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Abstract

Objectives—The previously observed inverse association between hog farming and risk of lung 

cancer in the Agricultural Health Study (AHS) has been attributed to endotoxin exposure, levels of 

which are particularly high in industrial hog confinement facilities. We conducted an investigation 

to explore the potential biological mechanisms underlying this association as well as other 

immunologic changes associated with hog farming.

Methods—Serum immune marker levels were measured using a multiplexed bead-based assay in 

61 active hog farmers and 61 controls matched on age, phlebotomy date, and raising cattle. Both 

groups were comprised of non-smoking male AHS participants from Iowa. We compared natural 

log-transformed marker levels between hog farmers and controls using multivariate linear 

regression models.

Results—Circulating levels of macrophage-derived chemokine (MDC/CCL22), a chemokine 

previously implicated in lung carcinogenesis, were reduced among hog farmers (17% decrease; 

95% confidence interval [CI]: −28%, −4%), in particular for those with the largest operations 

(>6,000 hogs: 26% decrease; 95% CI −39%, −10%; Ptrend=0.002). We also found that hog farmers 

had elevated levels of other immune markers including macrophage inflammatory protein-3 alpha 

(MIP-3A/CCL20; 111% increase, 95% CI 19%, 273%), basic fibroblast growth factor (FGF-2; 

93% increase, 95% CI 10%, 240%), and soluble interleukin-4 receptor (sIL-4R; 12% increase, 

95% CI 1%, 25%), with particularly strong associations for MIP-3A/CCL20 and FGF-2 in winter.
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Conclusions—These results provide insights into potential immunomodulatory mechanisms 

through which endotoxin or other exposures associated with hog farming may influence lung 

cancer risk, and warrant further investigation with more detailed bioaerosol exposure assessment.
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Introduction

Farmers raising hogs in confined facilities are often highly exposed to endotoxin, a 

component of the cell wall of Gram negative bacteria that provokes an acute inflammatory 

response (1–3). A reduced risk of lung cancer has been observed among individuals 

employed in various occupations with high levels of exposure to endotoxin (4–6), including 

agriculture (5, 6). This deficit has been attributed, in part, to potential anti-carcinogenic 

immune-related effects of endotoxin exposure (4). However, one study found an increased 

risk of lung cancer in relation to estimated exposure to endotoxin, although this association 

disappeared after adjusting for exposure to organic dust (7). In a prior investigation in the 

Agricultural Health Study (AHS), a prospective cohort that includes farmers in Iowa and 

North Carolina (8), the risk of lung cancer decreased with increasing numbers of livestock 

(9). This association was most apparent among those with at least 1,000 animals, and nearly 

all of the farmers in this category (93%) reported raising hogs. Although the specific 

biological mechanisms underlying this inverse association with lung cancer risk are not yet 

fully understood, it is suspected that immune alterations related to endotoxin exposure may 

play a role.

There is considerable experimental and epidemiologic evidence suggesting that immune and 

inflammatory responses influence lung carcinogenesis (10, 11). Prospective studies in the 

general U.S. population have shown an increased risk of lung cancer in relation to high pre-

diagnosis circulating levels of several chemokines (B-cell attracting chemokine-1, BCA-1/

CXCL13; macrophage-derived chemokine, MDC/CCL22; monokine induced by gamma 

interferon, MIG/CXCL9; thymus and activation regulated chemokine, TARC/CCL17), acute 

phase proteins (C-reactive protein, CRP; serum amyloid A, SAA), and other cytokines and 

growth factors (soluble tumor necrosis factor receptor-2, sTNFR2; transforming growth 

factor alpha, TGF-A) (12, 13).

To explore potential biological mechanisms underlying the inverse association between hog 

farming and lung cancer as well as other immunologic changes associated with hog farming, 

we investigated these and other biomarkers of immune function and inflammation among 

hog farmers in the study of Biomarkers of Exposure and Effect in Agriculture (BEEA), a 

molecular epidemiologic substudy in the AHS.
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Methods

Study population

The design and enrollment methods of the BEEA study have been described (14). Briefly, 

we recruited male AHS participants who were ≥50 years of age, had never been diagnosed 

with cancer (except for non-melanoma skin cancer), and had completed the questionnaires 

administered at AHS enrollment (1993–1997) and during two follow-up interviews (1998–

2003 and 2005–2010). For the current investigation, we selected the study sample from the 

955 participants who were enrolled in BEEA between June 2010 and September 2013. To 

minimize potential confounding and reduce heterogeneity in other factors that might have 

influenced immune marker levels, we restricted our selection to Iowa residents who did not 

smoke cigarettes and further excluded those who were raising poultry, which has also been 

associated with lung cancer risk in the AHS (9). Our hog farming group (N=61) was 

comprised of all participants who had raised at least 1,000 hogs in the past year, had spent 

time in a swine confinement facility in the past month, and had also reported raising hogs on 

each of the previously administered AHS questionnaires; all of those selected had been 

raising hogs for a minimum of 13 years at the time of phlebotomy. For the selection of 

controls, in addition to the exclusion criteria noted above (i.e., limiting eligibility to Iowa 

residents who were non-smokers and not raising poultry), we further restricted to those who 

had never raised hogs and matched to hog farmers with a 1:1 ratio on age (±2 years), date of 

phlebotomy (±60 days, N=52; relaxed to ±365 days, N=9), and whether they raised cattle 

(yes/no).

All BEEA participants provided written informed consent, and study procedures have been 

approved by Institutional Review Boards at the NCI and other relevant organizations.

Immune marker measurements

We performed assays measuring serum levels of 67 markers (including the 8 markers 

previously linked to lung cancer) across 6 Millipore multiplex bead-based panels at the 

Frederick National Laboratory for Cancer Research using methods that have been described 

and evaluated for sensitivity and reproducibility (15). All of the selected serum samples were 

collected, aliquoted, and stored at −80°C following the same protocol (14). Blinded replicate 

quality control (QC) samples amounting to 10% of the test samples were interspersed within 

and across batches. For three markers that were measured on multiple panels, we used the 

results from the high sensitivity panel, which had higher detectability and lower coefficients 

of variation (CVs). We further excluded five markers (TSLP, IL-3, IL-4, IL-29, IL-33) for 

which ≥50% of the test samples had levels below the lowest limit of quantification (LLOQ), 

and one marker (TNF-B) for which a CV could not be estimated because too few 

measurements in the QC samples were above the LLOQ. After these exclusions, there were 

58 markers available for analysis. Most of these (83%) were detectable in >90% of the test 

samples; those with values below the LLOQ were assigned a level that was half of the 

LLOQ. The median overall CV for the evaluated markers was 3.7% (range 0.95–10.4%) 

(Supplementary Table 1).
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Statistical analysis

Differences in the distributions of absolute marker levels between groups were assessed 

using Wilcoxon rank-sum tests. We evaluated departure from the normal distributions of 

untransformed and natural log-transformed marker levels using Quantile-Quantile plots, and 

found that natural log-transformed levels were generally more normally distributed. For our 

main analyses, we assessed differences in natural log-transformed marker levels between 

hog farmers and controls using multivariate linear regression models. All models were 

adjusted for matching factors, including age, season of phlebotomy (winter months: 

October-March; summer months: April-September), and exposure to cattle. In addition, 

body mass index (BMI) and recent use of aspirin or other non-steroidal anti-inflammatory 

drugs (NSAIDs) were selected as covariates a priori because they have been shown to 

influence immune marker levels in previous studies (16, 17), and recent history of 

respiratory infection was selected because it was considered likely to influence immune 

marker levels and differed between hog farmers and controls in these data. Analyses for 

selected markers with measurements below the LLOQ were also conducted using Tobit 

regression to account for interval censoring.

For markers that were associated with hog farming in the main analyses, we compared levels 

across categories of hog farmers, based on approximate tertiles of the number of hogs being 

raised (none, N=61; <3,000 hogs, N=18; 3,000–6,000 hogs, N=21; and >6,000 hogs, N=22), 

using linear regression models adjusted for the same covariates as described above. Tests for 

trend in marker levels were performed by assigning the within-category median for number 

of hogs and analyzing as a continuous variable. We also performed analyses of these 

immune markers after stratifying by other characteristics such as age and season of 

phlebotomy as these factors may influence immune markers or likelihood or exposure to 

endotoxin or other bioaerosols. Additional analyses were conducted to evaluate potential 

confounding by historical or current exposure to pesticides that are commonly used in hog 

confinement facilities (e.g., malathion, cyfluthrin, imidacloprid) (18) or have been 

previously associated with lung cancer risk in the AHS (19). We adjusted for selected 

pesticides that were reported by >10% of the study participants at AHS enrollment 

(chlorimuron-ethyl, pendimethalin, diazinon, and malathion) or in the 12 months prior to 

phlebotomy in BEEA (malathion and cyfluthrin). Finally, we conducted sensitivity analyses 

excluding hog farmers and controls who were raising cattle and those who reported having 

respiratory infections in the 7 days prior to phlebotomy.

All analyses were performed using Stata 14.0 (College Station, TX). Because this 

investigation focused on a few specific immune markers from across the selected panels that 

have been implicated previously in lung carcinogenesis, and analyses of other markers on 

those panels were exploratory, we considered findings to be statistically significant if P < 

0.05.

Results

Demographic and other characteristics of the selected study participants are shown in Table 

1. As expected based on our matching criteria, hog farmers and controls were similar with 

respect to age, season of phlebotomy, and whether they reported raising cattle. Controls were 
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more likely than hog farmers to have had a respiratory infection in the past 7 days (31% and 

13%, respectively), but did not differ in terms of other characteristics such as race, level of 

education, BMI, or recent NSAID use.

Findings for immune markers that were statistically significantly associated with hog 

farming are shown in Table 2. Circulating levels of macrophage-derived chemokine (MDC/

CCL22) were lower among hog farmers compared with controls, whereas levels of 

macrophage inflammatory protein-3 alpha (MIP-3A/CCL20), basic fibroblast growth factor 

(FGF-2), and soluble interleukin-4 receptor (sIL-4R) were elevated (Table 2). The 

association with MDC/CCL22 remained statistically significant after adjustment for 

covariates; levels of this chemokine were estimated to be 17% lower (95% confidence 

interval [CI]: −28%, −4%) among hog farmers than among controls. Notably, as shown in 

Figure 1, we observed an exposure-response trend of decreasing MDC/CCL22 levels with 

increasing number of hogs (>6,000 hogs vs. controls: −26%; 95% CI −39%, −10%; Ptrend = 

0.002). A similar pattern of association was observed among these participants for number 

of hogs reported in earlier AHS interviews (e.g., at first follow-up, >4,000 hogs vs. controls: 

−24%; 95% CI −38%, −7%; Ptrend = 0.006). The overall association between hog farming 

and MDC/CCL22 levels did not differ by season or age at phlebotomy (not shown), and 

remained statistically significant after excluding those who were raising cattle (−28%; 95% 

CI −41%, −13%).

Multivariate analyses of other markers demonstrated that, relative to controls, hog farmers 

had approximately two-fold higher levels of MIP-3A/CCL20 and FGF-2 (increases of 111% 

[95% CI: 19%, 273%] and 93% [10%, 240%], respectively; Table 2). These two markers 

were only moderately correlated (spearman correlation coefficients of 0.2 among controls 

and 0.4 among hog farmers). Levels of sIL-4R were also elevated by 12% (1%, 25%) in hog 

farmers after covariate adjustment. Results for these markers were similar in analyses using 

Tobit regression that accounted for interval censoring when measurements were below the 

LLOQ (Supplementary Table 2). There were suggestive but non-statistically significant 

trends of increasing levels of MIP-3A/CCL20 and sIL-4R with greater numbers of hogs 

(Ptrend = 0.05 and 0.075, respectively; Figure 1), but not for FGF-2 (Ptrend = 0.28). After 

stratifying by season of phlebotomy, we observed particularly strong associations during the 

winter months for MIP-3A/CCL20 (330%; 95% CI 66%, 1013%) and FGF-2 (272%; 95% 

CI 64%, 740%) when endotoxin levels are typically highest (2, 3); neither marker was 

elevated among hog farmers during the summer months (Pinteraction = 0.02 and 0.07, 

respectively; Supplementary Figure 1).

Our findings for MDC/CCL22, MIP-3A/CCL20, FGF-2, and sIL-4R were essentially 

unchanged in analyses adjusted for reported pesticide use at AHS enrollment or for current 

use (in past 12 months) at the time of enrollment in BEEA, although the association with 

sIL-4R was no longer statistically significant. In sensitivity analyses excluding those with 

recent respiratory infections (in the past 7 days), the associations with hog farming for these 

four markers were similar or only modestly attenuated.

Findings for other markers are shown in Supplementary Table 3. Hog farmers had somewhat 

lower levels of tumor necrosis factor-related apoptosis inducing ligand (TRAIL) and B-cell 
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attracting chemokine-1 (BCA-1/CXCL13), and somewhat higher levels of macrophage 

inflammatory protein-1 beta (MIP-1B/CCL4) and fractalkine (CX3CL1). However, these 

and other markers were not associated with hog farming after adjustment for covariates 

(Supplementary Table 3).

Discussion

This study is, to our knowledge, the first comprehensive investigation of alterations in lung 

cancer-related immune markers among hog farmers. We found that hog farming was 

associated with lower circulating levels of MDC/CCL22 and observed an exposure-response 

trend with increasing numbers of hogs. MDC/CCL22 has been implicated in lung cancer 

development in a recent pooled investigation involving 1,052 lung cancer cases from the 

Prostate, Lung, Colorectal and Ovarian (PLCO) cohort (13), and an earlier investigation in 

PLCO found that MDC/CCL22 was independently associated with lung cancer risk (12). 

Taken together with these prospective findings from PLCO, our results suggest that altered 

expression of MDC/CCL22 may contribute to the reduced risk of lung cancer observed 

previously among hog farmers in the AHS (9). The specific role of MDC/CCL22 in lung 

carcinogenesis has yet to be fully elucidated. This CC-motif chemokine is involved in the 

selective recruitment of lymphocytes through signaling in the C-C chemokine receptor type 

4 pathway, and its expression is associated with a T helper 2 (Th2)-type immune response 

(20). Systemic levels of MDC/CCL22 have been associated with pulmonary inflammation in 

animal models (21), and elevated MDC/CCL22 levels have been observed in 

bronchoalveolar lavage fluid of patients with idiopathic pulmonary fibrosis (22, 23). 

Notably, MDC/CCL22 and its receptors are expressed in lung tumors (24, 25).

In contrast to our findings for MDC/CCL22, we also observed elevated levels of several 

markers including MIP-3A/CCL20, FGF-2, and sIL-4R. The particularly strong associations 

with MIP-3A/CCL20 and FGF-2 during the winter months are consistent with well-

characterized patterns of higher levels of exposure to endotoxin and other organic dusts in 

winter when ventilation rates in hog confinement facilities are reduced (2, 3). Differences by 

season have been observed for other markers in prior studies of hog farm workers (26, 27). 

Although levels of these markers were elevated in overall analyses, the patterns were not 

monotonic with increasing number of hogs. This could indicate that intermediate levels of 

exposure might elicit a different response for these markers, or could be indicative of 

exposure misclassification as number of hogs is a crude surrogate of exposure to endotoxin 

and other bioaerosols. Future studies of these markers with quantitative estimation of 

exposure should consider evaluating differences by season and potential non-linear 

exposure-response patterns. Evidence from experimental studies supports an association 

with endotoxin exposure for these markers. Gene expression of MIP-3A/CCL20 was 

induced by bacterial endotoxin (lipopolysaccharide, LPS) (28), and treatment with 

recombinant FGF-2 protected against interferon (IFN)-gamma induced emphysema 

following LPS challenge in FGF-2 deficient mice (29). Expression of both MIP-3A/CCL20 

and FGF-2 may be related to IFN-gamma production, which is an important mediator of 

endotoxin-induced immune responses (30). The underlying biological basis of the 

association with sIL-4R observed in multivariate analyses is less clear, although the binding 

of IL-4 to receptors on macrophages may downregulate IFN-gamma during immune 
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response to glycans (31). We note that these findings may have implications for other acute 

and chronic health endpoints related to occupational endotoxin exposure, such as atopic 

asthma and chronic respiratory disease (1–3, 32).

Prior studies in hog farm workers (26, 27) and hog breeders (33) noted associations with 

circulating levels and/or mRNA expression for TNF-A and IL-6, -8, and -10. However, these 

findings were inconsistent across studies, which were limited to small numbers of hog-

exposed workers (N≤28), evaluated short-term effects, and measured relatively few markers 

with no clear relevance to the etiology of lung cancer. None of these specific markers were 

associated with hog farming in the present study.

Our investigation had several notable strengths. This is the largest investigation to date of 

immune alterations among hog farmers, and the first to evaluate markers specifically linked 

to lung cancer development. We were able to maximize the exposure contrast between 

groups by selecting hog farmers who were most likely to have high current exposure (as 

indicated by raising ≥1,000 hogs and having spent time in a hog confinement building in the 

past month) as well as high cumulative lifetime exposure based on their reported history of 

hog farming on previous AHS questionnaires. We also minimized confounding by other 

factors by adjusting for exposure to cattle and restricting to BEEA participants who were not 

occupationally exposed to poultry, were non-smokers, and were living in Iowa. Further 

adjustment for exposure to pesticides commonly used in hog confinement facilities or linked 

to lung cancer did not change our findings. With a median age at phlebotomy of 56 years 

(interquartile range: 53–59 years), the measurements of immune markers reflect levels 

during an etiologically relevant time period for future risk of lung cancer, which may take 

years to develop into clinically manifest disease and is typically diagnosed at an older age 

(13).

Several limitations of the present study should also be acknowledged. Although it is likely 

that the observed immunologic changes may be attributable to exposure to endotoxin or 

other bioaerosols, we did not have quantitative estimates of these exposures. It is also 

possible that expression of some markers could be influenced by other exposures related to 

hog farming including zoonotic pathogens, particulate matter, and hydrogen sulfide (18, 32, 

34–36). Future studies of these immune markers and other intermediate endpoints would 

benefit from detailed characterization of endotoxin and other exposures among farmers who 

are raising hogs or other animals (e.g., dairy and beef cattle, poultry), using different kinds 

of animal confinement facilities (e.g., indoor vs. outdoor), or engaged in other farming 

activities that are likely to influence levels of exposure. While this study is the largest of its 

kind and was sufficiently powered to detect relatively modest differences in immune marker 

levels between hog farmers and controls, it is possible that some of the associations may 

have arisen due to chance given the number of immune markers that were evaluated; in 

particular, the findings of exploratory analyses among those markers not previously 

associated with risk of lung cancer should be interpreted cautiously. As such, replication of 

our findings of altered immune marker levels in hog farmers and extension of this work to 

other kinds of animal production and farming activities involving exposure to endotoxin and 

other bioaerosols is warranted. Finally, previous studies have noted a lower prevalence of 

allergic diseases in some farming populations that may be attributable to early life farm 
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exposures including endotoxin (reviewed in ref. 37). Future investigations of these and other 

markers related to Th1/Th2 balance and expression of IFN-gamma in studies with detailed 

characterization of early life farm exposures could provide mechanistic insights into 

persistent immunologic changes that may influence the risk of allergic diseases and other 

health endpoints.

In summary, we found that hog farmers had decreased circulating levels of MDC/CCL22 

and increased levels of MIP-3A/CCL20, FGF-2, and sIL-4R; these immunologic alterations 

may be attributable to high exposure to endotoxin or other bioaerosols associated with hog 

farming. Our finding of reduced circulating levels of MDC/CCL22 among hog farmers 

supports the biological plausibility of the previously observed inverse association between 

hog farming and lung cancer risk, and may provide insights into the underlying biological 

mechanisms through which endotoxin or other bioaerosol exposures influence lung cancer 

development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What this paper adds

1. What is already known about this subject?

Occupational exposure to endotoxin exposure has been consistently associated with a 

reduced risk of lung cancer, although the underlying biological mechanisms remain 

unclear. Levels of endotoxin exposure are particularly high in industrial hog confinement 

facilities, and hog farming has been inversely associated with lung cancer risk in the 

Agricultural Health Study cohort.

2. What are the new findings?

We found that circulating levels of MDC/CCL22, a chemokine that has been 

prospectively linked to lung cancer development, were significantly reduced among hog 

farmers in the Agricultural Health Study. Several other endotoxin-related immunologic 

markers (e.g., MIP-3A/CCL20, FGF-2) were elevated in hog farmers.

3. How might it impact on policy or clinical practice in the foreseeable future?

This study is, to the best of our knowledge, the first comprehensive investigation of lung 

cancer-related immunologic markers among endotoxin-exposed farmers. Our findings 

provide insights into the potential mechanisms of action through which endotoxin 

prevents lung carcinogenesis, thereby informing our understanding of lung cancer 

etiology and prevention.
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Figure 1. 
Differences in natural log-transformed marker levels between hog farmers and controls by 

number of hogs raised in the past year for MDC/CCL22 (Ptrend = 0.002), sIL-4R (Ptrend = 

0.075), MIP-3A/CCL20 (Ptrend = 0.05), and FGF-2 (Ptrend = 0.28). Categories for number of 

hogs were defined as none (N=61), <3,000 (N=18), 3,000–6,000 (N=21), and >6,000 hogs 

(N=22). All analyses were adjusted for age, season of phlebotomy, BMI, recent history of 

respiratory infection, recent NSAID use, and exposure to cattle.
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Table 1

Selected characteristics of hog farmers and controlsa

Characteristic
Hog farmers
N (%)

Controls
N (%)

No. of participants 61 61

Age at phlebotomy, median (range) 56 (50–72) 56 (50–70)

Race

 Non-Hispanic white 60 (98) 59 (97)

 Other/missing 1 (2) 2 (3)

Education

 High school or less 21 (34) 30 (49)

 Some college or vocational school 20 (33) 18 (30)

 College graduate 19 (31) 12 (20)

 Other/missing 1 (2) 1 (2)

Body mass index

 <25 kg/m2 8 (13) 6 (10)

 25–29.9 kg/m2 33 (54) 31 (51)

 ≥30–34.9 kg/m2 20 (33) 24 (39)

Season of phlebotomy

 January – March 21 (34) 26 (43)

 April – June 15 (25) 11 (18)

 July – September 19 (31) 15 (25)

 October – December 6 (10) 9 (15)

Recent (past 7 days) respiratory infectionb

 No 53 (87) 42 (69)

 Yes 8 (13) 19 (31)

Recent (past 7 days) NSAID use

 No 24 (39) 23 (38)

 Yes 37 (61) 38 (62)

Raised cattle (past 12 months)

 No 40 (66) 40 (66)

 Yes 21 (34) 21 (34)

Notes: NSAID, non-steroidal anti-inflammatory drugs

a
Reported as frequencies (%) unless otherwise noted.

b
P < 0.05, chi-square test
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