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Abstract

The objective of the present longitudinal study was to investigate the effects of occupational
endotoxin exposure on respiratory health and atopic sensitization in adults. Health out-
comes and personal endotoxin exposure estimates were determined for 234 farmers and
agricultural workers both at baseline and 5 years later. A questionnaire was used to assess
respiratory symptoms, spirometry tests were performed and total and specific IgE levels
were measured in serum.

A twofold increase in personal endotoxin exposure was associated with less hay fever
(OR 0.68, 95%CI 0.54-0.87) and grass IgE positivity (OR 0.81, 95%CI 0.68-0.97) at both
time points (“persistent” versus “never”). Although not statistically significant, a consistent
protective pattern was observed for an increased loss of hay fever symptoms (OR 2.19,
95%Cl 0.96-4.99) and grass IgE positivity (OR 1.24, 95%CI 0.76-2.02), and for less new-
onset of hay fever (OR 0.87, 95%CI 0.65-1.17), grass IgE positivity (OR 0.83, 95%CI 0.61-
1.12) and atopic sensitization (OR 0.75, 95%CI 0.55-1.02). Endotoxin exposure was not
associated with changes in lung function.

We showed that occupational endotoxin exposure is associated with a long-term protec-
tive effect on hay fever and grass IgE positivity. Results on longitudinal changes in hay
fever, atopy and grass IgE positivity in adulthood were consistent with a protective effect of
endotoxin exposure, but results need to be confirmed in larger cohorts. An effect of endo-
toxin exposure on lung function decline was not found.

Introduction

Numerous studies in children and adults have shown a protective effect of farm related expo-
sures on atopy and allergic symptoms.[1-3] Furthermore, an ongoing protective effect of farm
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childhood on allergic symptoms is also observed later in life.[4,5] Similar protective effects
have also been observed in studies among adults with high occupational exposure, indepen-
dent of farm childhood.[4-6] The farm environment is characterized by a high exposure to
micro-organisms. Exposure to endotoxin, a cell wall component of Gram negative bacteria,
has been shown to explain the ‘farming effect’ to some extent, both in children and adults.
[2,4,5] However, these studies were mainly cross-sectional and only few longitudinal studies
assessed effects of farming exposure on allergic responses over time. One longitudinal study in
young adults found a protective effect of farming exposure on new-onset sensitization to any
of four inhalant allergens.[6] Another longitudinal study in children showed a protective effect
of parental farming on prevalence and new-onset skin prick test (SPT) positivity for any of six
inhalant allergens and some evidence of increased loss of SPT positivity in children living on a
farm.[1] However, these studies allow conclusions on (parental) farming in general, but do not
allow evaluation of specific factors and exposure levels in relation to the observed health
effects.

Besides being protective for allergic responses, occupational farming related exposures are
known to have adverse effects on respiratory health as well,[7-12] a phenomenon that was
investigated in a few longitudinal studies as well. And although previous studies showed an
accelerated decline in FEV; and FVC in farmers compared to non-farmers, exposure-response
relations were mostly not included.[9-12] Only a few studies measured endotoxin exposure
and the results of these studies are inconclusive. Some showed that annual decline of FEV,
FVC and FEF,5_;5 were significantly associated with endotoxin levels,[7,8] whereas another
observed no effect.[13] A recent systematic review and meta-analysis also showed that conclu-
sions regarding exposure-response relationships for organic dust exposure and lung function
changes could not be drawn. Yet, for organic dust exposed individuals versus controls a signifi-
cant but small effect on FEV, but not on other lung function parameters, was shown.[14]

We established a cohort consisting of farmers and agricultural workers in 2005. In the base-
line cross-sectional analysis of this cohort we found an increased risk of prevalent wheeze, but
a decreased prevalence of hay fever and atopic sensitization. In particular grass pollen sensiti-
zation had a decreased prevalence in relation to endotoxin exposure.[4,5] The objective of the
current longitudinal study is to investigate the relationship between measured occupational
endotoxin exposure and changes over 5 years in atopic sensitization, lung function and respi-
ratory symptom status.

Materials and methods
Study design

A five-year follow-up study was conducted in endotoxin exposed workers. At both time points
participants filled in the same questionnaire [15] and underwent a health exam consisting of a
lung function measurement and collection of a blood sample to determine serum IgE levels.
Endotoxin exposure was measured in a subset of participants at both time points.

The study protocol was approved by the University Medical Centre Utrecht ethics commit-
tee and all participants gave written informed consent both at baseline and follow-up.

Study population

Baseline. The study population consisted of an occupational cohort of Dutch Caucasian
farmers and agricultural industry workers recruited in 2005-2006 as described previously.[5]
Shortly, farmers were either livestock farmers raising cattle, pigs, chickens or goats, and/or
crop farmers growing fruit, vegetables or grain. The agricultural companies were involved in
flower bulb, onion, animal feed or seed processing.
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At baseline 453 participants (95 farmers and 358 agricultural workers) took part in the
study with a questionnaire and health exam.[4]

Follow-up. Follow-up was conducted in 2010-2011. Individual farmers and companies
participating at baseline were approached again.[15] 80 out of 95 farmers (84%) and 19 out of
23 companies (83%) agreed to participate. At these 19 participating companies 109 (38%) par-
ticipants had left their job and were not available for follow-up, the remaining 62% did partici-
pate. We previously compared baseline health characteristics between participants and those
that were unavailable for follow-up which showed no major differences between the two
groups, indicating there is no healthy worker selection effect in our cohort.[15]

To be included in the study, participants needed to at least have completed the question-
naire and either lung function, serological data or both had to be available. This resulted in 234
participants: 75 farmers and 159 agricultural workers. The number of persons included in each
analysis varies depending on the participation in the different subparts of the study. We did
not differentiate between farmers and company workers.

Questionnaire

At both baseline and follow-up, the questionnaire was sent by mail prior to the health exam.[5]
It contained questions on general characteristics, farm childhood, allergies, asthma, smoking
habit and respiratory symptoms. Questions on respiratory symptoms were adopted from the
Dutch version of the ECRHS questionnaire.[16] Hay fever was defined as self-reported pollen
allergy accompanied by itchy or watery eyes or sneezing. Wheeze was established by a positive
answer to the question “Did you experience wheeze in the past twelve months?” Allergy was
determined by a positive answer to the question “Have you ever had any allergies?” For the
complete questionnaire see S1 and S2 Texts.

Serum IgE

Total IgE and specific IgE against house dust mite (HDM), grass pollen (grass), cat, and dog
antigens were analyzed in serum by ELISA.[17] Specific serum IgE exceeding an optical den-
sity of 0.1 were classified as positive. Atopic sensitization or atopy was defined as positive spe-
cific serum IgE for any of the tested allergens. To avoid bias due to methodological and batch
differences, we re-analyzed the baseline sera together with the follow-up sera.

Lung function

Lung function measurements were performed in the morning. Forced spirometry was per-
formed at baseline and follow-up using the same pneumotachograph and software (Jaeger,
Wiirzburg, Germany). All tests were evaluated according to European Respiratory Society
standards.[18] Lung function curves were considered acceptable if back extrapolated volume
was small (<5% FVC and <150 ml) and expiratory time was at least 4 seconds.[19] A lung
function measurement was considered reproducible if AFEV; and AFVC between curves were
<150ml and APEF was either <670 ml or 10% of maximum measured PEF. Only acceptable
and reproducible lung function measurements were used for the analyses. In total, 231 partici-
pants performed a lung function measurement both at baseline and follow-up of which 161
(69.7%) were acceptable using the above criteria at both occasions. A sensitivity analysis
showed that selection based only on APEF <670 ml or only including curves with at least 6 sec-
onds expiratory time did not change the results (data not shown).

The Global Lungs Initiative reference values (GLI, 2012) were used to determine percentage
of predicted values for FEV, FVC, FEV,/FVC and FEF,s ;5 (forced expiratory flow during 25-
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75% of FVC), e.g. FEV%pred.[20] The cut-offs for FEV; and FVC below the lower limit of
normal (<LLN) were set at <5% of the GLI population.

Endotoxin exposure assessment

Exposure measurement. Full-shift personal inhalable dust samples were collected at base-
line (n = 249) and at follow-up (n = 127) in a subset of participants (see S1 Table). As described
previously,[5] Gilian GilAir portable pumps (Gilian, West Caldwell, NJ, USA) were used with
Gesamt Staub Probenehmer (GSP) sampling heads and 37-mm glass-fibre filters (Whatman
GF/A, Maidstone, UK). Filters were extracted in pyrogen-free water with 0.05% Tween-20.
[21] Supernatants were analyzed by the quantitative kinetic chromogenic Limulus amebocyte
lysate assay without applying Tween in the assay solution.[21]

Exposure modelling. A job-exposure matrix was constructed using a linear mixed regres-
sion model. No major changes took place in the process lines or exposure control equipment
(ventilation) in the companies or farms between baseline and follow-up. Therefore, we mod-
eled exposure based on measurements from both time points as these were regarded as
repeated measurements of the same jobs.[22] Modeled endotoxin exposure values per job title
are presented in S1 Table.

Each participant was assigned an exposure level both at baseline and at follow-up based on
job title.

Relationships between endotoxin exposure and changes in respiratory morbidity or sensiti-
zation status were investigated using baseline exposure as the main exposure during the fol-
low-up period. Twenty-five percent of the participating workers changed exposure during the
follow-up period (26 participants (11%) changed to a job with higher exposure and 32 partici-
pants (14%) changed to a job with lower exposure). Therefore, additional analyses were per-
formed with inclusion of change in exposure (Aexposure) during the follow-up period as well.
This method allowed us to correct for both ‘baseline level of exposure’ and a change in expo-
sure over time separately, both of which may be linked to a change in outcome. Change in
exposure (Aexposure) was calculated by subtracting endotoxin exposure levels at baseline from
the levels at follow-up.

Data analysis

Changes in general characteristics of the study population between baseline and follow-up
were investigated using a paired student t-test for continuous variables and McNemar’s Chi-
squared test for paired data for categorical variables.

Continuous outcomes (change per year in lung function parameters and total IgE) were
analyzed by linear regression. Dichotomous outcomes (questionnaire results and specific IgE
positivity) were analyzed by logistic regression. For this, outcomes were summarized in four
categories: never (absent at baseline and follow-up), new-onset (negative at baseline and posi-
tive at follow-up), loss (positive at baseline and negative at follow-up) and persistent (positive
both at baseline and follow-up). We were interested in the effect of exposure on a possible
change in outcome over time, and on persistence of outcomes. Therefore participants who had
changed during follow-up (new-onset or loss) were compared to participants with the same
baseline condition who did not change over time, being respectively never and persistent for
new-onset and loss. In addition, we estimated the effect of endotoxin exposure on persistent
outcomes compared to those who never had the outcome. Analyses were adjusted for age, gen-
der, smoking and farm childhood. Wheeze was additionally adjusted for atopy. Change or per-
sistence in the dichotomous confounders smoking and atopy were summarized in the same
way as the dichotomous outcomes.
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Endotoxin exposure and total IgE levels in serum were log-normally distributed and there-
fore log base 2 transformed before analysis. Thus odds ratios have been calculated for a two-
fold increase in exposure.

Data was analyzed using SAS 9.4.

Results
General characteristics

Characteristics of the study population at baseline and follow-up are shown in Table 1. The
mean follow-up time was 4.8 years. Six smokers at baseline had quit smoking at follow-up.
Five participants reported farm childhood at baseline, but did not report this at follow-up. For
the analysis, baseline farm childhood was used. A small, but not significant, decrease in endo-
toxin exposure of 39 EU.m™ (p = 0.19) between baseline and follow-up was observed. A signif-
icant decline in total IgE level was found between baseline and follow-up. The population
prevalence of specific sensitization, atopy, self-reported allergy and hay fever remained the
same.

Lung function generally decreased in the years between baseline and follow-up (all p<0.01
except for FEF,5 75 p = 0.94, Table 1). The decline in FEV; was larger than that of the GLI ref-
erence population, which is reflected in the decline of FEV,%pred (p<0.05).This was observed
to a lesser extent for FVC%pred (p = 0.09). There were no significant changes in the number
of lung function values <LLN. There was a slight decrease in reported current asthma
(p =0.02), and an increase in reporting of wheeze (p = 0.03).

Changes in reported health symptoms and serum IgE between baseline
and follow-up

The number of participants in each outcome category is shown in Table 2. For all outcomes,
the majority of participants were negative at baseline and follow-up. The number of partici-
pants with new onset or loss of symptoms or positive serum IgE was small (0-8%). The preva-
lence of persistent atopy, HDM IgE and grass IgE was 27%, 19% and 15%, respectively. Self-
reported allergy was reported at both occasions by 22% of participants.

Consistent protective pattern for hay fever, atopy and grass IgE

The associations between endotoxin exposure and hay fever, grass IgE sensitization and
atopy indicate a consistent protective pattern (Table 3, allergic symptoms graphically re-
presented in Fig 1), although not all associations met statistical significance. Higher endo-
toxin exposure is associated with loss of hay fever symptoms (OR 2.19, p = 0.06). Moreover,
higher endotoxin exposure results in fewer individuals with persistent hay fever (OR 0.68,

p = 0.002), and seems to result in less new-onset of hay fever symptoms over time (OR 0.87,
p = 0.36). These protective effects on hay fever symptoms were independent of changes in
exposure during the follow-up period. A similar protective pattern was observed for specific
sensitization to grass pollen (loss: OR 1.24 p = 0.39, persistent: OR 0.81 p = 0.02, new-onset:
OR 0.83 p = 0.23), showing consistency between self-reported hay fever and grass sensitiza-
tion, an objective measure of hay fever. A protective pattern was also observed for persistent
and new onset of atopic sensitization (loss: OR 1.03 p = 0.86, persistent: OR 0.89 p = 0.11,
new-onset: OR 0.75 p = 0.07). No consistent pattern was observed for self-reported allergy,
asthma, wheeze or HDM IgE. Decline in total IgE was also not associated with endotoxin
exposure (Table 4).
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Table 1. General characteristics of the study population at baseline and follow-up. Differences between baseline and follow-up are tested for statistical
differences: paired t-test for continuous variables, McNemar's paired chi squared test for binary outcomes. The number of persons included in each analysis

depends on the source of the outcome data: questionnaire (n = 234), lung function (n = 161), or serological data (n =212).

Baseline Follow-up
(2005-2006) (2010-2011)
N P
Age (years; mean, SD) 234 41.9/10.0 46.7 | 10.1
Gender (female; n, %) 234 28 | 12.0% 28| 12.0%
BMI (kg.m; mean, SD) 161 26.2 | 3.6 27.0| 3.7 <0.01
Current smoker (n, %) 234 59| 25.2% 53| 22.6% 0.06
Farm childhood (n, %) 234 133 | 56.8% 128 | 54.7% 0.17
Endotoxin exposure (EU.m™; GM, GSD) 234 314.9 | 4.8 276.0 | 5.1 0.19
FEV,
L (mean, SD) 161 4.1/0.9 3.9/0.8 <0.01
% pred (GLI; mean, SD) 161 98.8 | 14.4 97.4 | 14.7 0.03
<LLN (GLI; n, %) 161 14 | 8.7% 16 | 9.9% 0.74
FvC
L (mean, SD) 161 54 /1.1 5211 <0.01
% pred (GLI; mean, SD) 161 102.9 | 12.6 101.7 | 13.8 0.09
<LLN (GLI; n, %) 161 311.9% 6|3.7% 0.37
PEF
L.s' (mean, SD) 161 10.8 2.2 10.4 2.2 <0.01
% pred (mean, SD) 161 118.6 | 19.2 115.6 | 18.5 0.01
FEV,/FVC
x100 (mean, SD) 161 77.0 | 6.7 76.1|8.0 <0.01
% pred (GLI; mean, SD) 161 95.6 | 8.3 95.5|9.9 0.86
<LLN (GLI; n, %) 161 19| 11.8% 20 | 12.4% 0.56
FEF2s.75
L.s™ (mean, SD) 161 3514 35(1.3 0.94
% pred (GLI; mean, SD) 161 86.4 | 30.5 92.6 | 31.5 <0.01
<LLN (GLI; n, %) 161 21 13.0% 16 | 9.9% 0.05
Self-reported allergy (n, %) 234 65 | 27.8% 68 29.1% 0.56
Hay fever (n, %) 234 28 | 12.0% 28| 12.0% 1.00
Atopy (n, %) 212 66 | 31.1% 67 | 31.6% 0.82
Total IgE (IU/ml; GM, GSD) 212 251|7.4 23.3|6.4 0.02
HDM IgE positive (n, %) 212 47 | 22.2% 43| 20.3% 0.21
Grass IgE positive (n, %) 212 411 19.3% 41 119.3% 1.00
Cat IgE positive (n, %) 212 411.9% 6|2.8% 0.16
Dog IgE positive (n, %) 212 21 0.9% 3| 1.4% 0.32

SD: standard deviation

GM: geometric mean

GSD: geometric standard deviation
LLN: lower limit of normal

https://doi.org/10.1371/journal.pone.0189097.t001

Lung function

Only modest effects of endotoxin exposure on changes in lung function were observed
(Table 4). Apart from the general observation that FEV; declines slightly more rapidly in our
study population than in the GLI reference population, no association between AFEV,; and
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Table 2. Changes in reported health symptoms and IgE positivity between baseline and follow-up. Participants are categorized as never (absent at
baseline and follow-up), new onset (negative at baseline and positive at follow up), loss (positive at baseline and negative at follow up) and persistent (positive
both at baseline and follow up) health symptoms.

N Never New onset Loss Persistent

n (%) n (%) n (%) n (%)
Asthma (past 12 months) 234 210 (90%) 4 (2%) 12 (5%) 8 (3%)
Wheeze (past 12 months) 212 168 (79%) 18 (8%) 7 (3%) 19 (9%)
Hay fever 234 197 (84%) 9 (4%) 9 (4%) 19 (8%)
Self-reported allergy 234 153 (65%) 16 (7%) 13 (6%) 52 (22%)
Atopy 212 136 (64%) 10 (5%) 9 (4%) 57 (27%)
HDM IgE 212 162 (76%) 3 (1%) 7 (3%) 40 (19%)
Grass IgE 212 162 (76%) 9 (4%) 9 (4%) 32 (15%)
Cat IgE 212 206 (97%) 2 (1%) 0 (0%) 4 (2%)
Dog IgE 212 209 (99%) 1(0%) 0 (0%) 2 (1%)

https://doi.org/10.1371/journal.pone.0189097.t002

endotoxin exposure was observed. We also did not observe an association between endotoxin
exposure and AFVC.

We found that an increase in baseline exposure tended to be associated with a very small
increase in AFEV,/FVC (B = 0.5-10") and AFEV /FVC%pred (B = 0.07). Inclusion of Aexpo-
sure did not change these estimates. An increase in baseline exposure was also associated with
a small increase in AFEF,5 ;5 and AFEF,5_,5%pred over time ( = 0.01 and p = 0.27 respec-
tively), irrespective of inclusion of Aexposure in the model.

Discussion

This is one of the first studies to investigate longitudinal changes in atopic sensitization and
allergic responses in association with measured personal endotoxin exposure levels in an occu-
pationally exposed adult population. Our results show evidence of a protective effect of

Table 3. Association of endotoxin exposure and reported health symptoms and specific IgE positivity. Adjusted logistic regression analysis; OR’s
are associated with a 2-fold increase in endotoxin exposure. Analyses are adjusted for potential confounders (age, gender, smoking and farm childhood).
Wheeze is additionally adjusted for atopy.

New-onset vs never Loss vs persistent Persistent vs never
Baseline Baseline Baseline Baseline Baseline Baseline
exposure exposure exposure exposure exposure exposure
adjusted for adjusted for adjusted for
Aexposure Aexposure Aexposure
OR |95% CI OR | 95% ClI OR 95% CI OR 95% ClI OR 95% ClI OR 95% CI

Self-reported symptoms
Asthma n < 5 data not shown 0.74 | (0.46-1.20) | 0.82|(0.47-1.43) | 1.11(0.83-1.49) | 1.11 (0.83-1.49)
Wheeze | 0.88 | (0.70-1.11) | 0.87 | (0.69-1.09) | 0.74 | (0.42-1.29) | 0.22| (0.04-1.22) | 1.13|(0.91-1.40) | 1.13|(0.91-1.40)
Allergy | 1.07 | (0.84-1.35) | 1.08 | (0.85-1.37) | 1.03 | (0.78-1.35) | 0.99 | (0.74-1.32) | 0.92 | (0.80-1.06) | 0.93 | (0.81-1.07)
Hay fever | 0.87 | (0.65-1.17) | 0.87 | (0.65-1.17) | 2.19| (0.96-4.99) | 1.85|(0.81-4.22) | 0.68 | (0.54-0.87) | 0.69 | (0.54-0.87)
Sensitization
Grass IgE | 0.83 | (0.61-1.12) | 0.82 | (0.60-1.12) | 1.24 | (0.76-2.02) | 1.18 |(0.72-1.94) | 0.81 | (0.68-0.97) | 0.82 | (0.69-0.98)
HDM IgE n <5 data not shown 0.91 | (0.62-1.34) | 0.90 | (0.61-1.34) | 1.05|(0.90-1.22) | 1.06 | (0.91-1.24)
Atopy* | 0.75| (0.55-1.02) | 0.72| (0.52-1.00) | 1.03 | (0.73—1.46) | 1.02|(0.71-1.45) | 0.89 | (0.77-1.03) | 0.90 | (0.77-1.04)

Italic type: p<0.1; Bold type: p<0.05.
*Positive for any of the four allergens cat, dog, grass or HDM.

https://doi.org/10.1371/journal.pone.0189097.t003
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Fig 1. Odds of loss, new onset and persistence of allergic outcomes during follow-up in association with endotoxin exposure. Analyses are
adjusted for potential confounders (age, gender, smoking and farm childhood). A consistent protective pattern is observed for hay fever, grass IgE
sensitization and atopy, although not all associations meet statistical significance.

https://doi.org/10.1371/journal.pone.0189097.9001

endotoxin exposure on new onset and persistent atopic sensitization and hay fever indepen-
dent of farm childhood. We found no major effects of endotoxin exposure on lung function

decline.

One of the main advantages of our study is the longitudinal design, as most studies to date

have examined relationships between endotoxin exposure and allergic diseases in a cross-sec-

tional set-up.

Another strength of our study is that the blood samples from baseline were analyzed
together with the samples from follow-up avoiding methodological differences in assay perfor-
mance. This is also an advantage over skin prick tests, which are used in most studies. Skin

prick tests are necessarily conducted and measured at the separate time points, allowing for

the introduction of measuring differences based on batch differences in extracts and differ-
ences between test conductors.[23] Compared to skin prick testing, IgE ELISA testing of all
samples at the same time is more consistent.

Table 4. Association of change in lung function or total IgE with endotoxin exposure. Adjusted linear regression analysis: betas represent changes
associated with a 2-fold increase in endotoxin exposure. Analyses are adjusted for possible confounders (age, gender, smoking and farm childhood).

Baseline exposure

N Beta p
AFEV,
mL.year™ 161 3.35 0.20
% pred (GLI).year 161 0.02 0.75
AFVC
mL.year 161 0.45 0.90
% pred (GLI).year™ 161 -0.05 0.51
AFEV,/FVC
.year™ 161 0.05.1073 0.07
% pred (GLI).year™ 161 0.07 0.06
AFEF,5 75
.year 161 0.01 0.01
% pred (GLI).year 161 0.27 0.04
A Total IgE
IU.year™ 212 -0.01 0.87

https://doi.org/10.1371/journal.pone.0189097.t1004

Baseline exposure

adjusted for Aexposure

beta p
2.87 0.28
0.01 0.83
-0.54 0.88
-0.06 0.38

0.06-1072 0.05
0.08 0.04
0.01 0.01
0.27 0.04
0.03 0.68
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An advantage of this study compared to other longitudinal studies is that we collected expo-
sure measurements and job title information at both baseline and follow-up. As discussed by
Bolund et al. in their meta-analysis, even longitudinal studies generally do not include a change
in exposure in their analyses.[14] Job title information at both time points enabled us to esti-
mate exposure levels at both time points as well as changes in exposure between baseline and
follow-up (in case of a change in job title). It can be hypothesized that the new-onset or loss of
symptoms or specific serum IgE can be partially attributed to a change in exposure level. Our
results do not indicate a major impact of exposure changes on investigated health outcomes, as
effect estimates of baseline exposure changed only marginally with inclusion of Aexposure in
the models (Table 3), and effect estimates of Aexposure were small (see S2 and S3 Tables).
Results should be interpreted cautiously due to limited study size and because timing of job
changes within the 5 year follow-up period is unknown. Yet outcomes indicate that in the
current study exposure misclassification due to job changes were relative small or had little
impact, this may imply that effects are not likely promptly. Whether this is typical for the cur-
rent study or a general phenomenon is hard to identify as most longitudinal studies do not
take changes of exposure into account during data analysis.[14]

One of the limitations of our study is the relatively modest size of our study population.
Additionally, in the majority of participants, health outcomes were stable between baseline
and follow-up, resulting in a small number of participants in the categories of change (new-
onset and loss), limiting the power of these analyses. We therefore did not adjust for multiple
testing and did not focus on the effects of exposure change However, the fact that we found a
consistent pattern for hay fever, atopy and grass IgE positivity is in line with our expectations
of a protective effect of endotoxin exposure on allergy.

The power to pick up changes in lung function is also limited by the study size and duration
of follow-up. Surprisingly, we observed a small positive relationship between AFEV,/FVC and
endotoxin exposure which is reflected in an improvement in AFEV,/FVC%pred. Additionally,
we found a positive but very small effect of endotoxin exposure on AFEF,s 55, which is also
reflected in AFEF,5 ,5%pred. In contrast to our study, some previous longitudinal studies
reported an accelerated decline in AFEV,/FVC [24,25]or an accelerated decline in FEF,5_;5
[7,26] in relation to endotoxin exposure. Given that the regression coefficients in our study are
very small and the analyses are only just significant, we do not believe these to be biologically
relevant. We did not find an effect of endotoxin exposure on FEV; or FVC decline. Some pre-
vious longitudinal studies observed an accelerated decline in FEV in relation to endotoxin
exposure either when using exposure classification [10, 12, 24, 26] or measured endotoxin
exposure,[7,8] whereas other longitudinal studies using categorical exposure found no effect of
farming on FEV; decline.[9,11,13] The studies that did find an accelerated effect of farming on
FEV, observed small effects ranging from an additional -0.71 ml/yr FEV for animal feed han-
dling within farmers [24] to an additional -26.1 ml/yr FEV for swine confinement workers
versus non farming controls.[26] The longitudinal studies which used measured exposure
found an effect of -0.326 ml/yr FEV, per mg.m’ endotoxin exposure in grain and animal feed
industry [7] and -19 ml/yr per factor 2 increase of endotoxin exposure [8] respectively. The
absence of major long-term effects of organic dust exposure on lung function is confirmed by
a recent meta-analysis by Bolund et al. which showed only a small significant effect of organic
dust exposure on FEV of 4.92 ml/yr for exposed versus controls.[14] However, results were
inconsistent for quantitative exposure measures and accelerated lung function decline. The
effect of farming or endotoxin exposure on lung function remains inconclusive.

Healthy worker selection could be of influence on the health effects observed in this study,
possibly leading to an underestimation of effect estimates. Earlier analyses on this cohort,
which focused on selective loss to follow-up did not reveal major health related differences
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between participants included in follow-up and those lost to follow-up, indicating that there is
no major healthy worker survival going on in our population during the time of our study.[15]
Also no significant differences or trends were found in baseline demographic characteristics,
respiratory health or allergies between participants changing to jobs with lower exposure and
those moving to jobs with similar or higher exposure.[15] Nonetheless, pre-study selection
such as healthy worker hire selection cannot be excluded and we have no information on
potential changes in health of those lost to follow-up. However, both our previous cross-sec-
tional analyses [4,5] and our loss to follow-up analysis [15] do not give us reason to suspect a
large pre-study selection effect.

Whether adult exposure to farm dust or endotoxin has a protective effect is still under
debate.[27] Several cross-sectional studies in adults have linked farming exposures to a
reduced likelihood of developing asthma, atopy and allergies, but the results are inconsistent
and could possibly be explained by healthy worker survival effects or lingering effects from
childhood exposures.[27-29] Yet, the epidemiological evidence for a protective effect in adults
is growing.[5,6,30-32]

In our previously published cross-sectional analyses of the same cohort, we found that
higher endotoxin exposure protects against hay fever and atopic sensitization.[4,5] In the
present longitudinal analysis, these protective effects were confirmed. Although not all rela-
tionships were statistically significant, they consistently indicated a protective effect of endo-
toxin exposure on new-onset and persistence of hay fever, atopy and grass IgE positivity.
Moreover, we also showed a tendency for increased loss of IgE positivity in association with
higher endotoxin exposures during the follow-up period. Only a few other longitudinal studies
investigated allergic responses in farm environments, albeit none of those included exposure-
response relationships. In a small follow-up study in 42 farmers,[30] IgE-mediated sensitiza-
tion was observed less frequently at follow-up and no new sensitizations occurred. Similar to
our and most other studies on the “farming effect”,[27] this was most pronounced for grass
sensitization. No such effect was observed for HDM sensitization which is consistent with
other studies.[27] A longitudinal study in farmers [6] also found a protective effect of exposure
on new-onset sensitization. However, this study classified exposure as being a current farmer
or ex-farmer compared with non-farming control subjects. In children, a protective effect of
parental farming on prevalence of atopy and new-onset skin prick test positivity was shown as
well as some evidence of increased loss of positivity in children living on a farm.[1] In our cur-
rent longitudinal study, we show that adult endotoxin exposure contributes to protection
against development or persistence of atopy and allergies and that this effect is independent of
healthy worker effects or farm childhood (see S4 and S5 Tables). Although we have identified
relationships with endotoxin, other exposures, like different types of farm dust, could correlate
with endotoxin and therefore be responsible for the observed effects of endotoxin exposure.
However, two recent studies showed an association between asthma and lower microbial
diversity in nasal swab and mattress dust,[28,29] where a higher microbial diversity was
encountered in a farming environment. This seems to indicate that microbial exposures, such
as endotoxin, play an important role in allergic desensitization.

The mechanisms through which endotoxin or farming exposure protect against allergic
outcomes is not yet elucidated. It has been suggested that the protective effect of endotoxin
exposure on allergic diseases is mediated through balancing Th1 and Th2 responses in the
immune system in early life.[33] As this effect is most pronounced and part of the natural
development of the infant immune system, it was long thought unlikely that endotoxin expo-
sure in adulthood could also be protective against allergic diseases.

In addition to regulation of the Th1/Th2 balance during childhood, the epidemiological evi-
dence for a protective effect in adults is growing.[5,6,30-32] Additionally, studies investigating
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the mechanism behind the protective effect of endotoxin exposure on allergic diseases in adults
have found a shifted Th1/Th2 balance in farmers compared to non-farming controls consis-
tent with a lower prevalence of allergic diseases in farmers and agricultural workers.[34] Thus,
the regulation of the immune response might be strongest in childhood, but could continue
throughout life.

In conclusion, in this occupational cohort of agricultural workers and farmers, we showed a
longitudinal protective effect of endotoxin exposure on hay fever, atopy and grass IgE positiv-
ity. Our longitudinal study provides further evidence that adult endotoxin exposure may pro-
tect against the development of and persistent absence of allergy in adulthood, which should
however be reconfirmed in a larger cohort.

Supporting information

S1 Text. Questionnaire on work and health for farmers and agricultural industry workers,
original Dutch version.
(PDF)

S2 Text. Questionnaire on work and health for farmers and agricultural industry workers,
English translation.
(PDF)

S1 Table. Exposure estimates using baseline model and pooled model by industry and job
title.
(PDF)

S2 Table. Association of baseline endotoxin exposure and Aexposure with reported health
symptoms and specific IgE positivity.

(PDF)

§3 Table. Linear regression analysis of lung function and total IgE in association with base-

line endotoxin exposure and Aexposure.
(PDF)

$4 Table. Adjusted logistic regression analysis of reported health symptoms and specific
IgE positivity in association with endotoxin exposure with and without additional adjust-
ment for farm childhood.

(PDF)

S5 Table. Linear regression analysis of lung function and total IgE in association with
endotoxin exposure with and without additional adjustment for farm childhood.
(PDF)

S1 Dataset.
(XLSX)

Author Contributions

Conceptualization: Elisabeth A. J. Spierenburg, Lidwien A. M. Smit, Dick Heederik, Inge M.
Wouters.

Formal analysis: Elisabeth A. J. Spierenburg.
Funding acquisition: Dick Heederik, Machteld N. Hylkema, Inge M. Wouters.
Investigation: Elisabeth A. ]. Spierenburg, Lidwien A. M. Smit.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189097 December 6, 2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189097.s008
https://doi.org/10.1371/journal.pone.0189097

@° PLOS | ONE

Occupational endotoxin exposure in association with atopic sensitization and respiratory health

Supervision: Dick Heederik, Inge M. Wouters.

Writing - original draft: Elisabeth A. J. Spierenburg.

Writing - review & editing: Lidwien A. M. Smit, Esmeralda J. M. Krop, Dick Heederik,

Machteld N. Hylkema, Inge M. Wouters.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Horak F Jr., Studnicka M, Gartner C, Veiter A, Tauber E, Urbanek R, et al. Parental farming protects
children against atopy: Longitudinal evidence involving skin prick tests. Clinical and Experimental
Allergy. 2002; 32: 1155—-1159. PMID: 12190651

Braun-Fahrlander C, Riedler J, Herz U, Eder W, Waser M, Grize L, et al. Environmental exposure to
endotoxin and its relation to asthma in school-age children. N Engl J Med. 2002; 347: 869-877. https://
doi.org/10.1056/NEJM0a020057 PMID: 12239255

Ege MJ, Mayer M, Normand A-, Genuneit J, Cookson WOCM, Braun-Fahrlander C, et al. Exposure to
environmental microorganisms and childhood asthma. N Engl J Med. 2011; 364: 701-709. https://doi.
org/10.1056/NEJMoa1007302 PMID: 21345099

Smit LAM, Heederik D, Doekes G, Lammers JWJ, Wouters IM. Occupational endotoxin exposure
reduces the risk of atopic sensitization but increases the risk of bronchial hyperresponsiveness. Int Arch
Allergy Immunol. 2010; 152: 151-158. https://doi.org/10.1159/000265536 PMID: 20016197

Smit LAM, Heederik D, Doekes G, Blom C, Van Zweden |, Wouters IM. Exposure-response analysis of
allergy and respiratory symptoms in endotoxin-exposed adults. Eur Respir J. 2008; 31: 1241-1248.
https://doi.org/10.1183/09031936.00090607 PMID: 18256063

Elholm G, Schliinssen V, Doekes G, Basinas |, Bibby BM, Hjort C, et al. Become a farmer and avoid
new allergic sensitization: Adult farming exposures protect against new-onset atopic sensitization. J
Allergy Clin Immunol. 2013; 132: 1239—1241. https://doi.org/10.1016/j.jaci.2013.07.003 PMID:
23987793

Post W, Heederik D, Houba R. Decline in lung function related to exposure and selection processes
among workers in the grain processing and animal feed industry. Occup Environ Med. 1998; 55: 349—
355. PMID: 9764113

Vogelzang PFJ, Van Der Gulden JWJ, Folgering H, Kolk JJ, Heederik D, Preller L, et al. Endotoxin
exposure as a major determinant of lung function decline in pig farmers. American Journal of Respira-
tory and Critical Care Medicine. 1998; 157: 15-18. https://doi.org/10.1164/ajrccm.157.1.9703087
PMID: 9445272

Pahwa P, Senthilselvan A, McDuffie HH, Dosman JA. Longitudinal decline in lung function measure-
ments among Saskatchewan grain workers. Canadian Respiratory Journal. 2003; 10: 135-141. PMID:
12712221

Iversen M, Dahl R. Working in swine-confinement buildings causes an accelerated decline in FEV1: A
7-yr follow-up of Danish farmers. European Respiratory Journal. 2000; 16: 404-408. PMID: 11028651

Gainet M, Thaon I, Westeel V, Chaudemanche H, Venier AG, Dubiez A, et al. Twelve-year longitudinal
study of respiratory status in dairy farmers. Eur Respir J. 2007; 30: 97—-103. https://doi.org/10.1183/
09031936.00150405 PMID: 17392318

Venier AG, Chaudemanche H, Monnet E, Thaon |, Fury R, Laplante JJ, et al. Influence of occupational
factors on lung function in French dairy farmers. A 5-year longitudinal study. Am J Ind Med. 2006; 49:
231-237. https://doi.org/10.1002/ajim.20278 PMID: 16550561

Bolund ACS, Miller MR, Basinas I, Elholm G, Omland @, Sigsgaard T, et al. The effect of occupational
farming on lung function development in young adults: A 15-year follow-up study. Occup Environ Med.
2015.

Bolund AC, Miller MR, Sigsgaard T, Schlunssen V. The effect of organic dust exposure on long-term
change in lung function: a systematic review and meta-analysis. Occup Environ Med. 2017. doi:
oemed-2016-103963 [pii].

Spierenburg EAJ, Smit LAM, Heederik D, Robbe P, Hylkema MN, Wouters IM. Healthy worker survivor
analysis in an occupational cohort study of Dutch agricultural workers. Int Arch Occup Environ Health.
2015; 88: 1165—-1173. https://doi.org/10.1007/s00420-015-1047-9 PMID: 25795169

Burney PGJ, Luczynska C, Chinn S, Jarvis D. The European Community Respiratory Health Survey.
Eur Respir J. 1994; 7: 954—960. PMID: 8050554

Doekes G. Enzyme immunoassays for total and allergen specific IgE in population studies. Occup Envi-
ron Med. 1996; 53: 63-70. PMID: 8563861

PLOS ONE | https://doi.org/10.1371/journal.pone.0189097 December 6, 2017 12/13


http://www.ncbi.nlm.nih.gov/pubmed/12190651
https://doi.org/10.1056/NEJMoa020057
https://doi.org/10.1056/NEJMoa020057
http://www.ncbi.nlm.nih.gov/pubmed/12239255
https://doi.org/10.1056/NEJMoa1007302
https://doi.org/10.1056/NEJMoa1007302
http://www.ncbi.nlm.nih.gov/pubmed/21345099
https://doi.org/10.1159/000265536
http://www.ncbi.nlm.nih.gov/pubmed/20016197
https://doi.org/10.1183/09031936.00090607
http://www.ncbi.nlm.nih.gov/pubmed/18256063
https://doi.org/10.1016/j.jaci.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23987793
http://www.ncbi.nlm.nih.gov/pubmed/9764113
https://doi.org/10.1164/ajrccm.157.1.9703087
http://www.ncbi.nlm.nih.gov/pubmed/9445272
http://www.ncbi.nlm.nih.gov/pubmed/12712221
http://www.ncbi.nlm.nih.gov/pubmed/11028651
https://doi.org/10.1183/09031936.00150405
https://doi.org/10.1183/09031936.00150405
http://www.ncbi.nlm.nih.gov/pubmed/17392318
https://doi.org/10.1002/ajim.20278
http://www.ncbi.nlm.nih.gov/pubmed/16550561
https://doi.org/10.1007/s00420-015-1047-9
http://www.ncbi.nlm.nih.gov/pubmed/25795169
http://www.ncbi.nlm.nih.gov/pubmed/8050554
http://www.ncbi.nlm.nih.gov/pubmed/8563861
https://doi.org/10.1371/journal.pone.0189097

@° PLOS | ONE

Occupational endotoxin exposure in association with atopic sensitization and respiratory health

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Quanjer PH, Tammeling GJ, Cotes JE, Pedersen OF, Peslin R, Yernault JC. Lung volumes and forced
ventilatory flows. Report Working Party Standardization of Lung Function Tests, European Community
for Steel and Coal. Official Statement of the European Respiratory Society. Eur Respir J Suppl. 1993;
16: 5-40. PMID: 8499054

Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. Standardisation of spirome-
try. Eur Respir J. 2005; 26: 319-338. doi: 26/2/319 [pii]. https://doi.org/10.1183/09031936.05.00034805
PMID: 16055882

Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-ethnic reference values for
spirometry for the 3-95-yr age range: The global lung function 2012 equations. European Respiratory
Journal. 2012; 40: 1324—-1343. https://doi.org/10.1183/09031936.00080312 PMID: 22743675

Douwes J, Versloot P, Hollander A, Heederik D, Doekes G. Influence of various dust sampling and
extraction methods on the measurement of airborne endotoxin. Appl Environ Microbiol. 1995; 61:
1763-1769. PMID: 7646014

Preller L, Kromhout H, Heederik D, Tielen MJM. Modeling long-term average exposure in occupational
exposure-response analysis. Scandinavian Journal of Work, Environment and Health. 1995; 21: 504—
512. PMID: 8824757

Thomsen GF, Schliinssen V, Skadhauge LR, Malling TH, Sherson DL, Omland &, et al. Are allergen
batch differences and the use of double skin prick test important? BMC Pulmonary Medicine. 2015; 15.

Thaon |, Thiebaut A, Jochault L, Lefebvre A, Laplante JJ, Dalphin JC. Influence of hay and animal feed
exposure on respiratory status: A longitudinal study. Eur Respir J. 2011; 37: 767-774. https://doi.org/
10.1183/09031936.00122209 PMID: 21030452

Chaudemanche H, Monnet E, Westeel V, Pernet D, Dubiez A, Perrin C, et al. Respiratory status in dairy
farmers in France; cross sectional and longitudinal analyses. Occup Environ Med. 2003; 60: 858—863.
https://doi.org/10.1136/0em.60.11.858 PMID: 14573716

Senthilselvan A, Dosman JA, Kirychuk SP, Barber EM, Rhodes CS, Zhang Y, et al. Accelerated lung
function decline in swine confinement workers. Chest. 1997; 111: 1733-1741. PMID: 9187201

Campbell BE, Lodge CJ, Lowe AJ, Burgess JA, Matheson MC, Dharmage SC. Exposure to 'farming’
and objective markers of atopy: A systematic review and meta-analysis. Clinical and Experimental
Allergy. 2015; 45: 744—757. https://doi.org/10.1111/cea.12429 PMID: 25270644

Birzele LT, Depner M, Ege MJ, Engel M, Kublik S, Bernau C, et al. Environmental and mucosal micro-
biota and their role in childhood asthma. Allergy: European Journal of Allergy and Clinical Immunology.
2017; 72: 109—119. https://doi.org/10.1111/all.13002 PMID: 27503830

Depner M, Ege MJ, Cox MJ, Dwyer S, Walker AW, Birzele LT, et al. Bacterial microbiota of the upper
respiratory tract and childhood asthma. J Allergy Clin Immunol. 2015. https://doi.org/10.1016/}.jaci.
2016.05.050 PMID: 27576124

Prior C, Falk M, Frank A. Longitudinal changes of sensitization to farming-related antigens among
young farmers. Respiration. 2001; 68: 46-50. https://doi.org/10.1159/000050462 PMID: 11223730

Portengen L, Preller L, Tielen M, Doekes G, Heederik D. Endotoxin exposure and atopic sensitization in
adult pig farmers. J Allergy Clin Immunol. 2005; 115: 797-802. https://doi.org/10.1016/j.jaci.2004.11.
046 PMID: 15806001

Gehring U, Bischof W, Schlenvoigt G, Richter K, Fahlbusch B, Wichmann H-, et al. Exposure to house
dust endotoxin and allergic sensitization in adults. Allergy: European Journal of Allergy and Clinical
Immunology. 2004; 59: 946-952. https://doi.org/10.1111/j.1398-9995.2004.00551.x PMID: 15291902

Vercelli D. Innate immunity: Sensing the environment and regulating the regulators. Current Opinion in
Allergy and Clinical Immunology. 2003; 3: 343—346. https://doi.org/10.1097/01.all.0000092603.76804.
e4 PMID: 14501432

Robbe P, Spierenburg EAJ, Draijer C, Brandsma CA, Telenga E, Van Oosterhout AJM, et al. Shifted T-
cell polarisation after agricultural dust exposure in mice and men. Thorax. 2014; 69: 630-637. https://
doi.org/10.1136/thoraxjnl-2013-204295 PMID: 24536057

PLOS ONE | https://doi.org/10.1371/journal.pone.0189097 December 6, 2017 13/13


http://www.ncbi.nlm.nih.gov/pubmed/8499054
https://doi.org/10.1183/09031936.05.00034805
http://www.ncbi.nlm.nih.gov/pubmed/16055882
https://doi.org/10.1183/09031936.00080312
http://www.ncbi.nlm.nih.gov/pubmed/22743675
http://www.ncbi.nlm.nih.gov/pubmed/7646014
http://www.ncbi.nlm.nih.gov/pubmed/8824757
https://doi.org/10.1183/09031936.00122209
https://doi.org/10.1183/09031936.00122209
http://www.ncbi.nlm.nih.gov/pubmed/21030452
https://doi.org/10.1136/oem.60.11.858
http://www.ncbi.nlm.nih.gov/pubmed/14573716
http://www.ncbi.nlm.nih.gov/pubmed/9187201
https://doi.org/10.1111/cea.12429
http://www.ncbi.nlm.nih.gov/pubmed/25270644
https://doi.org/10.1111/all.13002
http://www.ncbi.nlm.nih.gov/pubmed/27503830
https://doi.org/10.1016/j.jaci.2016.05.050
https://doi.org/10.1016/j.jaci.2016.05.050
http://www.ncbi.nlm.nih.gov/pubmed/27576124
https://doi.org/10.1159/000050462
http://www.ncbi.nlm.nih.gov/pubmed/11223730
https://doi.org/10.1016/j.jaci.2004.11.046
https://doi.org/10.1016/j.jaci.2004.11.046
http://www.ncbi.nlm.nih.gov/pubmed/15806001
https://doi.org/10.1111/j.1398-9995.2004.00551.x
http://www.ncbi.nlm.nih.gov/pubmed/15291902
https://doi.org/10.1097/01.all.0000092603.76804.e4
https://doi.org/10.1097/01.all.0000092603.76804.e4
http://www.ncbi.nlm.nih.gov/pubmed/14501432
https://doi.org/10.1136/thoraxjnl-2013-204295
https://doi.org/10.1136/thoraxjnl-2013-204295
http://www.ncbi.nlm.nih.gov/pubmed/24536057
https://doi.org/10.1371/journal.pone.0189097

