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According to recent research, 70-90% of long-term latency and chronic human disease
incidence is attributable to environmental (human exposome) factors through the gene
- environment interaction. Environmental exposure science is now embarking on a
new “discovery” path for decoding the human exposome using biomarkers in breath
and other biological media.
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Environmental exposure science and the human exposome

Recent developments in environmental
research have focused on the cumulative
effects of the total environment on human
metabolism and health state. The
fundamental discipline, Exposure Science,
is now being established as an academic
specialty distinct from toxicology,
epidemiology, and biology.* Exposure
Science has been defined as studying
“...human contact with chemical,
physical, or biological agents occurring in
their environments, (to) advance
knowledge of the mechanisms and
dynamics of events either causing or
preventing adverse health outcomes...”
Exhaled breath contains much more and is considered the *...bedrock for

than gases; the aerosols carry along protection of public health”.** In short,
proteins, cell fragments, bacteria, Exposure Science encompasses the study of
DNA, viruses and other large the external environment’s contributions to
molecules. the human system as well as the chemicals

already present within human biological
media; these are collectively referred to as the human exposome.>® The study of the
human exposome is now gaining momentum; for example the European Helix Project is
focusing on the “early-life exposome”, the U.S. National Institutes of Environmental
Health Sciences (NIEHS) and U.S. Environmental Protection Agency (EPA) have jointly
released a report entitled “Exposure Science in the 21* Century: A vision and strategy”
for exploring the links between environment and disease, the NIEHS has established a
Center for Exposure Biology at University of California, Berkeley and the first U.S.
Human Exposome Center has recently been funded at Emory University in Atlanta,
Georgia.™*°

The general concept of the exposome considers all of the chemicals in the body
representing environmental exposures received by an individual over a lifetime, as well
as chemical metabolites, metabolic reaction products, byproducts of the microbiome, and
systemic response molecules. In short, the exposome represents everything that is “not
the genome” in human systems biology.>**™ However, in contrast to the genome, the
exposome fluctuates throughout the human lifetime as it is constantly influenced by
changes in the environment, human activities, and the individual’s current metabolism
and health state at the molecular, cellular and organ level of organization representing the
overall concept of human systems biology.***® So, why do we care about such a
complicated and moving target?

We care because current research is showing that incidence of cancers, as well as
autoimmune, cardiovascular, pulmonary, and other chronic diseases are not just bad luck,



but that 70-90% of such human disease is attributable to environmental (human
exposome) factors through the gene-environment interaction and the epigenome.
This has appeared as a bit of a surprise because the sequencing of the human genome,
announced in 2000, and the subsequent associations of function with specific genes were
thought to be the final explanation for human disease incidence.”® Instead, the genome
results and expected unambiguous linkages to disease have been elusive.??

11,17,18

To understand the underlying
issue, consider familial relatives
such as a grandfather and
grandson pair; on average, they
have a probability of sharing 25%
of the same genetic traits.
However, they have very little
likelihood of sharing the same
exposome because the grandfather
has two generations of lifetime

exposure head start. Furthermore,  Relatives like the grandfather and

only when he and the grandson are  grandson above share genetic traits, but
collocated as in the picture above,  their environmental lifetime experiences
do they share the same short-term  result in very different personal exposomes
exposures, and even then, they are  gespite sharing the same exposures for a

chemicals at different rates and

process them with different efficiencies. In short, there is little expectation that their
exposomes are as similar as their genomes over time and so their long term health
outcomes are much more likely to be different. In contrast, consider contemporary
occupants of a locality or other kind of community that have grown-up and lived for a
long time in the local environment. If long-term health outcome is indeed driven by the
exposome as suggested by the research, then the long times spent in a common local
environment should be much more important than whether or not the people are
genetically related.

Targeted biomarker research

This article is concerned with strategies for teasing out the constituents of the exposome
that are significant for deducing the links between the environment, internal dose, and the
apparently random outcomes in human health. The traditional approaches have centered
on chemicals known to have engendered adverse health effects and studying linkages
between environmental levels and internal doses; these are referred to as “knowledge
driven investigations”. Some examples of such methods are the measurements of
“benzene in the air vs. benzene in the breath”, or “chlorpyrifos pesticide in the food vs.
trichloropyridinol metabolite in the urine”.”*?* The gist of these contrasts is to estimate
how much of a known hazardous environmental contaminant is getting into the human
system, being distributed to target organs, and subsequently metabolized, and then trying
to use various calculations from animal and in vitro toxicological studies to assign health



risk. This is called “targeted” or “bottom-up” research and has served us well in
regulating chemicals known to affect public health.!” The problem is that there are over
1,000 new chemicals introduced into the U.S. environment every year (from consumer
products, industrial processes, farming operations, etc.) to join the more than 84,000
chemicals already listed in the Toxic Substances Control Act inventory.”®> Targeted
research has only been performed for a few hundred of the presumed most toxic and/or
prevalent of these chemicals; there are limited toxicity data of any kind for many of these
compounds, and so the toxicological assessment system is becoming overwhelmed.26-28

Certainly, performing targeted in vivo research on all potentially toxic chemicals is not
practical; the risk assessment community is exEIoring alternate paths especially for
prioritizing chemicals for more detailed study.® The newer approaches implement in
vitro (cellular/molecular level) and in silico (computational) methods for screening
chemicals that promise high throughput results on the order of thousands of chemicals
per year.*>3! However, despite an increase in throughput, these methods still fall into the
targeted category wherein in vivo experiments concerning systems biology, mode of
action (MoA), adverse outcome pathways (AOP), and biochemical reactions are
required.** In short, targeted assessments require prior knowledge which is best
developed through discovery without preconceptions.

Discovery biomarker research

Targeted toxicity testing is unquestionably valuable for delineating specific risks from
specific compounds based on prior knowledge. The inverse procedure, wherein we try to
discover which environmental chemicals, human metabolites, and endogenous biological
compounds are related to pre-clinical and ultimately adverse effects, requires a different
strategy. The study of “exposure biology” is part of the broader discipline of Exposure
Science that encompasses the discovery aspects and has been described as follows:

“Epidemiologists wait for people to die or get sick before they can study them.
Exposure biology connects exposures to hazardous chemicals with early
effects of these exposures inside the body.” (Stephen Rappaport, Director,
Center for Exposure Biology, University of California, Berkeley).

The immediacy of the pre-clinical effect reduces a great deal of uncertainty in making the
connections to long-term latency disease occurrence. This prompts us to discover what
biomarker patterns are prospective signs of disease, and/or retrospective signs of
exposure. In contrast to in vitro and in silico strategies, discovery generally requires
samples from intact biological systems (human, mouse, rat, etc.). We are also working
on discovery analyses using cultured bacteria representing the human microbiome which
is technically in vitro, however, this still represents intact, albeit very small, organisms.
We note that discovery methods do not necessarily preempt high throughput analysis for
different chemicals because we are looking at large groups of biological compounds
simultaneously.



So, how does exposome discovery actually work? In the figure below, we show a
conceptual diagram contrasting the classical concept of targeted and discovery
approaches to Exposure Science. In the targeted strategy, we start with a knowledge base
of specific hazardous exogenous chemicals, and then look for them in environmental
media such as food, air, and water to determine what the potential of exposures could be.
In the discovery approach, we start without preconceived notions about chemicals and
just begin to analyze human biofluids (e.g. blood, breath, urine) for as many chemicals as
we can. Unlike discovery within the genetics community where a single analytical
platform such as a DNA microarray, or “Affy chip” (Affymetrix, Santa Clara CA) exists
that can give results from tens of thousands of probes for all specific sequences of interest
simultaneously®, there is no single chemical analytical system (to date) that can analyze

every kind of chemical at once.
Top-down “discovery” analysis of all

chemicals in blood, breath and urine

Bottom-up “targeted” analysis of
compounds in environmental

The diagram above (adapted with permission from Prof. Steven Rappaport from
University of California, Berkeley) shows the classical concepts of bottom-up, targeted
analysis (left triangle) in contrast to top-down discovery analysis (right triangle) for
assessing the effects on the human community or sub-population (center). Targeted
analysis seeks out specific compounds of exposure in the environment from multiple
sources (food, air, water, dust, etc.) whereas discovery analysis starts with human
biological media (blood, breath, urine, etc.) to look for all possible compounds and
then narrow them down to those with potential exposure to health linkages.

This classical concept described in the figure above is not necessarily practical or
applicable in all cases. Most discovery experiments are targeted to some extent in that
different compound types require different analytical approaches. Most targeted
experiments fall partially into the discovery arena because when we target a group of
compounds, we can subsequently “discover” that some turn out to be inconsequential for
the particular hypothesis. "Also, discovery and targeted analyses can be done within the
same sample type; that is we can discover many compounds in exhaled breath, and then
subsequently target an important subset within breath samples without invoking the
environment at all. Conversely, we can perform discovery experiments using



environmental media samples to deduce what may be worthwhile targeting for assessing
potential environmental toxicity in air, water or food.

Exposome discovery requires a wide array of analytical techniques and sample
processing methods to accommodate the different types and categories of bio-chemicals
in the human body. We could not expect to measure small reactive compounds, non-
polar exogenous chemicals, endogenous polar compounds and proteins all with the same
methods. The best we can do is to pick our battles in a stratified fashion; gas
chromatography — mass spectrometry (GC-MS) for volatiles, liquid chromatography
mass-spectrometry (LC-MS) for larger polar molecules, immunochemistry for proteins,
etc. with appropriate sample collection, storage, and preparation to accommodate the
medium (blood, breath, or urine). Similarly, we have the same practical issues for
environmental samples, and as such, the strict division between discovery and targeted
analysis is always blurred to some extent.

Environment wide association study (EWAS) and case-control discovery

The recent article by Patel et al. was heralded as a true exposome discovery experiment
conducted using a genome-wide association study (GWAS) approach.*? Dubbed
“EWAS” wherein the word “environment” replaces “genome”, this style of research uses
chemical and environmental biomarkers as the independent variables instead of the loci
from sequenced genetic samples.®® Patel et al. used 266 unique environmental factors
from the National Health and Nutrition Examination Survey (NHANES) as potential
associations with clinical status of diabetes mellitus as indicated by fasting blood sugar
levels >126 mg/dl. They found significant positive associations with the pesticide
derivative heptachlor epoxide, the vitamin y-tocopherol, and polychlorinated bi-phenyls,
and protective factors associated with -carotenes. As discussed above, this prototype
exposome discovery experiment can also be considered to be targeted to some extent in
that the 266 factors used were initially chosen by CDC to accommaodate their sampling
and analytical strategies and so do not represent all compounds available in the biological
media. Regardless of these finer distinctions, such exposome discovery studies can be
used to develop hypotheses as to the causes of different diseases, and perhaps even
provide pre-clinical evidence as to early stage susceptibility.

More prospective approaches have been performed on a smaller scale over the years
under the umbrella of “case-control” studies. Herein, specific sets of compounds are
chosen a priori based on available instrumentation and access to biological media, and
then differences in their concentration patterns between a group of individuals with a
diagnosed illness and a group of matched control subjects are investigated. For example,
there have been a number of exhaled breath studies for trying to discern pre-clinical
markers for lung cancer. This is of particular importance as early detection radically
improves survival rate but symptoms are often mild or ambiguous during early stages of
the cancer and so no specific imaging or biopsies are indicated.***” For lung cancer
especially, it seems that there would be some exhaled gas-phase chemicals that would
give a clear early warning, but discovering what these chemicals could be is as yet
difficult.



In both cases, the approaches have a discovery nature in that we do not make
assumptions, but rather let the chips (chemicals) fall where they may. The problem with
such biomarker strategies is generalizability and repeatability. Often, an algorithm based
on a pattern of biomarkers is able to separate the cases from the controls in the current
experiment only to fail when the experiment is repeated with different subjects. This is
often the case when there are confounding environmental factors or when the statistical
approach is underpowered resulting in what is referred to as “voodoo correlations”
wherein random chance yields a result that is not repeatable. ** ** The solution is to
expand our horizons to as many different kinds of chemicals as possible, and then to do
our statistical homework to make sure we get solid and repeatable results. In the
remainder of this article, we focus on using exhaled breath, but the general approaches
work just as well for other biological media such as blood and urine.

Biomarkers in exhaled breath condensate (EBC) and aerosols (EBA)

The “Holy Grail” in preventative medicine is diagnosing early disease state before overt
symptoms and irreversible effects of the disease occur. Similarly, figuring out which
chemicals in the environment might be related to preclinical effects or perturbations in
the human metabolism is the ultimate goal for exposure science. Exploiting breath as the
biological fluid for analysis (rather than blood or urine) is attractive because sampling is
non-invasive, can be repeated frequently, and there is essentially an unlimited supply.
Basically, using breath biomarkers means no syringes full of blood, no containers of
urine, no disposal of infectious wastes - just collecting a bit of gas and mist that otherwise
get lost to the ambient air.

We have found that breath is not just for gas-phase compounds analysis; in addition to
dissolved volatile organics, the small water droplets and mists we exhale also contain a
myriad of interesting large molecules, proteins, bacteria, and viruses that cannot be
measured with traditional gas chromatography.4® A great deal of the literature revolves
around exhaled breath condensate (EBC) as an alternative to breath gas collection,
primarily for measuring pH and inflammatory markers as indicators of asthma status for
chronic obstructive pulmonary disease and for pulmonary infections.**** EBC is also
useful for interpreting the effects of recent exposures to environmental contaminants both
for assessing exogenous chemicals and their metabolic responses.”*" It is notable that
many factors can affect the composition of EBC including the pulmonary microbiome,
specific pathologies, diet, epigenesis, and other individualized influences, but these are
beyond the scope of this discussion.

Briefly, the exhaled breath is passed through a chilled tube and the pulmonary water
vapor and aerosols condense on the surfaces. Typically, a subject breathes through the
device for 10 minutes or so and about 1 ml of condensate is subsequently harvested from
the tube. There are a variety of devices commercially available; in our laboratory we use
the “R-Tube” (Respiratory Research, Austin, TX) modified for dry ice temperature
collection.”® The EBC fluid is a useful medium for a variety of polar volatile organic



compounds, cytokines, and large molecules, but tends to be very dilute as it is more than
99% water.

To collect just the aerosol fraction, we have been implementing a new technique wherein
the subject blows through a filter at room temperature; we do not attempt to capture the
water vapor or the more volatile fractions of breath. This is an attractive method for a
qualitative study because it requires no infrastructure in the field besides disposable
filters and sealable plastic bags. Furthermore, the filters collect exhaled pulmonary
bacteria that stay alive at room temperature and can be cultured later in the laboratory. In
addition to being able to identify strains via standard microbiological techniques, we also
collect the headspace of the bacteria for subsequent organics analyses with GC-MS. In
the long run, we hope to learn enough about individual bacteria “fingerprints” of gas-
phase molecules that we can jump directly into exhaled breath analysis (without off-line
bacterial cultures) to discern infection status of human subjects. The whole breath
samples could also be collected directly onto adsorbent media (e.g. Tenax® tubes) that
can capture both aerosol and gas-phase constituents.

Comparisons of discovery and targeted biomarker data

In the following discussion, we describe the difference between discovery and targeted
biomarker research using GC-MS results from exhaled breath samples as an example.
These samples are drawn from our archives from methods development projects using
anonymous biological specimens. Different sampling and analytical schemes will have
similar properties. This is to be considered the simplest of examples using conventional
benchtop laboratory instrumentation available in many environmental and clinical
laboratories (Ultra TD autosampler coupled with a Unity thermal desorber - Markes
International, Ltd, Llantrisandt, UK, Agilent 6890N GC coupled with Agilent 59731 MS -
Agilent, Palo Alto, CA).

If we collect whole breath (e.g. onto adsorbent tubes) and run it through a GC-MS under
“scan” mode, the instrument essentially looks for everything that can possibly pass
through the column and can create an ion in the MS source. Typically, we scan from 33
m/z (mass to charge ratio) to 350 m/z in default 0.1 m/z increments resulting in large data
files with reasonable sensitivity at any given m/z. We realize that this resolution does not
add analytical advantage over the nominal single unit amu data, but we choose this
default setting to draw more understandable graphics. After we run a sample, we can look
for benzene, for example, by extracting the 78 m/z ion from all ions and locate that spot
in time on the GC run; for ethanol we look for 45 m/z, for 1-propanol we look for 59 m/z;
for 2-methylbutanol we look for 55 m/z, for 1-butanol and hexanal we look for 56 m/z,
for toluene we look for 91 m/z, for carbon tetrachloride we look for 117, etc.*® By
combining elution time from the column and the specific ions for a molecule, we can dig
out peaks and values for most compounds that are present in the breath and can respond
on the instrument without previous knowledge. This way, we can “discover” what
volatile organic compounds are in a particular breath sample. Certainly we check to see
if we are right by also analyzing true standards and matching time and complete mass
spectra. We thus create a long list of compounds that potentially come from breath and



begin to understand relative amounts, variability, and relationships depending on subject
meta-data (gender, age, ethnicity, socio-economics, location, etc.).

At some point, we no longer want every possible compound but would like to do a more
specific and sensitive job for only a few compounds of exceedingly high interest. In this
case, we go into SIM (selective ion monitoring) acquisition mode and only acquire the
ions for specific molecules. In following the previous scan example, we would “SIM”
for only pre-selected ions such as 45, 55, 56, 78, and 117 m/z and thus spend much more
time looking for those by sacrificing all of the other ions between 33 and 350 m/z. (We
point out that for routine analyses of actual samples, we always include confirmatory ions
and test for ion ratios for each target analyte to assure quality of results). SIM is a
targeted approach resulting in a much lower background noise level and a higher (or
cleaner) response for the chosen molecules. The figure below shows a series of GC-MS
plots comparing Scan and SIM GC-MS runs from identical breath samples; we also show
the respective extractions for each of the methods and compounds wherein we see that
SIM gives better data, but many other compounds are completely gone. We use benzene
(78 m/z) and 3-methylbutanol (55 m/z) as examples of ubiquitous exogenous and
endogenous compounds, respectively) in breath and further extract the small portion of
the chromatogram to highlight the improvement in analytical results going from
discovery to targeted analysis.
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Abundance (area counts)
Abundance (area counts)

Mass (m/2)

nnnnnn

nnnnnn

—
spELEYEL

Abundance (area counts)
Abundance (area counts)

70 i = -
2)
Mass (™ Mass (m/z)



Left side graphics are a graphic depiction of a “whole breath” gas sample
analyzed with GC-MS under full scan, or discovery mode (top), and with
selected ion monitoring, or targeted mode (bottom). The right side graphics
show only the extracted traces for specific ions, and a close-up for two specific
compounds, 3-methylbutanol and benzene. Although the extractions of the
discovery mode (top) show a “noisier” result than those of the targeted mode
(bottom), the targeted mode is missing many ions that can be seen in discovery
mode.

This is only a simple example that contrasts discovery vs. targeted analysis. There are
many different analytical systems that can collect either or both types of modes.***! For
example, liquid chromatography tandem mass spectrometry (LC-MS-MS) is a powerful
tool for making very exact measurements of larger molecules, but we can only take
advantage of the instrument’s specificity by targeting analytes a priori and setting up
their specific transitions for the linear quadrupoles.® In contrast, liquid chromatography
time of flight mass spectrometry (LC-ToF), or LC-Orbitrap instrumentation can be used
in discovery mode and the targeted features could be applied in data post-processing.>*>°

Summary of discovery approaches in breath biomarker research

The use of discovery approaches in all biomarker research (not just in breath) is
extremely important in that it allows us to get an overall view of what is going on.
Certainly not every compound is relevant for answering a particular question or testing a
hypothesis. This requires many samples and analyses from different groups of subjects,
and from multiple times from the same subject where we try to look for any changes
between or within person that may mean something. From careful observation of such
changes, we can build a more specific list of compounds that can help deduce the effects
of exposures on health state. There are, however, a number of precautions we need to
take during the discovery phase of any study.

The first issue has been discussed above; by virtue of the broad nature of discovery
analyses, any individual compound is not optimized for detection and so the data tend to
be more qualitative. Also, the molecules with the highest concentrations and occurrence
may not be the most important, and so we run the risk of missing something down in the
“noise” that could tell a better story.

The second issue revolves around “test - retest” or “multiple hypothesis™ statistics. The
more compounds we are comparing the more likely we will have false positives (the
aforementioned “voodoo correlation); and the more we restrict the possibility of having
excess false positives (e.g. Bonferroni correction), we increase the probability of false
negatives. The statistics improve as we increase the number of independent samples and
repeat the study with other groups of subjects. Other post-processing methods including
co-linearity tests, non-parametric association tests, mixed models, and variable clustering
can also reduce the occurrence of false positives but these methods may blur the impact
of individual compounds and increase the chance of erroneously discarding an important
probative compound.*®®



As such, the discovery approach is the first step. Without it, we would only be guessing
as to what to look for with our specific targeted approaches. However, we cannot
become complacent and assume that discovery is all-inclusive. We suggest that multiple
discovery experiments with different biological media and analytical platforms are the
ultimate solution for finding as many probative biochemicals as possible. Only then can
we streamline the targeted approaches to achieve high throughput sample processing.
We conclude that exposure science is indeed evolving along a path blazed by the
genomics community by embracing the broad discovery aspects of biomarker chemicals
and defining the complex human exposome in a top down fashion, yet still recognizing
the value of the targeted approaches that lead to exposure mitigation and regulation for
protecting public health.
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