)*’ also support epigenetic
change influencing lung function.

To our knowledge, our study is the first to investigate
associations between serum Ascaris I1gG antibody levels and
lung function in humans. Our findings with respect to increased
asthma (among men) associated with Ascaris is in accordance
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FIG 2. Manhattan plot for Ascaris seropositivity EWAS showing autosomal chromosomes in male (A) and
female (B) subjects. The vertical axis (logo transformed) indicates observed P values; horizontal axis, chro-
mosomal positions with the points indicating individual CpGs. The red line indicates the multiple testing
correction threshold (false discovery rate <0.05); blue, the suggestive line.

with other publications; however, most previous research has
been based on pediatric cohorts.’”>* The scale of lung damage
evidenced by computed tomographic scan in Ascaris-infected
persons strongly supports the likelihood that reduced long-term
lung function would not be unexpected after infection. Our
finding of impaired lung function in seropositive young men
from Northern Europe therefore breaks new ground in presenting
Ascaris infection as potentially important cause of long-term
reduction in lung function.

The sex differences in the associations of Ascaris seropositivity
with lung function and asthma are striking and have not been
described before. The intensity of A lumbricoides can be influ-
enced by sex-related behavioral and environmental factors that
contribute to risk of exposure to infectious inoculum.” Higher
infection rates have previously been reported in women,””*

which is in accordance with our results. Higher seroprevalence
rates among women were seen for all measured helminth anti-
bodies. Differences in sex hormone levels could hypothetically
influence the pathogenic outcomes from Ascaris exposure. Estra-
diol, the main female sex hormone, is known to be important for
many tissue repair processes, notably inflammation and regranu-
lation,”~° and tissue damage is an essential element in the pathol-
ogy caused by Ascaris. Moreover, murine models have shown that
female mice can have a delayed Ty2 response to the murine nem-
atode Trichuris muris compared to male mice.”’ On the one hand,
such mechanisms could possibly lead to a higher worm burden in
female subjects and therefore higher Ascaris IgG antibody levels.
Sustained Ty2 responses in male subjects, on the other hand,
could enhance pathology such as pulmonary inflammation. Inter-
estingly, we discovered hypomethylation in dmCpGs in NAV3 (a
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FIG 4. Sex differences in relation to Ascaris exposure.

gene involved in immunoregulatory processes through IL-2) in
women, suggestive of sex differences in immunoregulation of
helminth responses. The apparent lower likelihood of asthma
risk in seropositive women is still surprising, and we speculate
that altered immunoregulation may play a role.

Our findings suggest that men and women might respond
differently to Ascaris infections and that these responses could
have long-term outcomes. The EWAS analyses also showed
that lower lung function in men may be explained by changes
in the function of signaling pathways related to asthma pathogen-
esis and muscle contraction. The likelihood of a long-term effect
is supported by findings from others that demonstrate long-term
changes in DNA methylation after helminth infection.”!

A strength of the present study is the extensive data on
respiratory symptoms and spirometry data, as well as Ascaris
serology, for population-based cohorts. Further, the inclusion of
3 study centers from different countries contributes to higher
credibility and generalizability of the results. Interestingly, the

Estonian study center had the lowest seroprevalence compared
to Norway and Denmark.

Defining Ascaris exposure is a challenge because of potential
cross-reactivity with other helminths and allergens. For Bergen
samples, we used an additional method in which serum was pre-
incubated on plates covered with Toxocara somatic antigen
before transferring to Ascaris plates; this should reduce cross-
reactivity. Moreover, using the same methodology, anti-Ascaris
IgG, seropositive serum has been shown to react with live
larvae.”® Both strategies strengthen our findings and suggest
that we are truly measuring antibodies toward Ascaris. Exposure
to Anisakis simplex due to fish consumption could be a potential
cause of cross-reactivity; however, a study of Norwegian blood
donors showed a prevalence of almost O for IgE sensitization to-
ward Anisakis.”” HDM sensitization is commonly assumed to be a
confounder as a result of possible cross-reactivity and the close
structural homology between HDM and Ascaris proteins, such
as tropomyosin, enolase, and enoyl-CoA hydratase.”” However,
adjusting our analyses for HDM sensitivity did not alter the results
for either lung function or asthma. Thus, we believe that anti-
Ascaris IgG as measured in our study reflects exposure to Ascaris
rather than any other helminth or cross-reactivity with other aller-
gens. For defining HDM sensitivity, we used a single SPT proced-
ure, harmonized with the European Community Respiratory
Health Survey protocol. We do note that a study by Thomsen
et al®' found that performing SPT twice with the same allergen
batch did not enhance the validity of the test. Still, we do not
know whether Ascaris 1gG antibody seropositivity reflects past
infection, current infection, or parasite exposure without disease
manifestation. The reference standard for diagnosing ongoing
infection is real-time quantitative PCR or microscopy of eggs in
stool. Past infection, however, cannot be assessed that way.

EWAS analyses found that Ascaris seropositivity was associ-
ated with DMR PRSS22. This region has been associated with
nematode infection, and this finding strengthens the interpretation
that the participants who are Ascaris seropositive have actually
been exposed to the helminth. A limitation of the epigenetic anal-
ysis is that it was carried out on DNA extracted from whole blood
while other relevant tissues were not available. Further, although
the epigenetic analysis was adjusted for blood cell type composi-
tion, it is possible that differences in cell subtype composition
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between Ascaris-exposed and -unexposed individuals may partly
account for the observed associations. Finally, our study cannot
address whether the identified DNA methylation changes lie on
the causal pathway between Ascaris exposure and lung function.

In conclusion, our findings show that detection of higher serum
IgG antibody levels against Ascaris is associated with substan-
tially lower lung function and more asthma among Northern Eu-
ropean men. The effect magnitude for lung function was larger
than that of current smoking. In women, no association was found
with lung function, but asthma symptoms were significantly less
common in seropositive women. A wide range of sex-specific
DNA methylation markers associated with Ascaris exposure
were identified in genes linked to asthma pathogenesis, lung func-
tion, and immunoregulation. These findings support the notion
that DNA methylation changes due to helminth exposure may
contribute to the pathogenesis underlying reduced lung health.
Further, our findings identify a need to investigate the role of hel-
minths on long-term lung health globally, including in high- and
middle-income countries, as well as in low-income countries
where helminth exposure is highly prevalent.

We thank all the study participants, clinical field workers, and laboratory
personnel involved.

Clinical implications: Ascaris exposure may be an important
public health challenge in terms of respiratory function. Our re-

sults highlight a need for further research on long-term effects
of helminth exposure on host lung health.
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