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Abstract

Objective—The aim of this study was to investigate whether serum samples from the 

Department of Defense Serum Repository (DoDSR) are of sufficient quality to detect microRNAs 

(miRNAs), cytokines, immunoglobulin E (IgE), and polycyclic aromatic hydrocarbons (PAHs).

Methods—MiRNAs were isolated and quantified by polymerase chain reaction (PCR) array. 

Cytokines and chemokines related to inflammation were measured using multiplex immunoassays. 

Cotinine and IgE were detected by enzyme-linked immunoassay (ELISA) and PAHs were detected 

by Liquid Chromatography/Mass Spectroscopy.

Results—We detected miRNAs, cytokines, IgE, and PAHs with high sensitivity. Eleven of 30 

samples tested positive for cotinine suggesting tobacco exposure. Significant associations between 

serum cotinine, cytokine, IgE, PAHs, and miRNA were discovered.

Conclusion—We successfully quantified over 200 potential biomarkers of occupational 

exposure from DoDSR samples. The stored serum samples were not affected by hemolysis and 

represent a powerful tool for biomarker discovery and analysis in retrospective studies.

Environmental exposures can be a major consequence of military service when personnel 

deploy. A number of environmental and occupational exposures, including burn pit smoke, 

dust storms, and diesel exhaust, may predispose personnel to long-term health issues such as 

chronic obstructive pulmonary disease (COPD), asthma, and bronchiolitis.1 The Department 
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of Defense Serum Repository (DoDSR) has collected serum from service members before 

and after deployment.2 A major knowledge gap is whether these serum samples can be used 

to detect specific biomarkers that may be useful to predict and/or monitor potential health 

issues in postdeployment service members. Thus, it is crucial to determine whether serum 

samples from the DoDSR are of sufficient quality to identify putative biomarkers and signs 

of exposure, including changes in microRNAs (miRNA), cytokines, chemokines, polycyclic 

aromatic hydrocarbons (PAHs), and other potential biomolecules that are present in serum.

MiRNAs are a regulatory class of small noncoding RNAs that exhibit tightly controlled 

spatial and temporal expression patterns. Alterations in miRNA expression can have a 

profound impact on biological function, as a single miRNA can regulate expression of 100 

to over 1000 predicted target genes.3 Due to their small size and resistance to nuclease 

mediated degradation, circulating miRNA can be detected in serum. Several recent studies 

show that even after long-term storage at −20°C, miRNA levels remain relatively 

unchanged.4,5 Several miRNA species are aberrantly expressed in disorders such as 

cardiovascular disease, COPD, and cancer.6–8 Further, specific miR-NAs can serve as 

diagnostic and prognostic biomarkers for chemical exposures or diseases.9 Furthermore, 

Deng et al10 have shown that environmental PAH exposures have altered plasma miRNA 

levels. One limitation in using miRNA expression for diagnostic and bio-marker discovery 

purposes is the small amount of patient material available. However, recent advances in 

miRNA isolation and detection have vastly improved the analysis of serum miRNA.11

In addition to the great promise that miRNAs hold as biomarkers, other factors present in 

serum are also potential indicators of health, disease, and environmental exposure. 

Cytokines and chemokines such as interleukin (IL)-6, IL-8, and IL-1β are present in serum 

samples and are altered by health status.12–14 The immunoglobulin E (IgE) class of 

antibodies is present at high levels in serum from asthmatics and people with allergy. 

Furthermore, serum IgE levels are readily increased by certain environmental exposures.15,16 

Thus, serum IgE may be an important indicator of allergy and/or environmental exposure.

Finally, other xenobiotic compounds derived from combustion of material present in burn 

pits, diesel exhaust, or cigarettes can be considereddirect markersof exposure. A number of 

toxicants and types of smoke produce PAHs and dioxin derivatives that can accumulate in 

exposed personnel. Thus, the ability to detect PAHs and dioxins in DoDSR serum samples 

may be of great value to identify exposures and link other biomarkers directly to 

exposure.17,18

The current study was a proof of concept to demonstrate we could detect miRNAs, 

cytokines, IgE, and PAHs in DoDSR serum samples and determine whether they are of 

sufficient quality for use as potential biomarkers. In this study, 30 archival serum samples 

with no identifier information were chosen to test the viability of these putative biomarkers. 

In addition, we assessed whether we could integrate results from different classes of 

biomarkers to discover novel associations.

We found that serum samples from the DoDSR are of sufficient quality to detect over 200 

putative biomarkers, including miRNA, cytokines, IgE, and PAHs. Specific biomarkers 
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strongly correlate with each other. We also detected novel associations in this pilot study (n 
=30) that warranted further investigation in the larger cohort study of 200 deployed and 200 

controls who did not deploy.

MATERIALS AND METHODS

Study Design

Thirty archival serum samples that lacked identifier information (unknown subject, unknown 

collection date) were obtained from the DoDSR for a pilot study, including targeted analysis 

of miRNAs, cytokines, chemokines, cotinine status, IgE levels, and PAH levels. The samples 

were stored by the DoDSR at −30°C until thawing, aliquoting, and shipping for analysis. 

The serum samples were thawed at 4°C overnight, and then aliquoted for the different 

extractions and assays as described below. In addition, serum was collected from three 

normal healthy donors at the University of Rochester for use as internal reference standard. 

These samples were processed and stored at −80°C for no more than 30 days before thawing 

and extraction with the DoDSR samples.

Isolation and Analysis of miRNA From Serum Samples

MiRNAwas extracted from 0.15 mL of serum samples using the miRCURY RNA isolation 

kit for biofluids (Exiqon, Boston, MA) following the manufacturer’s instructions. 

Importantly, 1 μg of bacteriophage MS2 RNA (Roche, Basel, CHE) was added to each 

sample as a carrier to increase consistency of purification. Purified miRNA (50 μL elution 

volume) was then subjected to single miRNA TaqMan Reverse transcription-quantitative 

PCR (RT-qPCR) reactions (Applied Biosystems, Foster City, CA) for quality control before 

further analysis. All samples passed initial quality control indicating the presence of high-

quality miRNA. MiRNA from all samples (15 μL RNA per sample) were then converted into 

cDNA using the Universal reverse transcriptase miRNA kit (Exiqon). The subsequent cDNA 

was subjected to analyses on a low-density PCR array for 179 key miRNAs present in a 

known serum/plasma panel (Exiqon) and amplification and quantification were performed 

on a Roche Lightcycler 480. Each miRNA was analyzed in duplicate on a 384-well PCR 

plate and specific melt curves were evaluated for proper amplification. PCR quantification 

cycles (Cq) values after quality control were compiled and data were normalized using 

Normfinder software.19 In our study, the most stable normalizer was the average expression 

of miRNAs common to all samples (n =57, common miRNAs). After normalization, 

datawere converted into relative miRNA levels for each specific miRNA.

Cotinine Analysis

Tobacco use was determined by cotinine analysis. Cotinine was measured in 0.02 mL of 

serum using a commercial enzyme-linked immunoassay (ELISA) kit (CO096D; Calbiotech, 

Spring Valley, CA). Values less than 1.0 ng/mL were defined as nonusers and greater than 10 

ng/mL as tobacco users. Values between 1 and 10 ng/mL would meet the criteria for 

exposure to second-hand tobacco smoke.20 One sample was within this range (1.6 ng/mL) 

and was grouped with the nonsmokers for subsequent analyses.
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Cytokine and Chemokine Analysis

A multiplex panel was designed by selecting biomarkers that were expected to have a high 

likelihood of revealing immunological and inflammatory changes that might be associated 

with service-related exposures to pollutants (Luminex, Austin, TX). The cytokine panel 

included 22 cytokines and chemokines associated with inflammation, B and T cell function 

and allergy: Eotaxin, Granulocyte-colony stimulating factor, Flt-3L, Granulocyte-

macrophage colony-stimulating factor, Fractalkine, Interferonγ, Growth related oncogene, 

IL-10, IL-12p40, IL-12-p70, IL-13, sCD40L, IL-17A, IL-1ra, IL-10, IL-1α, IL-5, IL-6, IL-8, 

monocyte chemoattractant protein-1, Tumor necrosis factorα, and Vascular endothelial 

growth factor. Each sample was assayed in duplicate, requiring a total of 0.05 mL of serum 

to simultaneously measure these biomarkers. Standard curves and internal controls were run 

to ensure accuracy and reproducibility of the multiplex immunosorbent assays.

IgE Analysis by ELISA

Serum IgE was measured in 0.01 mL of serum using a commercial ELISA kit (Bethyl 

Laboratories, Montgomery, TX) according to the manufacturer’s directions. Positive and 

negative controls as well as specific, quantitative standards were used in all assays to ensure 

data quality.

Polycyclic Aromatic Hydrocarbon Analysis

The concentrations of 16 PAHs [nathphalene, acenaphthylene, acenapthene, fluorene, 

phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, 

benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, 

benzo(ghi)pyrlene, and indeno(123cd)pyrene] were quantified in the serum samples. 

Samples of 0.10 mL of serum were subjected to liquid–liquid extraction using the approach 

of Sirimanne et al21 that employs cloud-point extraction to preconcentrate, extract, and 

cleanup the PAHs from human serum. The resulting samples were then analyzed by gas 

chromatography/mass spectrometry (ThermoScientific TRACE GC/DSQ MS).

The separations were performed using an Rxi-XLB-fused silica column with a low polarity 

proprietary phase. The column dimension was 30 mm ×0.25 mm ID ×0.25 μm df. It 

exhibited extremely low bleed, ideal for PAHs analysis. The inlet temperature was 220°C. 

Samples are injected with splitless injection. High-purity He was used as the carrier gas and 

kept constant at 1.2 mL/min. The GC oven initial temperature was 60°C and held for 1 

minute, then the temperature was increased to 210°C at 12°C/min, then to 320°C at 8°C/

min, and the final temperature was held for 10 minutes. The specific conditions for the MS 

were as follows: EI with Secondary Ions Mass-positive mode. The filament emission current 

was set at 70 μA. MS transfer line temperature was set at 300°C and ion source temperature 

at 200°C. Five-point calibration PAH standard mixtures were run to determine the 

instrument response factors. The resulting chromatograms and mass spectra were inspected 

to ensure proper peak integration and the peak areas were the converted to concentrations 

using the response factors and the known surrogate recoveries. The PAH concentration 

results were then reported as ng of each detected PAH per mL of serum.
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Statistical Analysis

Data were tested for statistical significance using unpaired Student t-test. Correlation 

analysis between relative miRNA levels, cytokines, IgE, and PAHs was determined by 

Spearman correlation. Benjamin–Hochberg method was used wherever indicated to correct 

P values for multiple hypothesis testing. To test the association of miRNA/cytokines with 

PAH levels, a linear regression analysis was performed using cotinine as a covariate. The R 

package miRNApath22 was used to perform the pathway analysis. Pathway information was 

obtained from KEGG23,24 and Biocarta25 databases. The heatmaps were created utilizing 

gplots.

RESULTS

DoDSR Serum Samples Contain High Levels of Specific miRNAs

On the basis of our pilot studies of freshly isolated and stored serum samples, 0.15 mL of 

serum was determined to be adequate to detect individual miRNA species by quantitative 

real-time PCR (qPCR). To test if DoDSR serum samples were useful for detection of 

miRNA, we used 0.15 mL of serum from 30 different archived serum samples for RNA 

extraction (Fig. 1). Extraction was performed by column-based purification without phenol 

phase separation. After sample elution, RNA was used in single miRNA qPCR reactions. All 

samples were found to contain miRNA and were used for profiling of 179 miRNAs by 

qPCR array as described in the Materials and Methods.

MiRNA profiling revealed that on average, 111 miRNAs out of the 179 assayed were 

detected per sample, with all 30 samples having 90 or more miRNAs detected (Fig. 2A and 

B). The average PCR cycle in which miRNA amplification reached the fluorescent threshold 

(Ct) value was 32.4 with a range of 30.8 to 33.4. Furthermore, 57 miRNAs were common 

among all 30 samples indicating robust and consistent miRNA detection in DoDSR serum 

samples.

Serum Samples Are Not Affected by Red Blood Cell Lysis (Hemolysis)

One potential drawback and source of variation in serum sample miRNA profiling is 

contamination from cellular-derived miRNA, especially from red blood cell lysis 

(hemolysis) during serum or plasma collection.26 To assess the possibility of hemolysis in 

DoDSR serum samples, the levels of two specific miRNAs were used. MiRNA-451 is 

present at high levels in red blood cells, while miR-23a is primarily in serum and plasma and 

not affected by cell lysis. Thus, the expression ratio between miR-451 and miR-23a can be 

used to assess potential hemolysis of serum samples.26 As in the study by Blondal et al,26 

we used the difference in PCR threshold cycle value (dCt) between miR-451 and miR-23a to 

test for red blood cell miRNA contamination. A dCT value of 7.0 or higher suggests 

hemolysis and thus contaminating cellular miRNA in the serum samples, while samples with 

lower dCT values are not affected by hemolysis.26 Here, all samples had dCT values of 5.5 

or below and thus red blood cell lysis does not appear to be an issue (Fig. 2C).
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miRNA Expression Patterns Are Different in Smokers Versus Nonsmokers

As we determined that the archival DoDSR serum samples contained adequate levels of 

miRNA and were free of contaminating red blood cell miRNA, we looked for novel 

associations between specific miRNA and other detectable analytes. Cotinine, a breakdown 

product of nicotine, is readily detected in serum from tobacco users. Here, we measured 

cotinine levels in the DoDSR samples by ELISA. Serum cotinine values less than 1.0 ng/mL 

were defined as nontobacco users and values greater than 10.0 ng/mL were classified as 

tobacco users. Serum cotinine values between 1 and 10 ng/mL meet the criteria for exposure 

to second-hand tobacco smoke.20 One sample was within this range (1.6 ng/mL) and was 

grouped with the nonsmokers for subsequent analyses. Eleven of the 30 archival samples 

exceeded the threshold for tobacco use, although we cannot distinguish between smoking 

(cigarette, cigar or pipe), smokeless tobacco, or electronic cigarettes.

Next, we assessed whether the miRNA levels were different in cotinine positive and cotinine 

negative samples. We identified several miRNAs that had differential expression between the 

two groups. As this was a pilot study with limited sample size, we found miRNAs with 

significant differential expression with a cut off of P value less than 0.1. The 19 different 

miRNAs that met this criterion are listed in Table 1. Some of the miRNAs such as miR-133a 

and miR-133b are from the same miRNA family and contain similar seed sequences. 

However, many of these miRNAs are from different miRNA families and contain distinct 

seed sequences. We wondered whether any of these miRNAs are predicted to target similar 

biological pathways. To assess similarities, we grouped predicted miRNA target genes by 

cognate KEGG pathways using miRNApath (Fig. 3).22,27 Interestingly, multiple cellular 

pathways are regulated by multiple miRNAs that are impacted by smoke exposure (Fig. 3). 

For example, multiple miRNAs target pathways related to cell proliferation and 

differentiation, including the cell cycle, Transforming Growth Factor Beta, mammalian 

target of rapamycin, ErbB, and focal adhesion pathways. Immune cell function is also 

multiply targeted, including toll-like receptors, B- and T-cell receptors, Fc receptors, Jak-

Signal transducer and activator of transcription signaling, and chemokine signaling. These 

data suggest that strong relationships between tobacco use and regulation of key cellular and 

immunological pathways are mediated by miRNAs.

Cytokines, Chemokines, and IgE Are Detectable in DoDSR Serum Samples

Although novel associations were identified between cotinine status and miRNA levels, we 

continued to test the 30 DoDSR serum samples for other biomolecules including 22 different 

cytokines/chemokines and IgE. Cytokines and chemokines were detected using specific, 

quantitative antibody-based multiplex assay panels, while IgE was measured by specific 

ELISA. The results of these assays are listed in Table 2. To ensure that stored DoDSR 

samples were not affected by sample degradation and are of sufficient quality to measure 

these analytes, we used freshly isolated serum from three healthy control donors as reference 

(mean values listed in Table 2, far right column). We detected serum cytokines/chemokines 

in similar ranges between DoDSR samples and the control samples demonstrating that the 

DoDSR serum samples are of sufficient quality to reliably measure these putative 

biomarkers.
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MiRNAs, Cytokines, and IgE Levels Correlate in Archival DoDSR Samples

To make further use of the accumulated data from this initial pilot study, correlations were 

tested to determine whether specific cytokines and/or miRNA levels are associated. The first 

correlation tested was between the inflammatory cytokines IL-1β and IL-6, which are often 

detectable at high levels in many disease states.28 The correlation between IL-1β and IL-6 

was highly significant with a Spearman’s rank correlation of 0.87, P <0.001 (Fig. 4A).

We also looked for potential novel associations with specific miRNA and cytokines within 

the data set (n =30 samples). In serum containing high levels of IL-10, there was a 

correlation with miR-423-5p levels, rho =0.47, P =0.008 (Fig. 4B). The serum level of 

Tumor necrosis factor α was found to be negatively associated with the miRNA, let7b-5p, 

rho =−0.45, P =0.012 (Fig. 4C). In addition, serum IgE levels were significantly associated 

with levels of miR-22-3p, rho =0.61, P =0.00034 (Fig. 4D). As several associations between 

miRNA and cytokines were identified, we graphically illustrated multiple correlations 

simultaneously (Fig. 5). The top 25 miRNAs that were positively associated with three or 

more different cytokines, IgE, or cotinine and their correlation P values are represented in 

this heat map. This mapping reveals many novel associations and clusters of associations 

within the data. For example, the lower left portion of the heat map identifies significant 

associations with the three cytokines: Interferonγ, Vascular endothelial growth factor, 

IL-17A, and the six miRNAs: miR-605, miR-375, miR-2110, mir-365-3p, miR-424-5p, and 

miR-328. Several other clusters of cytokines and miRNAs are also revealed through heat 

mapping. Taken together, these results show clear relationships between cytokines and 

miRNA in DoDSR samples.

Serum Samples Can Be Used to Detect Environmental Exposure to PAHs

PAHs are an important set of molecules to measure environmental exposures. PAHs are a 

class of multiple compounds present in smoke from the combustion of tobacco, diesel 

exhaust, and JP 8 combustion as accelerant in open burn pit operations.17,29,30 A portion of 

the archival DoDSR serum samples was used to detect 16 different PAHs using liquid 

chromatography-mass spectroscopy (LC-MS). The results listed in Table 3 show that 

multiple different PAHs were detected in the DoDSR samples (note that in Table 3, the 

shaded sample IDs correspond to cotinine positive samples). Three PAHs, naphthalene, 

anthracene, and Benzo[a]pyrene, were detected in all 30 samples. Several other PAHs were 

detected in at least two of the 30 samples showing that PAH accumulation can be measured 

in DoDSR serum.

Polycyclic Aromatic Hydrocarbon (PAH) Levels Correlate With miRNAs, IL-8, and IgE

In order to find surrogate biomarkers of environmental exposure, it is important to identify 

associations with environmental compounds such as PAHs. We examined the associations 

between the three PAHs present in all 30 samples and the miRNAs that were detected. 

Excitingly, two novel association between PAH levels were identified (Fig. 6). Anthracene 

levels significantly correlated with miR-148b-3p levels, rho =0.387, P =0.034 (Fig. 6A) and 

napthalene levels strongly correlated with miR-19b-3p levels, rho =0.595, P =0.0005 (Fig. 

6B). These results represent novel relationships between PAH levels and miRNA in human 

serum samples.
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The presence of cotinine in serum samples indicates some tobacco use and thus may 

confound the effects of other environmental exposures. To avoid this problem, we controlled 

for cotinine status in the analysis. After cotinine levels were accounted for, other biomarkers 

were identified that showed an association with total serum PAH levels. The serum markers 

that correlated with PAH levels after using cotinine status as a covariate were four miRNAs 

(miR-10a-5p, miR-140-3p, miR-186-5p, miR-193b-3p), the cytokine IL-8, and the 

immunoglobulin, IgE, q <0.25 (Table 4).

DISCUSSION

Deployed personnel have the potential to be exposed to numerous toxicants, including diesel 

and jet fuel exhaust, burn pit smoke, and other occupational hazards depending on 

deployment site.2 Environmental and occupational exposures may predispose personnel to 

health problems such as COPD, asthma, The top 19 differentially expressed miRNAs that 

were found to have P values of 0.1 or less are expressed as fold change in cotinine-positive 

vs negative serum (ie, in people with tobacco use or not). P values were calculated using 

Student t test. bronchiolitis, other cardiopulmonary illnesses, and even certain types of 

cancers later in life.31–33 In this pilot study, we used 30 serum samples from the DoDSR that 

lack any identifier information to show the feasibility of using small amounts of serum to 

discover the presence of biomarkers and their associations with other constituents including 

cytokines, miRNAs, and PAHs in the serum. We show that the DoDSR serum samples were 

not affected by hemolysis and that we could detect a large number of putative biomarkers, 

including miRNAs, cotinine status, cytokines, chemokines, and PAHs within the same 

sample. We identified novel associations between miRNA, cytokines, and PAHs that may be 

useful to predict various environmental exposures. Taken together, these results highlight the 

quality and usefulness of DoDSR serum for future, larger cohort studies on novel biomarker 

discovery.

The ability to reliably detect miRNA in stored serum from the DoDSR represents a major 

advance in that it allows for use of miRNA as novel biomarkers of health and disease status. 

We found that miRNAs are closely associated with PAHs that are common environmental 

contaminants during deployments. This finding should increase the potential utility of the 

repository for novel miRNA biomarker discovery.2,34 Indeed, recent studies highlight the use 

of circulating miRNAs as indicators of health status in acute heart failure35, lung cancer,36 

and COPD.37 While the use of circulating miRNA as novel biomarkers holds great potential, 

there are important technical challenges that need to be addressed that include having 

sufficient sample volume, suitable qualities of serum/plasma, and acquiring a reproducible 

assay. Several groups have isolated miRNAs from serum/plasma samples using 0.1 to 1.0 

mL of sample using either column-based and/or phase separation isolation methods.4,5,38 A 

common limitation in accurately detecting miRNA from biofluids is phenol contamination 

after organic phase extraction. Here, we used 0.15 mL of serum for miRNA isolation 

without phase separation to increase PCR reproducibility and robustness. Using this method, 

we detected over 100 distinct miRNAs out of the over 150 miRNA qPCR assays performed 

per sample. Although other methods for miRNA profiling exist such as hybridization arrays 

and small RNAseq, PCR-based methods are still the most widely used, accepted, and 
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reproducible for miRNA detection as shown in the miRQC study.39 Thus, we believe that 

this method holds great promise for future DoDSR miRNA biomarker studies.

Hemolysis in serum samples represents a major limitation in biomarker discovery, as red 

blood cell miRNA, metabolites, and other released proteins can drastically alter serum/

plasma measurements.40–42 By comparing the ratio of miRNA species known to be absent in 

RBCs or present in high amounts, we were able to determine that the 30 pilot serum samples 

from the DoDSR were not affected by hemolysis. This is a key finding for subsequent 

biomarker studies, as it indicates that not only miRNAs but also cytokines, proteins, and 

other metabolites are likely unaffected by hemolysis at the time of collection. It will be 

important to gauge potential hemolysis in future studies using serum samples from the 

DoDSR as well as other repositories.

Tobacco use (primarily smoking, but also smokeless or electronic cigarettes) is an important 

environmental exposure that has known health impacts, especially on the respiratory and 

cardiovascular systems. Furthermore, tobacco smoke produces various PAHs such as 

benzo[a]pyrene that can confound environmental exposure from fuel combustion or burn pit 

smoke.43,44 Any attempt to use DoDSR samples to identify health effects of service-related 

exposures may be limited if reliable information about smoking status is not obtained. 

Serum cotinine levels have been used to distinguish tobacco users from nonusers 

independently of self-reporting or demographic information.45,46 Therefore, we assessed 

serum cotinine in our pilot samples by ELISA. We identified 11 samples that met the criteria 

for a smoker or regular tobacco user, one sample that met the criteria for exposure to 

secondhand tobacco smoke, while 18 samples had cotinine in the nonsmoker/nonuser range. 

Our cotinine detection was in good agreement with cotinine and other nicotine metabolites 

determined by mass spectrometry of the same samples (Walker et al, in this supplement). 

This demonstrates that serum cotinine measurements can be used to retrospectively identify 

tobacco users as part of future exposure studies.

After being able to discriminate tobacco users from nonusers, we were next interested in 

determining whether we could detect miRNAs specifically affected by tobacco use. We 

detected several miRNAs that were differentially expressed in tobacco users compared with 

nonusers. MiR-23b-3p was increased in cotinine-positive serum and is considered an 

oncogenic miRNA in renal cancer47 and has been suggested as a lung cancer biomarker.48 

We also found increased levels of miR-139-5p and miR-126-3p in cotinine-positive serum 

samples. MiR-139 levels are increased in malignant endothelial cells49 and miR-126 

expression has been implicated in angiogenesis50. Although there are currently no signaling 

pathways associated with miR-95 or miR-551b-3p in the current KEGG database, these 

miRNAs are also reported to be tumor suppressors.51 With the exception of miR-126-3p, 

none of these miRNAs has previously been reported as associated with tobacco use. A 

further 14 miRNAs were differentially expressed with P values less than 0.1. Pathway 

analysis found that many of these miRNAs target the same or related molecular pathways, 

and that individual pathways are targeted by multiple miRNAs that are differentially 

expressed in tobacco users. The most interesting of these may be pathways related to cell 

cycle, proliferation, and differentiation, and pathways related to immune cell function. As 

tobacco smoke is independently known to cause cancer and to alter B and T cell function 
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and promote proinflammatory signaling and cytokine production, the fact that we can detect 

these same associations via miRNA analysis in this small sample size is further 

demonstration of the utility of these methods in analyzing similar samples for exposure-

related biological outcomes. MiRNAs appear to be robust indicators of tobacco exposure, 

and the pathway analyses can be used to generate novel hypotheses for further testing.

We performed multiplex immunoassays on cytokine/chemokine levels and importantly, 

found that the levels of these factors are in similar ranges to that of freshly isolated serum 

samples. Although there was a wide range of cytokinevalues in these 30 DoDSR samples, 

we cannot further delineate these cytokines with age or health status, as demographic 

information is unavailable. However, a literature search revealed that the levels of IL-6, IL-8, 

IL-10, Tumor necrosis factorα, IL-12, monocyte chemoattractant protein-1, eotaxin, 

Vascular endothelial growth factor, and other biomolecules we detected in DoDSR serum 

samples are similar to previously reported values.52–55 Thus, using a limited serum volume, 

we can accurately detect multiple cytokines in DoDSR serum samples for biomarker 

discovery and for correlations with miRNA and PAHs.

Serum IgE is a sentinel signal of allergy and asthma. It has been reported that exposure to 

environmental toxicants including diesel exhaust and other hydrocarbon pollutants promote 

increased allergic sensitization in animal models and humans.56,57 Assessment of serum IgE 

along with PAH data may help us determine whether service-related environmental 

exposures contribute to allergic sensitization. Here, we were able to detect circulating IgE 

levels that correspond to reported serum levels of IgE.58 Without knowing classifier and 

allergic information about the personnel, we found a strong correlation between miR-22-3p 

and IgE. To date, few publications have described a relationship between miRNA and IgE. 

As miR-22-3p has ~660 predicted target sequences to human mRNAs, it is possible that 

miR-22-3p regulates genes involved in allergen response. One pathway that miR-22-3p is 

predicted to regulate is the Transforming Growth Factor Beta signaling pathway (P <0.05). 

Interestingly, others have shown that Transforming Growth Factor Beta signaling is involved 

in suppressing IgE production.59,60

We were able to detect several species of PAHs directly in DoDSR samples. All 30 samples 

contained B[a]P, anthracene, and naphthalene, three PAHs that can be derived from cigarette 

smoke, grilling meats, diesel exhaust, and burn pits. We identified a correlation between 

anthraces and naphthalene with specific miRNAs. To date, very few, if any miRNAs have 

been associated with PAH levels in human serum. Anthracene and napthalene exposure are 

most probably a result of cigarette smoking or from grilled meat consumption. Interestingly, 

miR-19b-3p, which was associated with naphthalene levels in this study, is part of the 

miR-17~92 polycistronic miRNA cluster. The miR-17~92 miRNA cluster is composed of 

six miRNAs that are linked to cell proliferation, inhibition of apoptosis, cancer, and 

metastasis.61–63 Recent studies linked an increase in the expression of the miR-17~92 

cluster with lung and immune cell cancers.64,65 Future study should assess whether 

naphthalene itself can drive expression of miR-19b and the miR-17~92 miRNA cluster or 

whether this regulation is through an indirect pathway involved in cell proliferation or other 

pathways as described above.
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Tobacco smoke is a known insult that can lead to PAH exposure and accumulation. To 

account for this, we performed another analysis using cotinine, a metabolite of nicotine from 

tobacco use, as a covariate for biomarker status. The serum markers that correlated with 

PAH levels after controlling for tobacco use were four miRNAs (miR-10a-5p, miR-140-3p, 

miR-186-5p, miR-193b-3p), the cytokine IL-8, and the immunoglobulin, IgE. At present, 

little is known about the role of these four miRNAs in relation to PAH exposure and IL-8 

and IgE levels. Interestingly, others have shown that diesel exhaust, another source of PAH 

exposure, increases IL-8 levels in human cells.66 Likewise, IgE levels were associated with 

urine PAH metabolite levels in a cohort of pediatric allergy and asthma samples.67 

Interestingly, miR-140-3p was shown to regulate CD38 expression in human airway smooth 

muscle cells.68 CD38 expression is also induced by IL-869 and may contribute to airway 

hyperresponsiveness and allergy.70 Thus, although more studies are need to understand the 

relationship between these biomolecules and nontobacco-related PAH exposures, 

associations exist that could underlie our novel findings.

The DoDSR contains over 55 million serum samples, approximately 45 million of which can 

be linked to individual service records and demographic information. This represents a 

powerful but currently underutilized resource for monitoring the health status of service 

personnel and especially changes in health status with time in service or deployment to 

specific theaters of operation. Our results demonstrate that DoDSR serum samples are of 

high quality and that a large amount of biological data can be extracted from a small sample 

volume. We could detect both indicators of environmental exposure (cotinine, PAHs) and 

bio-markers linked to potential biological outcomes of exposure (miRNA, cytokines, IgE). 

Even limited by a relatively small sample size, we were able to identify novel associations 

between tobacco and PAH exposure and biological outcomes. Our overall results show that 

samples from the DoDSR are fit for uses such as pre- and postdeployment health 

surveillance of military personnel.
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FIGURE 1. 
Isolation and detection of miRNAs from serum. Schematic outline of serum miRNA 

isolation, quality control, and profiling analysis. Briefly, 150 μL of serum from DoDSR 

samples was used to isolate miRNA using affinity column based chemistry. After isolation, a 

small portion of sample was used in single miRNA RT-qPCR assays to demonstrate 

successful miRNA analysis. Following successful single qPCR reactions, samples were 

profiled using qPCR assays for over 150 miRNAs in duplicate in a 384-well plate. Data were 

then processed and normalized to determine relative expression levels of each miRNA in the 

serum samples.
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FIGURE 2. 
Identification and quality assessment of miRNAs present in serum. (A), 30 archival samples 

are listed on the x-axis with the number of miRNAs detected in each sample on the left side 

y-axis. The average PCR threshold cycle (Ct) for detected miRNA per sample is listed in the 

right side y axis. (B) Summary of miRNA profiling data. One hundred seventy-seven 

miRNAs were assayed with an average of 111 miRNAs detected per sample. (C) 

Assessment of red blood cell lysis (hemolysis) by detection of two different miRNAs. 

MiR-451 is present in red blood cells, while miR-23a is not. The difference in Ct (dCt) value 

between miR-23a and miR-451 can be used to assess hemolysis. Samples with a dCt value 

7.0 or greater would be flagged for potential hemolysis (any sample with dCt above dotted 

line). All DoDSR samples had a dCt value of 5.5 or lower, demonstrating that hemolysis is 

not a concern.
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FIGURE 3. 
Pathway analysis of miRNAs differentially expressed in cotinine-positive samples. Pathway 

analysis (see Materials and Methods) of differentially expressed miR-NAs in cotinine-

positive samples based on ranking according to P values was performed in R (R package 

miRNApath1 for pathway analysis). Serum cotinine levels were used to group the samples 

into tobacco users (n =11) compared with non-tobacco users (n =19) as described in the 

Materials and Methods section. The color map P values indicate the strength of the 

association between the miRNA and the relevant pathway. Pathways targeted by fewer than 

two miRNAs and miRNAs that targeted fewer than two pathways were omitted for clarity.
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FIGURE 4. 
Individual Spearman rank correlations between specific serum components, including 

cytokines, miRNAs, and IgE. Different serum components were analyzed for correlation 

using Spearman rank method. Each correlation used all 30 DoDSR samples and these 

analyses were done independently of cotinine status. (A) IL-1β and IL-6 levels are highly 

correlated in DoDSR serum samples. (B) The serum expression of miR-423-5p correlates 

with IL-10 levels. (C) There is a negative correlation between let-7b-5p and Tumor necrosis 

factorα levels. (D) Serum IgE levels correlate with expression of miR-22-3p.
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FIGURE 5. 
Cluster analysis of correlations between miRNA and cytokines. The miRNAs (y-axis) with 

significant P values for >3 cytokines (x-axis) are plotted. The complete set of correlations is 

provided as supplemental table 1 (http://links.lww.com/JOM/A269). The color map from 

yellow to red indicate lower to high –log10 (P values).
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FIGURE 6. 
Spearman rank correlation between miR-142-5p and anthracene. Significant correlations 

between PAH levels and specific miRNAs were identified. (A) Serum anthracene levels and 

miR-148b-3p expression were analyzed for correlation by Spearman rank method. (B) 

Serum naphthalene levels and miR-19b-3p expression were analyzed for correlation by 

Spearman rank method.
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TABLE 1

Top 5 miRNAs That Are Differentially Expressed in Cotinine-Positive vs Cotinine-Negative Serum Samples

miRNA Fold Change P

miR-95 9.7 0.02

miR-2110 3.9 0.09

miR-133a 3.1 0.08

miR-30e-3p 2.9 0.05

miR-133b 2.2 0.06

miR-146b-5p 1.9 0.09

miR-152 1.8 0.06

miR-139-5p 1.8 0.02

miR-22-5p 1.5 0.30

miR-660-5p 1.5 0.08

miR-10b-5p 1.5 0.06

miR-126-3p 1.4 0.03

miR-23b-3p 1.3 0.01

miR-26a-5p 1.3 0.06

miR-20a-5p 0.8 0.07

miR-19b-3p 0.7 0.05

miR-19a-3p 0.7 0.09

miR-17-5p 0.3 0.05

miR-551b-3p 0.1 0.03
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TABLE 4

Covariate Analysis of miRNAs, Cytokines, and IgE That Correlate With Selected PAHs

miR-10a-5p

miR-140-3p

miR-186-5p

miR-193b-3p

IL-8

IgE

Total PAH levels were used to test for correlations with specific miRNAs, cytokines, and IgE after utilizing cotinine status as a covariate. The 
analysis revealed significant correlations with total PAH levels, miRNAs, IL-8, and IgE levels.
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